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

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

Plasma Confinement
Plasma Heating

with the following subtopics:

Tokamaks

Stellarators

Alternative Confinement Schemes

Plasma Edge Physics

Alfvén and Ton Cyclotron Heating
Electron Cyclotron Heating

Neutral Injection Heating

Lower Hybrid Heating and Current Drive

TR0 >

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

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

Programme Committee/Paper Selection Committee

G. Briffod (Chairman), CEN, Grenoble, France

M. Kaufmann (Vice-Chairman), IPP, Garching, Fed. Rep. of Germany
T. Consoli, CEC, Brussels, Belgium

A. Gibson, JET, Abingdon, United Kingdom

C. Gormezano, CEN, Grenmoble, France

G. Grieger, IPP, Garching, Fed. Rep.of Germany

H. DeKluiver, FOM, Nieuwegein, The Netherlands

F. Santini, ENEA, Frascati, Italy

V. Shafranov, Kurchatov Institute, Moscow, USSR

E. Sindoni, University of Milan, Milan, Italy

The invited papers and two post deadline orally contributed papers will be
published by Pergamon Press in the journal "Plasma Physics and Controlled
Fusion" Vol. 28 No. 9a and sent free of charge to each registered participant.
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D-8046 Garching, FRG

INTRODUCTION

ICRH experiments in the ASDEX divertor tokamak have now been operated in
the 2{y regime and D(H)-minority mode. This paper presents the status of
these investigations and compares some of the most interesting features of
the RF scenarios with neutral beam heating (NI) in the same machine under
optimized and reproducible plasma parameters. The achievement of the H-mode
with ICRH alone is reported. Considerations on possible synergetic effects
of the combination of ICRH with NI /1/ and impurity studies during ICRH /2/
are presented separately.

Aoy (67 MHz) and D(H)-heating (33.5 MHz) experiments are being
routinely conducted in excess of 2 MW launched power for pulse lengths of
up to 1 s. In addition to the combined scenarios of NI + ICRH, pure 00y
and D(H) heating up to maximal power have now been applied in extensive
studies of diverted discharges and in the case of carbonised walls /3/.

EXPERIMENTAL RESULTS

Electron and ion heating properties of both RF scenarios are compared in
Figs. 1 and 2. Direct central electron heating (Fig. 1) measured via the
initial slope of the sawteeth is clearly higher in the minority mode than
at 2{oy. The electron heating efficiency, Ng ATe(U)/PISe of about
4.0 and 1.8+1013 ev/kw em3, for D(H) and 200y (H-plasma), Eespectively, is
also higher in the minority case (mg/me v 0.05), which, however, was partly
due to the better confinement properties of deuterium plasmas. Figure 2
presents the ion heating at RF power below 1 MW: The minority regime
exhibits an efficiency as high as the NI H-mode (4.2:1013 ev/kW cm?,

H® + D*) /4/, which is consistent with the good confinement observed at
that RF power level (see Figs. 4 and 5).

Now to the global heating efficiencies of the various scenarios: Recent
investigations on 299H—heating and its combination with NI gave rather
promising results /5/. When combining ICRH with NI, an important question
is whether the RF heating efficiency becomes improved with increasing Ty
(target) or by coupling of the IC wave to the fast beam particles. In the
case of carbonised walls where heating is not degraded by deleterious
impurity radiation, the increase of Tj due to NI preheating (Fig. 3)

1Academy of Sciences, Leningrad, USSR; 2¢gN Grenoble, France; 3Asaigned to

JET Joint Undertaking, England; AENEA Frascati, Ttaly; Enniversity of
Washington, Seattle, !'¢p:




22

0.2
D(H) = 2 19178-89, 0"-plasma, (X L(D°)
‘{E o A" . + s e, H™-plasma, CX11H°)
S J o e 24 DH)
E . / § "."";A’JD”F;S, 5,550 v/ kwem?
5 . : s B > P, <06 P, A
=15 019 // ey o % . o
= + 3 Q._ 14 /A/ 20,
E? ] - 9 A e m:rw“&mw:ﬁ
™My + = 19180-89, D* - plasma e A /
» #1535:-50, H'-plasma e
0 T T T v T T T T r— — T —T T
0 200 400 600 800 0 200 400 600 800
Pic (kW) P (kW)

Fig. 1: Direct e-heating of 20y

and D(H) scenarios.

LA T T T ’ T F
| NI+ ICRH (20}
= ao with
= 1] S wmwull carb. .
—_ *
= D%+ D*+ICRH
ﬂ_i »
~  30fH’-=D*+ICRH . 5
28 A LD%~H*+ICRH
< + -
. AW 1R NI+ ICRH
il es’ e !
u-“_‘ /' P H'=H
_:én ’// "ﬁfﬁ ___*___:*_._"___*_
10'|‘ NI only AW 25
(L -mode) Pu
1 1 1 1 1 1 1
00 1 2 3
PHI [Mw]

Fig. 2: TIon heating for both
ICRF regimes.

< #19834,19790-97, w/o carbon., Py=2MwW
A 5 199:6-51, carbonized, w/o NI
150 g # 19890-50, carbonized, wio NI
® 2 19175-89, w/o carbon., w/o NI
%
+
3 1004 *4*-'5 with NI
- (0==0%
o
= a © N onty
wio NI &
& NI only
50+ ’v o
OH,/
i
7’
.
7’
i/
i
0 T z
0 1 2 3
Prot (MW)

Fig. 4: Plasma energy versus total

heating power for D(H),
NI and NI+D(H) heating
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improves the IC efficiency only by about 25 % from about 20 kJ/MW (w/o NI,
Ty ~ 0.5 keV) to 25 kI/MW at Pyr = 3.5 MW (T{ ~ 2.2 keV). Coupling of the
IC wave to the beam is in fact observed in CX-spectra, but obviously to an

extent which is not sufficient enough to improve the heating: On comparison

of ICRH discharges with additional HC + D* or D° + H' (Fig. 3) the RF
efficiency turns out to be independent of the beam species. Owing to the
isotope effect on confinement 2Qcy—heated discharges in deuterium and
helium with a small amount of hydrogen (ng/ng > 10 %) show even better
efficiencies (D°® + Dt + ICRH in Fig. 3). No heating at the fourth IC

harmonics of Dt and %Het could be noted.
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As a general feature, energy and particle confinement of ICRH-heated
plasmas are systematically better than those of the NI L-mode but appear
still within the combined error bars. The plasma energy for minority
heating at low power scales as well as the ohmic phase (Fig. 4). With
increasing RF power W, bends towards an L-mode behaviour, staying, however,
at a slightly higher Eevel than NI. In combination with NI, W, and thus T
are improved, too, a feature also observed at 20cy /5/. The energy confine-
ment times of 2Qcy, D(H) and NI(L) modes normalized to the ohmic values are
presented in Fig. 5. Careful experimental investigations on the RF power
absorption lead to @ = 0.6 and 0.7, without and with beam preheating
respectively. For pure NI heating o = 0.8 to 0.9 was found, in good
agreement with the beam deposition calculations. As shown for various 28y
regimes, carbonisation strongly reduces the central radiation /2, 3/, thus
improving the confinement. At high power (Pyc v 5 Pgy) both RF scenarios
reach about equal Tg (™ 0.6 Iﬁj while below 700 kW the D(H)-confinement
still remains as good as the ohmic one. Assuming equal global heating
efficiencies ( v 20 kJ/MW) for the D(H) and 2Q modes, but with
ng (p(n), D*-plasma) > wy' (20cy, Hf-plasma) the superior confine-
ment of D(H) at low power in comparison to 2{icy can be explained.
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Fig. 5: Normalized confinement times Fig. 6: Normalized T, profiles of
versus launched RF power for OH, NI, ZRCH and D(H)
various heating scenarios.

Rather narrow power deposition profiles are expected theoretically for ICRF
heating. In fact, ICRH is accompanied by T, profiles strongly peaked on
axis (Fig. 6) confirming a rather loczl power deposition. Well outside the
q = 1 zone, however, the profiles of CH, ICRH (2R, D(H)) and NI appear to
be almost invariant if normalized to T, at r v a/2 indicating a 'profile
consistency' within the so-called confinement zone /6/. When the IC
resonance layer is shifted from the plasma centre to half radius, the T,
profile does not vary much while the global heating is maintained with
slightly reduced sawteeth amplitude.

ICRF H-mode studies have been performed with and without NI. In
combination with NI under optimized conditions the additional ICRF power
can switch the plasma into the H-mode. For the first time, the H-mode has
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been achieved with ICRH alone in the D(H)-minority regime at an absorbed RF
power of about 1.1 MW. The H-mode is marginally reached showing all
characteristic signatures of rising ng, and W,, and frequent ELMs (Fig. 7).
The typical development of an edge electron temperature pedestal is also

119927
601 1,=320 kA carbon. wall #19927

= 4 B,=2.24 T z=s+bem I[:RH [D(H)]

2 40 A ]

£ g o 1=1.258 sec

o t=1342 sec +

fi, (10%cm?)

04 T 7 =

11 1.2 13 1.4 1.5
it r(cm)

Fig. 7: Transition into the H-mode Fig. 8: Development of the edge

of an ICRF-heated plasma. T, profile in the ICRH L and H-phase.

observed (Fig. 8) which is rather similar to the behaviour found with NI
heating /7/. The occurrence of a short ELM-free H-phase (see Fig. 7 at t =
1.365 s) gives rise to a shrinking of the scrape-off-layer and changes the
antennae coupling to such an extent, however, that in all cases one of the
RF generators terminates operation by voltage breakdown in the vacuum line
when operating at the RF power limit. To keep the H-mode with ICRH somewhat
higher RF power than available at present appears to be necessary.

CONCLUSTIONS

Global heating and confinement of 28y and D(H)-regimes are found to be
almost equal at high RF power and appear to be well comparable to or even
somewhat better than the NI L-mode. For the first time ICRH has now shown
the potential to access the H-mode.
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ABSTRACT

For an ICRF-heated plasma with a heating pover density of 1.6 MW m'. the
radiation is successfully suppressed at the level of 20~.30% for Lhe total
input power. The deterioration of the energy confinement time is observed as
the rf power is increased (tpec Pi,f.0a=0.2~0.4). but it is not so remarkable
compared with an NBI L-mode scaling (a=0.58). Significant improvement is
also observed. as the plasma current is increased. also observed. From the
temporal evolutions of the electron temperature, the deposition profile of’
the rf power is estlmated fitting to the form of Py . (r)=Pys . (0)(1-tr, a)t ok
with Py, (0)=1.57MW/m’ and k=1.7. LIt is also estlmated that the electron
thermal diffusivity . is ~0.65 m/s at n. = 9= 107 ¥ |

1. Introduction: In the JIPP T-TIIU tokamak (R/a = 0.91m 0.23m. By = 3T} a
high power ICRF heating up to 1.6 MW has been conducted. where two-ion hybrid
heating scheme is applied with 10 % hydrogen minority. and the rf with the
frequency of 40 MHz is launched from the high-field-side. We have paid much
attension to reduce the radiation for ICRF-healed plasmas. We have carried
out in situ carbon coating (called as carbonization in TEXTOR[1] ). and
achieved a remarkable reduction of the radiation loss. From spectroscopic
and bolomelric measurements, it is confirmed that iron. which is a dominant
source in the case of no carbonization, is remarkably suppressed. and the
radiation power at the plasma center is reduced with a factor of - 1,20. The
detail of the carbonization is presented elsevwhere[2] . [urthermore, we
have done antenna phasing experiments with five antennas installed side by
side, by changing the phase relations between them continuously from A; 0 to
Ap=m. However. the radiation was not reduced so much by Lhe antenna

phasing (3] . By using this radiation-loss-reduced plasma. the global
property of the energy confinement time tr and one-dimensional transport
characteristics are examined for ICRF-heated plasmas with various
diagnostics.

2. Global Characteristics of ICRF-Heated Plasmas: The total stored enersy
is independently derived with two methods. i.e.. Wy from (fp+1,.2 and W,
from the integration of plasma parameters. The electron me;wraturL Tawabakd

is measured with a 10-channel ECE grating polychromalor. the ion temperatures
Ty.p (r=0.t) are with a mass-separated charge exchange analyzer and a neutron
detector, and the line-averaged density is wilh 2mm wave and HCN laser
interferometers. The internal inductance I; is evalualed with the eleclron

temperature profile measured. As the input power is increascd. Lhe cuprent
profile becomes slightly flat; i.e.. I; = 1.4 (or Py =0 and I; .27 for
Py = 1.25 MW. Figure | shovs the totel stored cnergy a= o funclion of Ll

total inpul. powver (P +Pyy ). A good agreement is shown bilween Lhe valiss: of
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Weay and Wi, . and the slight difference at the high power level may be
attributed to the high energy component of hydrogen ions., which is not taken
into the estimation of the kinetic energy Wi, .

The global energy confinement time 7g (=Wyay /(Poy +Prs }) is plotted in
Fig. 2 for two cases of Ip=320 kA and 280 kA. The deterioration of the
energy confinement time can be seen as the input power is increased. The
empirical L-mode scallng derlved by Kaye-Goldston[4) 1is also shown for
1p=320 kA and T, =9x 10¥m The dependence on the input power
(tgee (Poy +Pp )™ .+ a=0.2 ~ 0.4), however, is weaker than that of K-G scaling
(a« = 0.58). The rf power absorbed inside the confinement region is derived
from the decay rate of the total stored energy. yielding V.., ~ 0.8 Py
Plotting the effective confinement time t¢ defined by W.., /(Poy +0.8- Py ) as
a function of the effective input power (i.e.. Poyy+0.8- P;), it could be
stressed that the degradation of the confinement time becomes much weaker
than that of K-G scaling. In addition, Fig. 2 shows that the confinement
time strongly depends on the plasma current. which is similar to the L-mode
characteristics. From these results. we expect for the ICRF-heated plasma
that the energy confinement time is less deteriorated as the rf power is
increased. compared with the L-mode scaling of NBI-heated plasmas, and is
improved with higher plasma current,

3. One-Dimensional Transport Analysis for ICRF-Heated Plasmas: We have
analyzed the electron transport for an Ip = 280 kA discharge with Py = 0.9
MW. The temporal evolutions of the electron temperature obtained with ECE
measurement are shown in FL The plasma density is raised during the rf
pulse from n, = 10" to T = 8¢ 10" m? . The electron temperature
increases up to T}(O) 2.0 keV, and begins to decrease during the rf pulse
due to the density increase, but the electron stored energy does not
decrease, as shown in Fig. 1. From the analysis of the decay rate just after
the rf power is turned off, the deposition profile of the rf power to
electrons is derived, as shown in Fig. 4. It is fitted to the form of

Pryo(r) = Py o(@ (1 = (r/a)*)k : (1)

with P ¢0) = 1.57 MW,m’ and k = 1.7. The total absorbed power evaluated by
integrating eq. (1) gives 0.53 MW. although the total rf power is Py = 0.9
MW. This discrepancy is reasonably accounted for, because the coupling of
the rf power Lo the core plasma is 80%, among which the fraction for the
electron healing is calculated to be 80% with Fukuyama's code [5)

Here we should remark that the amplitude of sawtooth is not so large
(ATl T- 20%) compared with those in JET and PLT (ATp-p/ T~ 40-50%) (6,7)
This difference of the sawtooth amplitude would be attributed to the heating
mode: thalt is, in JIPP T-IIU the power deposition is relatively broad, as
shown in FFig. 4, since the plasma is heated by the mode-converted Ion
Bernstein wave, while in JET and PLT the power deposition is very localized
around the ion cyclotron layer. Therefcore, the deposition power inside g=1
surface ira = 0.3) is about 20-30% in JIPP T-IIU, which is relatively small
compared with that in JET (50-80%).

The electron heat conduction can be evaluated with a high accuracy for
the radiation loss reduced plasma. The electron thermal diffusivity x. is
given by
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Xe(r)= 1 an -]l; (POH+P|‘],9'PH*Prnd"i."rfpcnnn,}dVP . (23
|

AT Ryrne (r) | ——=

In Fig. 5. each term in the right-hand-side of eq.(2) is plotted as a
function of the minor radius, and the value of x. is also presented. Inside
q <1 {r7a~0.3) and outside r/a~ 0.7. the values of x. have less meaning.
because of the sawtooth relaxation and the convection effect, respectively.
At the region 0.3 < r/a < 0.7, the conduction loss is dominant, the other
loss channels (Pei . Prd etc.) belng insignificant. The value of ¥, is
around 0.65 " s at n. = 9x 10 w3 . and shows a broad profile because the
density profile is very flat at r/a < 0.7 in Lhis experiment. The energy
conf‘lnement time determined by the electron heat conduction,

<g> (= a /(4. )). is calculated to be ~ 20 ms. Since the value of “tg> is
consistent with the global energy confinement time tg. given in Fig. 2. we
could say that the electron heat conduction govern the plasma confinemenl for
almost whole plasma volume.
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Figure Captions

Fig. | Total stored energies, derived from the magnetics W,,, and the
kinetics Wi, . as a function of the total input power Py +P,; . The
time behaviours of the electron and ion stored energies are also
shown.

Fig. 2 Global energy confinement time 7p defined by W.. ‘(P P, ) as a
function of the total inpul power Py ¢ for Ip=320 kA icircles) and
280 kA (triangles). The energy confinement Lime derived by
Kaye Goldsto‘n is also plotted (solid line) for Ip=320 kA and
f.=9- 10

Fig. 3 Temporal evolutlons of the electron temperature for different major
radius. measured with a 10-channel ECF grating polychromator

Fig. 4 Deposition profile of the rf power Lo electrons derived from the
decay rate of the electron temperature just after the turn of{ of the
rf power. These data are fitted to Lhe form of
P (e =Py o (004 I-(r/ar* with Pj o tQ)=1.57MW m'oand ko1

Fig. 5 Local pover balance derived from Lhe experimental data a||| L!’
eleclron thermal diffusivity x as a function of the minor radius
Irsa,
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ICRF HEATING OF PASSING IONS IN TMX-U*

A. W. Molvik, G. Dimonte,t J. Barter,t R. Campbell,t W. F. Cummins,
S, Falabella, S. W. Ferguson, J. H. Foote, P. Poulsen

Lawrence Livermore National Laboratory, University of California,
Livermore, CA 94550

ABSTRACT

By placing ion-cyclotron resonant frequency (ICRF) antennas on both
sides of a midplane gas-feed system in the central cell of the Tandem Mirror
Experiment-Upgrade (TMX-U), our results have improved in the following areas:
(a) The end losses out both ends show a factor of 3 to 4 increase in passing-
ion temperatures and a factor of 2 to 3 decrease in passing-ion densities.
(b) The passing-ion heating is consistent with Monte Carlo predictions.

(c) The plasma density can be sustained by ICRF plus gas fueling as observed
on other experiments.

I. SYMMETRIC PASSING-ION HEATING

We introduced ICRF heating into the TMX-U experiment to reduce the
collisionality of passing ions and, thereby, keep the thermal-barrier
collisional filling rate below the pumping rate [1]. This is one of the
necessary conditions for successful operation of a thermal-barrier tandem
mirror. A thermal barrier is a depression of the plasma potential in each
end cell that isolates central-cell electrons from the warmer electrons at
the positive potential peak, which provides axial plugging [2]. ICRF heating
can reduce filling both by heating the passing ions and by reducing their
density through trapping in the central cell.

The locations of ICRF antennas and resonances, electron-cyclotron
resonant heating (ECRH) resonances, and gas fueling are shown in Fig. 1. The
ICRF system is discussed in greater detail elsewhere [3,41.

East Central West
end cell cell end cell
Fig. 1. TMX-U fueling
WEStbgc and rf heating
200K locations with a
West ICRH 2w, ECRH magnetic-field
2 X 170% strength that reaches
# e BRI widplne e e ek
cc bo. agnetic
e ECRH o field of 1T> antennas and the
East midplane CC (central-
ICRH cell) gas box
2 X 180° indicate the ion-
cyeclotron resonance
locations.
e Tt et ot a5 ST Y S TSRO O ., X
-10 -5 ¥] 5 10

Z (meters)




Previous experiments in TMX-U used gas fueling 2.25 m west of the
central-cell midplane, and a double half-turn loop 1.26 m west of the
midplane [3]. These experiments demonstrated efficient perpendicular heating
of trapped ions, and good agreement between plasma loading and the
predictions of the code [5] ANTENA. Figure 2 shows measurements with a new
diagnostic: the end-loss ion spectrometers (ELIS) [6]. The ELIS measures: the
plasma potential from the low energy cutoff of the ion distribution, the
parallel ion temperature (which we equate with the passing-ion temperature)
from the slope below the high energy cutoff, and the end-loss current density
from the integral of all the channels. For the east-end losses that passed
through ICRF resonances, the bulk of the ion-energy distribution was heated;
whereas, for the west-end losses that did not have to pass through a
resonance, the bulk of the ion distribution was much colder althcugh a tail
was heated to similar energies as the bulk in the east end. The west-end
loss current (Fig. 2) was larger by a factor of 2 to 3.

East end-loss ion spectrometer West end-loss ion spectrometer
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Fig. 2. Fueling from the West CC gas box results in heating toward the east
end, but less toward the west because jons can flow to the west end without
passing through an ICRF resonance where they would be heated or trapped. The
currents and ion-energy distributions are from the ELIS. (3/12/86 Shot 29.)
(Note that the1§ur5§nt scales are different on each graph.) The CC density
is 3 to 4 x 10 "em “.

Present experiments use a more symmetrical arrangement, with gas fueling
near the central-cell midplane (0.25 m east) and double half-turn antennas
toward both ends of the central cell. The frequencies, 2.88 MHz east and
2.55 MHz west, are selected to provide an ion-cyclotron resonance that will
damp slow waves between each antenna and the gas box. Newly ionized
particles must make a minimum of one pass through a resonance before reaching
an end cell. The disadvantage of midplane gas fueling is that the energy

|
ﬂ
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confinement time is reduced because, on each bounce, the central-cell ions
pass through the gas box, where they have a finite probability of being lost
by charge exchange.

The results from the new arrangement are similar at both ends as
predicted [7]: the end-loss bulk-ion temperature is increased by a factor of
3 to U, and the end-loss current is reduced by a factor of 2 to 3 (Fig. 3).
The g?l%isional filling of the thermal barriers is proportiocnal to
nT ““[see Ref. 1], the passing-ion density and temperature. This filling
rgtg is reduced by a factor of more than 10 for the data shown here.
However, despite the reduction in passing-ion collisionality, the maximum
density at which thermal-barrier operation is obtained has not increased
significantly, indicating that other effects are limiting operation.

East end-loss ion spectrometer West end-loss ion spectrometer
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Fig. 3. Fueling from the midplane CC gas box results in similar increases in
temperature and decreases in current for both ends.

II. COMPARISON WITH MONTE CARLO PREDICTIONS

We believe that the passing-ion heating occurs in a single pass through
the resonance because only the temperature at the nearest end is affected
substantially when one ICRF system turns off earlier. Based on this
observation, we plot the passing-ion temperature (measured by the east ELIS)
vs the ICRF power radiated from the east antenna (Fig. U) and find a nearly
linear relationship. Similar results are obtained at the west end.

Figure 4 shows the predictions of a Monte Carlo code [8] by a lin=
through three computed points. ?Ee cgge used the following parameters:
centqgl—cggl density n_ = 3 x 10~ em ~, the data varied from 0.7 to 3.5
x 10 em ~; electron Eemperature T_ = 42 eV compared with the data from 20
to 80 eV; a radial confinement time of 26 ms; and 0.5 of the radiated power
absorbed by ions, compared with typical experimental efficiencies of 0.2 to
0.5. This agreement between code and experiment is quite gocd considering
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that the code has not been iterated with the data. For example, better
agreement would be obtained by increasing T_ proportionally to the ICRF power
in the Monte Carlo code as observed in the gxperimsnt.

III. ICRF-SUSTAINED OPERATION

Operation with the midplane central-cell gas-box fueling and ICRF power
can sustain the plasma density and temperature in TMX-U as previously
predicted [9] and demonstrated in other tandem mirrors [10], but which did
not occur with the west sas"box]Eueligg of TMX-U. We now typically sustain
plasma densities of 1 to 3 x 10 em - for the duration of the ICRF and
midplane gas.

¥This work was performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number W-7H405-
ENG-48.

1TRW, Redondo Beach, CA. 90278
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POWER DEPOSITION PROFILES IN TEXTOR UNDER ICRH MODE CONVERSION CONDITIONS

*
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INTRODUCTION.

Ion-cyclotron resonance heating is applied to TEXTOR using two A/4 antennae
having the geometry shown in Fig. 1 [1]. In the present paper we derive the
power deposition profiles obtained when launching 1 MW into a typical TEXTOR
(H)-D plasma with 0.05 < n = nH/“D < 2,25, n, = 4 % 10'3(1 - r?/a%)em=3,

T, = 840(1 - rzlaz)zeV,THz’i‘D = 650(L - r2/a?)2ev,f =27 MHz, B_ = 2 T,
R, =1.75m a= 0.46 m, IP = 400 kA, j(r) = j (1 - r2/a?)3,

T

Coupling calculations yield antenna spectra which have a gaussian shape
with a FWHM of k,, = 6 m~! and a maximum k, of 13 m-}. Given these values of
ky and of n, theory [2] foresees that no tunneling can happen through the
mode confluence zone existing in this two-component plasma. As the power is
predominantly launched from the high field side (HFS), mode conversion
heating will play the dominant role under these conditions,

The power deposition profiles are obtained using ray-tracing which allows
for self-consistent evolutions of the k,, spectrum. The final spectrum is
found to bear little resemblance with that imposed by the antenna. In order
to account for 100 7 absorption of the mode converted ion Bernstein waves
(IBW) we are forced to invoke harmonic damping of impurity ions, which even
under the low impurity conditions reached on TEXTOR presents itself as a
strong absorption mechanism.

Reasonable agreement is obtained between theory and experiment concerning
the shape of the deposition profiles and the relative power sharing among
the plasma species.

RAY-TRACING AND WAVE DISPERSION CHARACTERISTICS.
When using ray-tracing to study ICRH on a machine of the size of TEXTOR
we are operating at the borderlineof the applicability range of the applied

Fig. 1. Poloidal cross-sec—
tion of the plasma with
position of the two antennae
and of "the initial rays used
in the ray-tracing.

=— antenna
—— plasma edge

& individual ray




technique [3, 4]. Ray-tracing is, however, up to now the only method suited
to the study of local investigations of the various damping mechanisms on
the IBW owing to a direct definition and self-consistent evolution of k,,
the wavenumber parallel to the total magnetic field. The generated power
deposition profiles can, a posteriori, be rendered plausible by noting

that most of the absorption takes place on the short-wavelength IBW which
satisfies the usual WKB requirements.

We start rays at r = 35 cm as shown in Fig. 1 with a typical initial k
value of 6 m~!, k, = o and with a poloidal spacing chosen so as to give
equal power to each ray. In Fig. 2, we plot the projections of some of
these rays (aa', bb', cc') in the poloidal (r,$) plane for the case n = 0.25.
The rays shown leave the HFS boundary as magnetoacoustic waves (MAW). At a
certain surface in the plasma the rays fold over and the wave nature changes
to an IBW character. The envelope (caustic ) of all rays constitutes a clear
boundary separating a region where no ray can come, from one where through
each point two rays can pass of MAW - or IBW-nature., To each point corres-—
pond then two [k | values, the contour lines of which are also represented
in Fig. 2. The fam11y of equ1—| LI lines has the same envelope C1 as the

rays which is the line along which the surface |k;| (r, ) is folded over.
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The topology of this surface can be bettet
k,|(m] appreclated with the aid of the cuts A&,
BB and cC' represented in Flg. 3. Of
particular interest is cut AA' which
reveals the existence of a subset of
envelopes C,, already discovered in [5].
20 a0 e 8D &0 5 feml The so-obtained mode conversion surface

0
o is,for large distances away from the

y-axis [5, 6] and because the evolution
%0 of k, is followed self-consistently,

@ quite different from the traditional
€1 " c2k?%/w? = o line [7] which is shown

Fig.4. Evolution of k, along po- i
loidal projection of ray-trajecto- for comparisonm.

ry for 3 rays of Fig.2. This behavior of k, is also of particular

relevance for wave absorption. In Fig. 4,
we plot k,, as a function of the distance alnng the poloidal projection of the
trajectory sl_for the three rays shown in Fig. 2. It can be recognized that,
after conversion into an IBW and because of the presence of the poloidal
magnetic field, the wave experiences huge wvariations of k, [5], thus
making the resulting power spectrum quite insensitive to the initial k,,
conditions. Optimization of k,—shaping [8] under these conditions is not
a trivial matter.

POWER DEPOSITION PROFILES.

Figure 5a shows for n = 0.05 the energy deposition profile p(r) obtained
when launching 1 MW distributed evenly over the ten rays of Fig. 1 and
when the usual damping mechanisms ( w = k"V y W = szD‘ w = wCH) are taken
inte account.

Compared to a typical OH deposition profile (inset of Fig. 5a) the rf
profile is broad and the majority of power is taken by the electrons. The
minority species are mainly heated by the rays coming from the LFS after
many transits over the proton cyclotron layer ( #20 at n = 0.05 and *50 at
| n = 0.25) and will equilibrate mainly on the deuterons [9]. HFS rays such as
cc' in Fig. 2 can also partly damp on the protons due to a strong broadening
of the cyclotron layer width coming from a large k, increase.

It should be stressed that the rays radiated from a certain sector of the
antenna (-165° < ¢ < -120° for n = 0.05 and 135° < ¢ < 160° for n = 0.25)
end up in the plasma edge as essentially unattenuated IBW, due to too
moderate k, increases (ray b' of Fig. 4). As a result about 30 % of the
launched power might be lost in the edge at n = 0.05 and 15 % at n = 0.05.

It was suggested recently [10] that an admixture of heavy ions might
constitute an alternative damping mechanism, the IBW being subject to
quite efficient damping at the first harmonic cyclotron layer of the
impurity species. A satisfactory ray-tracing description can be obtained
[11] by considering the impurity effects as a first order correction
affecting the power transport but not the ray path.

Our calculations confirm that the intrinsic impurities in TEXTOR (e.g.

]

| 06+ at n05+/ne = 0.005) are capable of profoundly influencing the power
balance. The different ionisation states are considered in accordance with

I coronal equilibrium and radially distributed according to published line

| brilliance distributions. The energy deposition profiles including the
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impurity damping are shown in Fig. 5b. Note that some energy was depleted

by the impurities at the expense of the electrons. The integrated power

taken up by the different species shows that the absorption gap is now
6+

practically bridged : n 8 H 06+
0.05 0.43 Q2 0.32
0.25 957 0.25 0.10

It should be stressed that the impurity ions develop a high energetic tail
[9] of typically 40 keV such that 80 Z or more of the energy they pick up
is finally given to the electrons. We conclude that in both cases about 3/&
of the power is given to the electrons and 1/4 to the deuterons.

COMPARTISON WITH THE EXPERIMENT.

The detailed experimental power balance [1] indicates that the average
power density amounts to 0.14 W cm™> with a maximum central power deposition
of 0.23 W em™3, pointing to very broad deposition profiles such as implied
by our calculations. The heat rate of electrons and ions is found to be 1.1
respectively 0.7 eV.101%cm™3.,kw~!. Given the expected difference in species
confinement, the change in loop voltage and in equipartition power, these
figures are not inconsistent with the above power sharing.
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Fig. 5. Power deposition profiles for n = 0.05 without (a) and with (b) 06+
impurity. The inset of (a) shows a typical OH deposition profile.

* Senior Research Associate at the NFSR, Belgium.




37

IDENTIFICATION OF ION CYCLOTRON EMISSION FROM CHARGED FUSION PRODUCTS

G.A. Cottrell, P.P, Lallia, G. Sadler, P. van Belle

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA

Abstract We have made measurements of the Ion Cyclotron Emission (ICE)
Spectrum from JET D ohmic plasmas using an ICRF antenna in reception mode.
The spectra (10-100 MHz) show a number of bright emission peaks with (a)
frequencies proportional to the magnetic field and (b) intensities
correlated with the total DD neutron yield (Ypp) of the discharge. We have
compared the observed intensities of the spectra with the thermal black
body emission and find the peaks to be of superthermal origin. We examine
the hypothesis that the peaks are generated by the confined charged fusion
products from the DD reaction which emit ICE at harmonics of the cyclotron
frequency and have used a particle orbit tracing code to generate model
spectra to assist interpretation of the data.

1a Introduction

The possibility of observing optically thick (t >> 1) ICE in large and
dense thermonuclear tokamak plasmas has stimulated experiments on TFR
(CLARK 1984) and JET (COTTRELL 1985) to attempt to measure emission from
the thermal ions. However, in large and hot D* plasmas, the superthermal
population of fusion products radiate significantly in the ion cyclotron
frequency range. For deuterium, the following primary reactions take place
with equal probability:

_508,3He (0.8MeV) + gn (2.5MeV)

2
1 SR (1.0Mew) + 1P (3.0MeV)

P+ D 1)

In addition, secondary reactions can take place between the fast products
of (1) and the thermal deuterium:

e + 20 + 1P (14.6MeV) + JHe (3.7MeV) (2)
31 + 2D » 3He (3.6MeV) + [n (14.7MeV) 3)

In experiments reported here we have attempted to identify the mechanism
for producing the ICE as emission from charged fusion products. We have
done this by deliberately replacing the D* plasma ions by H* ions in the
plasma thereby changing its fusion reactivity and observing changes to the
ICE intensity.

& Experimental
In a sequence of discharges with almost constant overall conditions (I

2.0MA, BT = 2.6T, n, = 1.5 x 10'°m™?), the deuterium ionic fraction was
varied by changing the torus filling gas from D2 to Hs.
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Complete replacement of D* with H* could not be achieved owing to the
desorption of residual deuterium from the vessel walls. However, within
the range of concentration studied the total DD reaction rate, Yp

(derived from 2.5 MeV neutron flux measurements (JARVIS et. afl 193“)]
varled by a factor of - 6. ICE measurements were made with the system
described earlier (COTTRELL 1985); frequency and amplitude calibration of
the detection system being made by mixing two standard frequency
calibrators (20 and 50 MHz) with the incoming signal. Figure 1 shows two
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Figure 1: Ion Cyclotrog Emission (ICE) Figure 2: Variation of measured
spectra from two JET D ohmic intensity of ICE peak A (see Fig 1)
discharges with different DD fusion Wwith the total DD reaction rate
reactivities. Upper (dashed) curve (YD ) determined from 2.5 MeV

obtained from a discharge with a total fusion neutron measurements.
fusion neutron yield -~ 6 time the value

corresponding to the lower (solid)

curve, Other plasma parameters were

almost constant. Also shown is the

expected thermal black body spectrum

(w = 2w,p) from the majority ions.

superposed spectra from two discharges, each having different values of
Ypp. Prominent peaks can clearly be seen In both spectra; qualitatively
these spectra are similar to ones published earlier (COTTRELL 1985) in
which the frequencies of the peaks were found to be proportional to the
applied magnetic field of the discharge indicating a cyclotronic origin.
However, in the present experiments we have found the amplitude of the ICE
to increase with total DD fusion yield Yy, (Figure 2). The linear
correlation of ICE power (of the 31MHz (peak A) in Fig 1) with Yp, is
consistent with emission from a primary DD fusion product (Eq.1).

It is of interest to compare the measured ICE level with the expected
thermal black body level from the bulk ions (temperature Ti). In the (H)D

minority regime we would expect the plasma to be close to optically thick.
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The blackbody power which can be coupled to the antenna is then given by:
Pgs = KTj [1 - p,2] af an 4A where p, is the voltage reflexion coefficient
at the antenna-plasma interface and Af, AQ, AA are the receiver bandwidth,
antenna solid angle and antenna area respectively. The antenna-plasma
coupling resistance has been estimated for frequencies in the range

(25-47) MHz by separate transmission and reflexion experiments. Assuming a
parabolic form for the radial variaticn of T;(R), Pgy can be related to
emission frequency in a manner analogous to that used in tokamak ECE
measurements. The expected thermal spectrum is shown plotted in Fig 1 and
suggests that the measured broad underlying component could be thermal
radiation. However the bright, narrow emission peaks A, B and C etc are of
non-thermal origin.

3 Model

We have attempted to model the basic features of the non-thermal spectrum
on the basis that it represents cyclotron emission from the charged fusion
products. Even though the birth distribution of the fusion products is
strongly localised to the central region of the tokamak discharge, the high
energies of these particles leads to significant orbital excursions. For
this reason, we have used a code to model the distribution of ICE from the
charged products. The code traces the full individual particle orbits
(MARTIN 1985). We have modelled the D-shaped JET magnetic topology and
have included the Shafranov shift, and divergence-free magnetic fields. At
each point along the orbit the contribution to the harmonic cyclotron
emission power is calculated. For cyclotron emission perpendicular to the
magnetic field, the power radiated in the n harmonic of the cyclotron
frequency, Waj of a particle of charge + Ze and perpendicular velocity v,
is

2 2
(Ze) mciﬂ

B1% e e
o

[n g: N]ZJHIZ [n wt N] )

where N(- w i /w,;) éﬁ the refractive index of the medium, and J_' is the
derivative of the n order Bessel function (eg BEKEFI 1966). his
expression shows the strong weighting for the emission to particles with
high perpendicular velocities. The number of fast fusion products in the
plasma is N* - Ypp 15+ where T§ is the classical slowing down time. In our
experiments tg - 8.35 giving N $3x 10'?, constituting a rrsctLon ~2x

107° of the plasma ions. The optical depth at 2u,; is 1 = B R Zpt
where B;is the ratio of the pressure of the fusion products to the magnetic
field pressure. We find t -~ 107% and have therefore neglected the
self-absorption of the ICE. In our model, test particles were lauched
sequentially, scanning with increments in both velocity and real space in
the discharge. By integration over the isotropic birth distribution
function thus generated, ICE spectra were synthesized, using Eq. 4. We do
not calculate the slowing down spectrum in this model.

For the plasma conditions relevant to the discharges in Fig. 1 we show in
Fig.3 the calculated ICE source emission functions for the 3 primary
products as well as the u-particle. The amplitude of the a-particle
emission has been weighted by 0.02, corresponding to the expected burn-up
(of T*) fraction in the present conditions. The spectra show a number of
harmonic emission peaks having the property w o B. (as seen
experimentally), and a significant peak at - 28 Maz (close to peak A)




40

% Br=26T Ip= 2.0MA . ‘ r
= - - - o
g 10% 2 msq Total -
% g
3 /e S
;a'_,ﬂ 05 .": L 105
5 i\ 5
é : P o
: Y =
: . G Z
g 10 | [ P 7 Y FL 0%
; TR3" 3
o ; | i P3Mey) | £
5 | i Mook g
H 2 2 § | L O o
10 \ i He | 5 10
il {(3.6MeV)i z : :
0 T 0 T 8 t 1
20 40 60 80 20 40
“/2m (MHz) oy IH2)
Figure 3: Calculated source emission Figure 4: Same as Fig.3 except
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conditions of Fig.1. No correction been taken into account coupled
has been made for (i) slowing down of with re-emission by the indicated
the fusion products, (ii) absorption. blackbody spectrum (shaded).

coming predominantly from g He fundamental radiation. Above 35 MHz the
spectra become harmonically overlapped giving a quasi-continuum. Fig. 4
shows the effect of including a bulk plasma absorption model at

w = ZUcD' Here it is assumed that the fusion particle radiation from Wols
2 wasye and 3 wgap is absorbed by the optically thick plasma and replaced
by blackbody radiation at the bulk ion temperature (2 KeV). This model
shows reasonable qualitative agreement with the experimental spectrum in
the range 25-50 MHz. Above this frequency, uncertainties in the antenna
response make detailed comparison more difficult. However we may expect to
see bands of absorption at higher harmonic frequencies of the bulk plasma
ions; these bands can be thought of as being analogous to the Fraunhofer
absorption lines seen in solar spectra.
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Introduction

Anomalous electron energy transport in Tokamak plasmas, either in
ohmic or auxiliary heating regimes, is a very puzzling problem. Turbulence
observed through density fluctuations or (and) magnetic fluctuations is
usually considered responsible for the supplementary losses. Density fluc-
tuations are inferred from coherent scattering experiments. Magnetic fluc-
tuations are diffjcult to measurg in the plasma body. Only in two small
tokamaks : Caltech™ and Macrotor magnetic fluctuations were obtained in
part of the plasma core (r/a > 2/3 , a being the plasma radius). Conversely
several groups have reported magnetic fluctuationg measure&lents in the
scrape off layer of large Tokamaks. Especially ISX~ and TCA groups have
reported experimental results and made comparisons between gross confine-
ment time and magnetic fluctuations level. The object of this paper is to
pursue their work. We wish to compare density fluctuations and magnetic
turbulence in ohmic and auxiliary heating phase, in analogy to previous
work ~.The task is long, especially in determining the confinement times
for many shots. Only preliminary comparisons will be given here, focusing
attention on the magnetic results.

Experiment
a) Experimental set up

CO,, scattering experiment has been described elsewhere 5. Three
magnetic” coils have been installed into the TFR plasma chamber (a<¢ r
28 cm). They let simultaneously analyzing the time derivative (& B) of the
local radial, toroidal and poloidal magnetic field components. Each coil is
screen by a fine metallic cylinder and finally protected in an alumina box.
Metallic screen leads to a cut off frequency fov\. 470 k.Hz e.g. pick up
magnetic signal below 470 kHz is proportional” to § B whereas higher
frequencies are integrated. However, electrostatic signal can also be
collected through a parasitic capa(éitor (through the alumina box). This
parasitic signal, proportional to w ", could be dominant at high frequency.
Local potential fluctuations &y are estimated via the ion saturation
current Is of a Langmuir probe.

#* Laboratoire PMI, Ecole Polytechnique, Palaiseau, Cedex, France
* This research is carried out in the frame of a general agreement between
EURATOM-CEA and the PMI Laboratory of Ecole Polytechnique.
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"~ 30 %

egy & §IS

Te Is

As a consequence, signals collected below 350 kHz are essentially

magnetic signals proportional to & B, the higher frequencies being subject
to more subtle interpretation.

A typical output signal, after Fourier analysis, is shown in Fig.l
The two large peaks are identified as n = 1 and n = 2 tearing modes (nl
toroidal number). Largest mode corresponds to an amplitude §B ~ 7 pgauss
while the second has only a 0.9 gauss amplitude. However the fact that
anomalous electron transport is present-whatever or not macroscopic modes
exists, suggests that these macroscopic modes are likely not directly
responsible for the enhancement of electron transport by turbulence. As a
consequence, in the following, these large coherent modes will be
eliminated by proper filters and only magnetic turbulence comprised between
30 to 350 kHz will be analyzed.

The amplitude decreases monotically as a function of frequency,
following a law well approximated by a power law

-2.6 * 0.4
8B AW

for the 6B_ and §By components. SBr is USUQ‘.HY larger than §Ee (a run
of many similar shots gives for instance 8 = 16% 24 and §¢B. = 7.5+ 3
in the same arbitrary units). Henceforth &§B° or § B will be considered,
in regard of theoretical considerations.

The aim of this work is to make a systematical study of the amplitude
of the BMT as a function of the electron energy confinement time in
experimental conditions where 1 is changed. Several 1 can be envisaged and
tested (central or radially integrated transport electron energy confi-
nement time, pglobal confinement time). Here, after having checked that
Alcator law (TE ~ n V qla)) is reasonably satisfied in previous
ohmic experiments, BMT will be compared to the parameter n g as a
relative estimator of the confinement time, this estimator being essen-
tially justified by its time saving advantage.

Time evolution of BMT and frequency integrated density fluctuations
are analyzed during the final part of the current rise and during the
current plateau (Fig.2). Compared to the parameter nVq, both quantities
show different evolution. Whereas density fluctuations follow a monotonic
linear relationship, showing a continuous decay of fluctuations when
confinement is increased, BMT presents an evolution with two opposite
phases. Using a regressive code, we are able to estimate the influence of
the plasma current and the density in the two phases for the two signals

2
< 0 e + =
—6; mq Qa8 2 9: n Ll =03 for density fluctuations
n

and
2 =2 &1 1.3 20,4
(& BF,J ~oq n

current rise
for BMT

-0.7 *0.2
n

~

current plateau
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2
By analyzing severa.‘ilshgﬁz we _qlan_%r-aw Fig.i. Whereas ﬁr£_> va-
ries proportionally to n q vy 6Br' and 659 are very sca@tered and

show no well defined relationship.

An increase of BMT is observed during auxiliary heating experiments.
Fig.4 shows the result of a set of nmeasurements during neutral injection
experiments, whereas Fig.5 shows the same measurements during electron
cyclotron heating experiments. A large spreading in experimental results
make inopperent a comparison between BMT level and confinement time and
does not let us to conclude. Extra parameters, as recycling and plasma
displacements, are li]iely to play a role. However, a large increase of BMT
(factor 2 to 6 in §B") is always noted during auxiliary phase, value large
compared to the reduction in confinement time (20 to 50 %).

Conclusion

From this sftudy and the preceeding ones, we confirm that density
fluctuations > vary, as the inverse of the confinement time whereas
magnetic fluctuaggons §B_, have a more erratic evolution. Exept in the
current éalateal._x_ phase of fhe ohmic regime where a relationship of the
type Br,eec T is not excluded, no close connection between plasma body
confinement and outer magnetic turbulence is revealed.

Figure captions

Fig.1 Frequency spectra of the magnetic component BBr
(a) 0-100 kHz spectra (AF = 1 kHz)
(b) 30-500 kHz spectra (AF = 10 kHz)

Fig.2 a) q{a ) and nl plasma parameteri as a function of time
b) magnetic components 6B2, &Bj and relative density fluctuations
<4 as a function of time for the same shot.
n
Fig.3 Inverse confinement time, estimated by the n"1 gqla) B parameter
compared to relative density fluctuations and magnetic turbulence

1/2
Fig.4 Relative magnetic turbulence increase as a function of the power of

neutral beam injection.

Fig.5 Relative magnetic turbulence increase as a function of the electron
cyclotron power injection
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OBSERVATION OF DENSITY FLUCTUATIONS LOCALIZED AT THE RESONANCE LAYER
DURING ALFVEN WAVE HEATING
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Abstract

We report on the first observations of density fluctuations at the
resonant layer during Alfvén Wave heating in a tokamak. Whereas loading
and external magnetic probe measurements(1) show excellent agreement
with the cold plasma model of the Shear Alfvén Wave if Ffinite w/wgi
effects and toroidal coupling are taken into account, these new
observations demonstrate the importance of kinetic effects.

Introduction

New insight on the processes underlying Alfvén Wave heating has
been gained following the installation on the TCA tokamak of a novel
laser diagnostic based on the phase constrast method(2:3/4), mhis
instrument uses an 8 Watt CO, laser beam expanded to fill the 23 x 4 cm
wide NaCl windows giving access to the outer two thirds of a poloidal
section. The transmitted light is optlcallgr processed to produce an
image of the plasma, where the small (~10~7) phase shifts caused by
refractive perturbations are revealed as 1ncen=:1ty varlatwns, which are
recorded by HgCdTe detectors (Fig. 1). Even though it needs no external
reference beam, this method provides an interferometer equivalent
response for fluctuations with wavelengths below an adjustable cutoff
Ao(Ae < 20cm). This is adeguate for wavelengths in the centimetric
range, as predicted for the kinetic Alfvén Wave in the conditions of
TCA. (Bp =1.5 T, Te(0) = BO0 eV, M. typically 2-6.10"%m3
R = 0.6lm, a = 0.18m, q(a) = 3.2, working gas D, or Hy). Each of the
eight groups of antennae is fed separately by the 2.5 MHz generator, so
that the dominant toroidal (n) and poloidal (m) mode numbers can be
determined by their relative phasings. The antennae excite a Fast
magnetosonic wave, which is heavily damped when the Shear Alfvén Wave
resonance condition (1) is met at some radius in the plasma, defining
the resonance layer.

At the high temperatures characteristic of the bhulk, kinetic theory
(5) predicts a strongly damped, radially inwards propagating wave,
with a large electrostatic component, that has its wavefield maximum
near the resonance layer. Owing to the essentially cylindrical symmstry
of the waves, the pattern of line integrated Fluctuations 1-3 closely
| related ke the original radial e w20 8 saals from bhe
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detector(s) are mixed with reference signals from the generator to yield
the in phase and in quadrature components. From these the relative phase
and amplitude of the density fluctuations are calculated.

Results

Figure 2 shows the amplitude and phase in a deuterium plasma
obtained with various combinations of antenna phasings refered to by
(N,M), when the detector viewed a chord at r/a = 0.33. The spectrum was
scanned by increasing the density during the 60 ms RF pulse,

A strong signal is seen shortly after (and sometimes during) the
loading peaks of the discrete AW spectrum, signalling the passing of a
new resonant layer, sweeping outwards accross the viewing chord as the
density rises. The decreasing phase indicates that the interior of the
wave 1is retarded with respect to the outside. Evidence of toroidal
coupling from loading measurements (6) is confirmed, eg. (N,M) = (2,1)
also excites (n,m) = (2,0) waves. Modes with a poor loading show low
level fluctuations. (The same scale was used for the five cases in the
figure.) The appearance and disappearance of the resonance surfaces for
different excitation structures demonstrates the toroidal mode purity in
the continua, as seen in the discrete spectrum by antenna loading
measurements

The (n,m) = (4,-1) wave is of particular interest because no (4,-1)
discrete Alfvén wave is observed on TCA, showing that these fluctuations
appear independently of the discrete spectrum.

Sawteeth activity is often seen to modulate the amplitude and, to a
lesser extend, the phase of the signals, indicating the sensitivity of
the waves to changes in the plasma profiles. The short scale spikes on
Fig. 2 were caused by sawteeth.

The localised radial wave structure and its inward direction of
propagation are demonstrated on Fig. 3 obtained from a series of 20
reproducible discharges in hydrogen, where the detector position was
scanned from shot to shot (antenna current 630 A peak, 100 kW coupled to
the plasma, ne = 3.5 x 101%). on the contour plot of Fig. 4, we see
the detected amplitude as a function of position and density for the
same discharges, shown together with the wavefronts (dashed,
half-wavelength spacing). The amplitude is seen to be peaked near the
estimated (2,0) and (2,-1) resonant layer positions (solid lines).
Initial measurements for the (4,-1) continuum show a similar evolution
of the profile as a function of density. Unlike the (2,0), the
fluctuation level at the threshold is almost zero for the central
chord. We attribute this to the difference in poloidal mode number
parity.

Conclusions

Using a novel laser diagnostic specifically built for this purpose,
we have revealed the existence of driven density fluctuations that have
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the features of the Kinetic Alfvén Wave, Further progress is expected
from the planned installation of a multi-element detector, which will
set us free from the necessity of time consuming repetitive shots to
obtain fluctuation profiles.
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ALFVEN WAVE DAMPING IN INHOMOGENEOUS PLASMAS

G. Bertin, G. Einaudi and F. Pegoraro

Scuola Normale Superiore, Pisa - Italy

The damping of shear-Alfvén waves in inhomogeneous plasmas is independ-
ent of dissipation and is determined by the global profiles of the plasma
density and of the magnetic field. This damping arises from the singularity
of the ideal equations at the spatial location where the mode frequency is
equal to the Alfvén frequency. Such singularity leads to a jump of the mode
amplitude which can be determined by invoking either causality or dissipa-
tion. While both causality and dissipation correctly determine the mode
damping rate, dissipation is needed in order to obtain a regular mode
amplitude. When dissipation is introduced, the logarithmic singularity of
the mode amplitude is regularized on a lengthscale proportional to the
square root of the relevant inverse Reynolds number. 1In this paper the
above results are derived in a wave number space representation which sim-
plifies the comparison with the low frequency resistive instabilities (re-
sistive internal kink and tearing modes).

Within the framework of ideal MHD the dispersion equation of shear

Alfvén modes in an inhomogeneous plasma slab is given by

- oy B F ;
dxp[m mA(x)] nE = kp[m—tuh(x)]E ’ (i)

with k the wave vector on the magnetic surfaces labciled \:y x and mA(x)
= k“cA. In the neighbourhood of a (simple) zero of “ - m;(x) at x = x,
the solutions for the x-component £ of the displacement vector behave as
En At + B ln|(x - xo)/x0| where ﬁ.i and B are integration constants.
Since A,_r can take different values for x Exo, the solutions of (1) have

2
(x) (ideal

i
an additional integration constant for each zero of G = wA

Alfvén continuum) [ 1-4].

The ideal equations are not valid around % where dissipative pro-
cesses add an important contribution which depends on higher x-derivatives.
Dissipation regularizes the mode amplitude and causes damping. However the
mode damping rate can be computed directly from the ideal equations by

invoking causality [ 2]. By assuming a complex frequency and continuing the
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mode amplitude analytically from positive to negative values of ¥ = Imw,
the solution of (1) around x = Xy reads [ 5]
£ = A+Bln (ix+7Y) (2)

~ w3 1 N h s
A+ B [ln(x2 + Yz)z + i arctan (x/y) + im sgn{x)H(-Y)]

1
=0’
the step function and 8&3/3? is chosen to be positive. For negative

where X = (x - xg) /%5 §= Y[HNA/§§]§ sgn (%) = +1 for x=0, H is
values of ?, i.e. for damped modes, the branch cut of the logarithm in (2)
crosses the real axis and the mode amplitude is discontinuous with a jump
2miB [1]. By imposing this jump condition to the solutions of Eq. (1), Y
can be computed selfconsistently. In particular Yy can be proved to be
negative by constructing a quadratic form from Eq. (1). This form has an

imaginary contribution which arises from the discontinuity at x = x, and

0
gives
e A0 S v
viw = 2| 1s1%/[ U212 + 2 1l?) ax| o — 2 ©)
a x=x0

wlhiere a and b label the boundaries of the plasma slab.

Causality gives a definite prescription for computing ; but leaves the
mode amplitude discontinuous. In order to study the effect of dissipation
on this discontinuity it is convenient to refer to the solutions of Eq. (1)
for x — Xy and d/dx >> kxo in q-space, where @ is the Fourier variable

conjugated to ;. i.e. to the solutions of
algz+y)eg = 0 . (4)

Here E is the Fourier transform of [ extended over the singular layer around
X = Xq. Solutions that are regular in x-space must vanish for |a| —> e .
On the other hand, (4) is a local approximation of the full dispersion
equation and is only valid for |a| large compared to kxo.A For da—> O,
where & 1is the characteristic width of the singular layer, £ can be dis-
continuous, i.e. the integration constant in (4) can be different for posi-
tive and negative values of «. As shown in general in [ 6], such a discon-

tinuity does not lead to a singularity in x-space but is related to the
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asymptotic behaviour of the solution in the singular layer for RI8 = .
The choice of the integration comstant in (4) that satisfies the causality
prescription leads to E(a) = (2rifa)H(@) exp(= ?a) which vanishes for o < O
and diverges for o —=> 4o if ¥ < 0. A different interpretation of the
choice of the integration constant in (4) follows by requiring the wave
energy to be convected towards larger values of 1u| , i.e. deeper insider the
singularity with no energy being reflected from it (radiation boundary con-
dition). Since in a-space, energy is carried at the group velocity awA/aﬁ,
which we have chosen to be positive, the radiation condition requires the
mode amplitude to vanish for negative values of a .

If electron resistivity and/or ion viscosity are taken into account,

Eq. (4) becomes

a(Z st = -(e/2a’E . (5)

where € =[ cznllm +ufpl /(xg amA/aQ);Lﬂo and the effects of the resistivity
N and of the viscosity p simply add up [4]. The corresponding solutions are
£ = (C, /o) exp(—‘?u— Ectslﬁ). For the solution to be regular for |a| —> = the
integr;tion constant C_ must vanish. Therefore dissipation leads to the
same choice of the integration constant as required for the ideal equations
by causality. Furthermore the discontinuity of the solution for "small" o
is unchanged. Thus the jump condition to he imposed on the solutions of the
ideal equations is unchanged and the damping rate is unaffected by dissipa-
tion [3]. The cubic term in o in the exponent of E overcomes the growing
linear term for

4

o (6¥/e) ; (63

Since ; is independent of resistivity, the discontinuity due tu the branch
cut of the ideal solution on the real x-axis is regularized within a laver
that has a width of order eL‘;.

The o —space representation of the mode amplitude [ 6] makes it possihle
to compare the above results to those obtained for low frequency 1esistive
instabilities for which the growth rate depends on the magnitude ¢f the dis-—
sipation coefficient. In fact a commer dispersion equatien in the singular
layer can be given which generalizes Eq. (5) and describes beth shear-Alfvin
modes and low frequency resistive instabilities. The different dependence

of y on dissipation can be traced back to the changing Jocation of the
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turning points [ 6] of the dispersion equation as the frequency is increased.
For low frequency modes the turning points are not far from the real axis
and within the range of values of a for which the local approximation is
valid., For shear-Alfvén waves they split into two pairs: one pair moves far
in the complex plane and only leads to an exponentially small reflection
coefficient as consistent with the radiation boundary condition in Eq. (4).
The second pair moves towards small values of o where the local approxi-
mation is not valid in agreement with the fact that the damping of shear-
Alfvén modes is obtained within the ideal equations alone.

Finally we note that the above conclusions on Alfvén modes are sup-
ported by explicit analytical solutions of the global problem found either
by considering special equilibrium magnetic configurations or by carrying
out an asymptotic analysis for special regimes of the considered perturb-
ations. In Ref. [ 3] the complex eigenvalue ® 1is derived for a magnetic
equilibrium configuration in which Bg is piecewise either a constant or a
linear function of x, so that the ideal solution is expressed in terms of
exponential and modified Bessel functions, Asymptotic techniques are
applied in Ref, [4] to a wide class of current sheets of astrophysical
interest. In these configurations the magnetic field direction is inverted
across the current sheet and modes of the bending type obey a shear-Alfvén
mode equation. Two Alfvén singularities occur, symmetrically located with
respect to the neutral layer where the magnetic field vanishes. The ex-
plicit solution is obtained for long bending waves, i.,e. for waves that are

larger than the thickness of the current sheet.

References

[1] J.P. Boris, Ph.D. dissertation, Princeton University, 1968

[2] J.H. Tataronis and W. Grossmann, Z. Phys., 261,203,1973

[ 3] Y. Mok and G. Einaudi, J. Plasme Physics, 33, 199, 1985

[ 4] G. Bertin and B. Coppi, Astrophys. J., 298, 387, 1985

[ 5] 6. Bertin, G. Einaudi and F. Pegoraro, Scuola Normale Superiore, Report

1/1986. To be published on Comments on Plasma Physics and Controlled
Fusion.

[ 6] F. Pegoraro and T.J. Schep, Rijnhuizen Report P.P. B85/03 to be pub-
lished on Plasma Phys. and Controlled Fusion
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Introduction

In the Alfven wave heating scheme, an external antenna excites the
fast wave which carries wave energy across magnetic field lines into the
interior of the plasma. Mode conversion (and absorption) occur at (and
close to) the Alfven resonance layer where the imposed parallel phase
velocity equals the local Alfven speed. High heating efficiency and low
impurity generation require that only a small fraction of the RF power is
coupled into unwanted wave modes near the plasma surface.

In the experiments reported here, it is shown that incorrect choice
of antenna design and frequency will result in direct excitation of
unwanted Alfven waves near the plasma surface. Radial profiles of the
wave fields excited by a correctly designed antenna show penetration of
significant wave energy to the interior of the plasma.

The Experiment

The experiments were carried out in a hydrogen plasma in the TORTUS
tokamak [1]. 1In all cases the toroidal field, By, was 0.8 T and the plasma
minor radius was 10.0 cm. Except when probes were inserted into the plasma
to determine radial profiles of the wave fields, the plasma current had a
peak value of 16 kA and a duration of 20 ms. This resulted in a plasma
with central and edge parameters of ne v 10*°m~?, T, v 100 eV and
ng v 16%4m, Te ™ 10 eV respectively. For the experiments in which
probes were inserted into the plasma, a short current pulse of 2.5 ms
duration and peak current 8-14 kA was
used. This plasma had similar density
to the longer duration plasma and
central and edge temperatures of 30 eV
and 10 eV.

Two antennas were used. Both were
located just outside the plasma in the
shadow of the limiter. The first, a
small loop antenna, consisted of an
insulated rectangular wire loop of
dimensions 9 cm x 2.5 cm. The second
was a shielded, all-metal antenna
extending B80° in the poloidal direction
anc 4 cm in the toroidal direction
Fig. 1 80° Poloidal (Fig. 1). The antennas were fed by a

sector antenna. 300 W RF amplifier.




The poloidal components, bg, of the wave fields at the plasma edge
were detected by an array of six differential coils inserted in a quartz
tube which encircled the plasma poloidally at r = 11.2 cm. By moving the ;
array between shots, a complete polcidal profile was obtained in 5 or 6
shots. Radial profiles of by, by and by were obtained using two probes
each containing six small coils spaced at intervals of 2 cm and inserted
into one of two fixed quartz tubes (6 mm 0.D.) inserted to the centre of
the plasma from the top and bottom of the discharge vessel.

Results = Small Loop Antenna

A typical poloidal profile of the wave bg component at r = 11.2 cm
is shown in Fig. 2 for an excitation frequency of 4 MHz (w/w.i = 0.33).
The antenna was located at ¢ = 0, 8 = 0 (top) with its plane vertical and
parallel to By. The probe array was located at ¢ = 135°. There is
clear evidence of direct excitation of the Alfven wave which is guided
along magnetic field lines which pass through and close to the antenna.
The four peaks are identified as follows:

6 = 30° Ray propagating aleng field line on the high
field side

8 = =50° Ray propagating around low field side
8 = 100° Additional toroidal transit on high field side
6 = -130° Additional toroidal transit on low field side

Further ray transits around the torus are intercepted by the limiter or
do not intercept the probe array. When I, or B, is varied, the poloidal
locations of the peaks vary in the expected manner as q(a) is varied.
The poloidal width of the peaks is not strongly frequency-dependent up
tow ™~ 0.7 Wy~

The wave amplitude inside the plasma was observed to decrease
almost monotonically with distance from the plasma surface. It is clear
that the small loop antenna couples only weakly to the fast wave. The
coupling to the fast wave was increased somewhat when the antenna was
rotated so that its plane, and hence all current elements, was
perpendicular to B¢. The observed radial profile was highly asymmetric
suggesting the presence of several modes; that is not surprising, given | |
the small dimensions of the antenna. |

A comparison was made between the amplitude of the direct high field
side ray (see Fig. 2) for the antenna plane aligned parallel to By as for
Fig. 2 and perpendicular to By. The results are shown in Fig. 3. It is
seen that the efficiency of direct excitation of the Alfven wave near the
plasma surface is increased as w approaches w;j and when antenna current
elements are parallel to the magnetic field. This result is in agreement
with theoretical predictions [2] of wave excitation by a dipole antenna.
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The 80° Sector Antenna

The poloidal distribution of bg at the plasma edge when the 80°
sector antenna was used was somewhat different from that for the small loop
antenna. In particular, for the 80° sector antenna, most of the wave
energy at the plasma edge was confined to the poloidal sector defined by
the antenna. The general features of the poloidal distribution can be
attributed to direct excitation of the Alfven wave primarily by the currents
in the two side arms of the antenna. Such excitation is not predicted by
MHD theory [2]; finite frequency effects may be sufficient to account for
this excitation.

The observed frequency dependence of the efficiency of direct
excitation of the Alfven wave was similar to that observed for the small
loop antenna (Fig. 3).

Radial profiles of bg, b, and by were obtained at several frequencies.
Generally, bp and b, were comparable in magnitude while by was an order of
magnitude smaller. At some frequencies broad peaks in by and b, were
observed. Examples of bg and b, profiles for two frequencies, 3.4 MHz and
4.2 MHz, are shown in Fig. 4. There is very little internal structure at
3.4 MHz. The profiles are similar to those observed with the small loop
antenna: there appears to be only a weak Alfven resonance layer inside
the plasma; the wave fields are due primarily to direct excitation of the
Alfven wave.

At 4.2 MHz there is clear evidence of structure in the wave fields
inside the plasma. The positions of the peaks in bg and b, move to smaller
radii as the plasma density falls. Although there is insufficient
experimental data to unambiguously determine the nature of the observed
peaks, they are consistent with the excitation of the Alfven resonance via
the fast wave, as is required for Alfven wave heating. Experiments are in
progress, using three antennas, to better define the toroidal and poloidal
mode numbers and hence to provide a more direct comparison with theory.
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Fig. 4 Radial profiles of b, and by (normalized to antenna current)
at ¢ = 180° for the 80° sector antenna at ¢= 0°, r = -10 cm.

As was the case with the small loop antenna, the radial profiles are
asymmetric with a clearly increasing amplitude for radial positions close
to the antenna.

Measurements were also made of the antenna impedance as a function of
frequency. The impedance was observed to rise smoothly from zero at

wv 0.1 wey to v 0.35Q at w v 1.6 wei- The origin of this loading is
not clear.

Conclusion

The experimental results presented here clearly indicated that, in
Alfven wave heating experiments, unwanted direct excitation of the Alfven
wave near the surface of the plasma can be minimised if all antenna current
elements are oriented perpendicular to the steady magnetic field. The
experimental results also show that a single all metal, shielded poloidal
antenna can effectively couple energy into the interior of the plasma.
Experiments currently in progress are aimed at establishing whether an

antenna system with two or three antennas is significantly more effective
than a single antenna.
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CURRENT-DRIVEN LOW FREQUENCY INSTABILITIES IN A MAGNETIZED TWO-ION PLASMA
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1. Introduction: An obliquely propagating electrostatic wave in a cold,
collisional, magnetized two-ion plasma with wp near the ion-ion hybrid
(Buchsbaum) frequency, wp, may be driven unstable by an electron drift V
along = B Z for k, Vg > wp D 2] This resistive ion-ion hybrid drift
instabl?lty ?RIHDI) satlsfies the dispersion relation

2 2
:u w Wor 4Yon k'
1= —E“'!— —EH—r‘ —r i —%—E— 2y
w = w =0 w k
L H
(1)
gzt e 2
Y “pe kx “pe kz
o o -2 il otk e FASPNETET ETE
( , -

| (w -kzvd)(m -ﬂe) k w' (w kzvd) k
|
| where w' = w - k V. + iv_., with w = # iy Vo; the electron-ion collision

frequency and L(f) “refer to light (heavy) ions. wi

| For low collision frequency v . << wg, the two-stream ion-ion hybrid in-
| stability (TSIHI) was reported[3[. The RIHDI for wyp < k,V4 < @ then arises
‘. when collisions extend the unstable region beyond the two-stream unstable

‘T range.
‘ We now identify analytically the origin of the TSIHI. Numerical results
over a wider range of vgi and Vq are presented, relating the observations of
[2]; [3] and EZ Parameter values used are appropriate for an argon-
helium mixture in a laboratory discharge device used for basic plasma
studies, with Ny = Ny, wg = 3.20y, and k,/k v (me/M))‘/‘i vhere M is the aver-
age ion mass.

2. Origin of the TSIHI: With appropriate assumptions ES] equ. (1) reduces

to
e’ YpH k, Gpe.
_?_:' * E 7+ = P — =0, (2)
w = w -QH k (w - szd)

Following the approach of Eﬁ], we consider the interaction between an elec—

: < <
tron beam mode (MRE kzvd) and waves having QH < wp £ QL.
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= g B 2 2 :
If £ (kz/k) mpel(mpL + mpH )<< 1, equ. (2) may be cast in the form

2 2 2 2
(' mBE)[(w - kZVd)z - Euy 1=¢ w; ug » (3)
where 2 _ 2 2 2 2 2 2
e = (mpL QL + mpH ﬂH )/(mpL + mpH )
2 2
= w;=“PL pH(L-“H) .
z
(pr QH + MpH 9 )(u + upy )

Equ. (3) illustrates the fact that the instability results from the
reactive coupling between a positive energy Buchsbaum mode (w = w_) and a
negative energy electron beam mode (w = k,Vq - £wy). For Ny = Ny and

M, << My, these two solutions may be used to obtain the reduced dispersion

relation for the TSIHI,

(o - uglfo - KV + (/K oy w )1 k@MY M) o
T4 k0 w0 +MH/M),=

(NPLE 2 ”sz)i

Numerical studies (uei << wps kzvd < ZQL):

Using Vg™ 0 or 0.03 Wgs four regimes are identified:

(a) g < kzVg < wp. For veij = 0, complex conjugate roots (two-stream-like)

occur with wg & kzVg for kz/k + 0 (k varying). As k;/k is increased,
wR drops to and falls below Qy. The growing mode is a two-stream
heavy ion instability, For vej # 0, the two-stream behaviour is simi-
lar. The RIHDI does not occur as kgpVgq < wg.

(b) wp < kgVq < Q. As discussed in [}], the TSIHI occurs for both

Vei = 0 and vy # 0, extending in the latter case into the RIHDI for
k,/k beyond the two-stream unstable region.

(c) kyVg 2 Q. For vg;
pendicular propagation, coupling between the beam modes 1 and 2 yields
a growing mode with wy = Qp: the two-stream light ion instability
(TSLII). For larger k,/k, mode 2 couples with the Buchsbaum mode 3 to
yield the TSIHI reported above. In the interval 0.5%(k /k)/(me/Myzﬁo 9
all three modes are stable. Collisions broaden the unstable ranges of
both instabilities (Fig. 2), i.e. a resistive drift instability alse
occurs at the light ion cyeclotron frequency (RLIDI).

(d) kzVg > Q. As V4 is increased, the width of the stable interval in

= 0, results are shown in Fig. 1. For nearly per-

!f
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Fig. 1 decreases, and for k;Vg > 4.5 wp it vanishes even for vej = 0.
However, close study of the growth rate behaviour enables one to draw up
an extended stability diagram, Fig. 3 (cf. [4]), for the two-stream and
resistive drift instabilities near wg and Q. Insensitivity to vgj and
Mp/M; makes the diagram nearly universal for low vg,j, Ny, = Ny plasmas.

4. Collisional effects:

(a)Dependence of y on v,; for the RIHDI has been sc?died, using the parame-
ter values of Lee t?f. These have (k,/k)/(m_ /M) /% > 1 and k,Vq > 40 ug
(Fig. 4). The predicted linear dependence[: ]holds over a wide range
of vgi, as found for smaller k,/k and k, V4 < Qp ES]. Analytically it
can be shown that the first peak in the curve occurs at vej * |up—k,V4|
(not vej = iy as suggested in [3]), the trough at vgj = Qk,/k and the
second peak at vgi = Qe. As seen from Fig. 4, Lee's 2] value
Vei > kzVq is beyond the range of validity of the equation solved by him

(b)Whereas for vg; << k,Vj, collisions cause separation of the coupled beam
modes (wp = k;Vq) and introduce the resistive drift modes (Fig. 5),
higher collision frequencies destroy any relationship between the beam
modes (Fig. 6) and thus Lee [2] could not observe the TSIHI. The sta-
bility diagram is then no longer applicable.

(e)If T; = T,, then for vei >> wg, collisions between heavy ions and light
ions cannot be neglected. For Lee's [ 2| parameter values, these are
found to stabilize the RIHDI.
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ICRF WAVE PROPAGATION AND ABSORPIION IN
STELLARATOR MAGNETIC FIELDS

E. F. Jaeger, D. B. Batchelor, and H. Weitzner®

Oak Ridge National Laboratory, P.0. Box Y,
Oak Ridge, Tennessee 37831 USA

*New York University, 251 Mercer Street,
New York, New York 10012, USA

Ion cyclotron heating is being used on the Heliotron-E device and is
planned for the ATF torsatron for high power, steady-state experiments.
The complicated magnetic field structure of these stellarator devices and
the relatively large value of A/L make the approximations of plane
stratification, which 1is wuseful for many tokamak applications, of
questionable validity. We have therefore developed a finite difference
code to study ion eycloton wave coupling, propagation and absorption in
2-dimensional, helically symmetric equilibria.

Also recent measurements in the Soviet Union on the L-2 stellarator have
demonstrated efficient heating of a pure hydrogen plasma
(ng ~ 1-2 x 10*? cm™) with ICRH pover in the range of the first harmonic
of the ion cyclotron frequency.! Since conventional theory for tokamak
plasmas shows that heating at the fundamental ion cyclotron resonance is
ineffective, there has been some interest in understanding the theoretical
basis for the observed fundamental heating on L-2. Kovrizhnykh and Moroz?
studied mode structure for the fast magnetosonic wave in a cylindrical
metal vaveguide filled with plasma. The assumed magnetic field is uniform
in the axial direction and the applied frequency equals the ion cyclotron
frequency everywhere. They find that for 10'* < n,, < 3.8 x 10'3 em™ (as
in L-2), only the m = 1 mode exists, E_ is a surface vave, and significant
heating is possible only near the plasma edge. For n > 3.8 x 10'? cm™3,
m = 0,2 modes can also be excited with secondary maxima for E _ inside the
plasma. This implies heating inside the plasma too.

In this paper, we address the questions of 2-ion hybrid and fundamental
heating in stellarators by extending the full wave calculations for
tokamaks and mirrors in Ref. 3 tc the case of a straight, helically
symmetric stellarator. Global solutions of the ICRF wave fields are found
numerically in the cold plasma limit for parameters typical of the L-2 and
TF stellarators. The component of the wave electric field parallel to

is assumed zero and helical symmetry is used to Fourier decompose the

*Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc.
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solution in the longitudinal (z) direction. The remaining set of
two-coupled, 2-dimensional partial differential equations in r and
¢$ 20 - kz (k is the helical pitch) is solved by finite differencing.
Energy absorption and antenna impedance are calculated from an ad hoe
collisional model. Similar calculations for parameters typical of
Heliotron-E and ATF have been carried out in Japan by A. Fukeyama et al.’
using finite element analysis and including parallel electric fields.
Fukayama et al., however only consider the case of minority heating at the
two ion hybrid resonance. We also consider direct heating of the majority
ions at the fundamental ion cyclotron frequency, and compare to similar
cases of minority heating at the two ion hybrid.

1. Bquilibrium Model - In the helically symmetric system, it is useful to
transgorm from cylindrical coordinates (r,8,z) to helical coordinates
(r,$,2z') where ¢ = © - kz, 2z’ = z, and k = 2n/L_ where L_ is the helical
field periodic length in z. Note that ¢ = constaft is the equation of _a
helix. Helical symmetry requires that the unperturbed magnetic field

be only a function of r and 4 but not z’; i.e., the field at one point in
space depends only on which he1i§ that point is on and not on the position
%n B, Siace v- =0and ¥V + J = 0 in helical coordinates (r,¢,2') and
, and are inaependent of z’ (helical symmetry) we can introduce flux
functions ¢(r,$), X(r,¢) such that the equilibrium field is given by

o —

g _lav, -k B, X(z + kré)
r 3¢ 1 4+ k32 OF 1 & KRgd

for the present calculations we have used the Bessel function model where

2 r
w(r,4) = B, k% -r Y g Iy (k) cos (18)
1

X(r,$) = Bo = const.

2. Field Equations - Introducing a right-handed orthogonal coordinate
system witﬂ unit vectors: Wy, b x Vy, b the plasma current can now be

expressed
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3p=5-g=(xlw-g-ixx£x6¢-I-:’)v.l.

s (KbxW-Baik W-BbxWs+ (K b B)b
L X I

K, Kx and K“ are the standard cold plasma conductivity tensor elements
ﬁith a Langevin collision term included to broaden the fundamental
eyclotron resonance w + & + iv where typically vw/@ ~ 1072. We neglect the
parallel component of B and consider ¥y and b x Uy components of the wave
equation. Fourier analyzing B and the antenna current ext 1in the
ignorable coordinate.

B(r,4,2') = % Ekz(r.weikzz', Jext (B42) =T 3 (r,0)elk?
k k,

Z z

wve obtain two coupled partial differential equations in r and ¢ for rE
and rEg. Boundary conditions are that the tangential component of E
vanish™ at r = a. This gives rEg 5 0, and E, = 0 at r = a. Also we use
periodicity in ¢ to give E(¢ = 0) = E(¢ = 2n).

3. Results - Figure 1 shows flux surfaces ¢ = const. and the heating
geometry where the parameters are chosen to model ATF: 1 = 2, m = 12,
Rp = 2.1m, B, = 2T, a = radius of conducting wall = 50 cm. Also shown
are the two-ion hybrid resonance contour and the minority hydrogen
cyclotron resonance contour vwhere N = ng/np = 0.05 and fRF = 29 mhz.
Figure 2 shows contours of power deposition obtained from the field
solutions for this case. The antenna is uniform in the ¢ direction with
current flow in the © direction. The heating is seen to lie between the
minority cyclotron resonance layer and the hybrid resonance. There is a
slight tendency for contours of constant power deposition to lie along
flux surfaces as discussed by Hellsten and Appert et al. for tokamaks. We
have also done calculations using the cold conductivity model employed by
Appert et al. in which no collision term is used to resolve the minority
cyclotron resonance (w = ®w + iv) but the hybrid resonance is resolved by
adding an imaginary part to the conductivity itself (K =K + 2idc?/c}).
For these calculations the tendency for heating to lie along flux surfaces
is much more pronounced but the antenna loading is nearly the same as
obtained vith the broadened cyclotron resonance.

Calculations in pure H' show good antenna loading but the heat deposition
is near the plasma surface where the density is low. Calculations for L2
stellarator having lower density and smaller minor radius, show somewhat
better penetration of the heating but not sufficient to explain the
on-axis heating reported in the experiment.
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I. INTRODUCTION.

Though the work reported here pertains to general inhomogeneous field con-
figurations, it is presented in the tokamak context where it appears to have
greatestrelevance. To date, the kinetic description of linear wave inter-
action in a tokamak in regions neighboring surfacesw = nfi (species implieit)
has been dealt with in two ways. On the one hand, the variation of the equi-
librium magnetic_field B, parallel to itself resulting from a poloidal field
component (BP.V]BQ| # 0) has been neglected ; this allows the derivation of
a self-consistent wave equation in perpendicular directions with Fourier
analysis providing a nonlocal description in the parallel direction. On the
other hand, there are nonlocal solutions which account for parallel Bg
variation, but with restriction to situations where the field behavior in
the resonant region is known to lowest order. Of the work which has been
done in these areas, that closest in spirit to the present approach appears
in Refs. 1 and 2 to which the reader is referred for further references.

The present contribution examines to what extent one can write a local
kinetic description free of the two above assumptions. The local description
of nonmagnetized homogeneous plasma [3,4] was early identified with the
condition w/kyeh >> 1[(w - nR)/k.wvey >> 1 when By # 0]. In regions of an
inhomogeneous plasma where the second inequality fails (n # 0) it will be
shown that a local description can be retained when the limited extent of
the resonance region through which particles pass is accounted for.

II. MODEL AND ANALYSIS.

Considering particles to have comstant v, throughout resonance with
phase randomization between resonant interactions, Brambilla and Ottaviani
[1] have derived the finite Larmor radius equations, calculating current in
a form embedding nonlocality in a trajectory-type integral

L, dva viPexp(-vi/v2) 17 dv explilu = n2(D)]7) E(T = v,t2) 1)

where E is a linear combination of field components or their derivatives. We
relax the implicit constancy of 2 in the 2(B,) direction in the integrand of
Eqn. (1), accounting for the poloidal passage of particles through the
resonance zone, Q(r)t + Q(r)t - (d@/dz)v,t4/2 (d2/dz independent of r).
Transforming the variable of integration to q = k"|v"|1 + b/a, with v,,=vthV",
one has to within a dimensional constant factor

1, = /o avh ! exp(VAY((-1)P g7, dq expl-(i/¥)(aq? = b?/a)]E(kuz + g + b/a)

+hf: dq exp[(i/V,) (aq® - b2/a)] E(k,z - q + b/a)} (n#0) (2)

where a = (nd/dz)/(2kfvyy), b = [w = 02(r)1/(2k.vy,), Elk,z + q +b/a) =
E{r + (q +b/a)Yku2} and nondimensionalization with respect to k,=|E~13E/3z|
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in no way implies an assumed z dependence n exp(ik,z). Remark that umnit
length in q corresponds to one spatial variation length of E.

In order to appreciate the role played by various parameters in the
subsequent development, it is of interest to consider the conditions under
which I, can be evaluated in terms of E(k,z) (strong local representation).
These are essentially the conditions under which rapid oscillatory behavior
of the second and third exponentials in the integrands gives phase cancell-
ation in q, V,, at all points except the endpoints q = * b/a., Turning first
to the q integral, one sees strong phase cancellation when |3a(aq?)/ag| =
|2aq] »»1, this eliminating contributions to the integral from all q
except a nonlocal one coming from values around the resonant or stationary
phase value q = 0, and, if |2aq||g=sb/a = [2b| >> 1, a local one from the
immediate vicinity of the endpoint g = % b/a. From the first inequality,
parameter a can be roughly identified with the inverse of the resonance zone
width along £ seen by a given particle. Inverting the order of integrationm,
one finds V, rapid-phase cancellation when|aq? - b2/a| > 1 ; this notably
eliminates the above nonlocal resonant contribution from q = O when
|b2/a| »> 1, allowing I, to be expressed purely locally in terms of E(k,z).
The physical origin of the rapid-phase effects leading to this local
expression are the progressive dephasing of the nth harmonic of a single
particle's Larmor motion from the field phase in the case of oscillations
in q, and the smearing out of the contribution from a given q due to thermal
spread in particle velocities in the case of oscillations in V,,.

In the absence of the above conditions for local representation of I,
we tender I, local by expansion of E in q about the local endpoint values
% b/a. This expansion is assumed valid in the region in g giving the major
contribution to the q integral, this region being delimited by the effects
discussed in the preceding paragraph, For the case n = 0, addition of an
infinitesimal imaginary causality term to w allows derivation from Eqn. (1)
of theNETymptotic representation [same nondimensionalization as for Eqn.(2)]
1 =-1 B ) " ritp ¢ () + 1Y (22wl [+ =) ()

J=o

where ( ) is to be filled in with 2j, 2j + 1 when p is respectively even,
odd ; henceforth E(J) = 3iE/3(k,z)i. The impossibility of obtaining a
corresponding convergent local representation and the associated existence
of Landau damping are established facts.

For n # 0, one can evaluate the first integral with respect to q in In
of Eqn. (2) by transformation to the variable t = (ia)!/? q, with use of an
infinitesimal convergence factor to rotate the infinite portion of the
resulting integration path into the sector |arg t| < w/4 before expanding
E inside the integrand about t = -(ia)l/2b/a ; the second q integral is
performed using t = (-ia)l/zq with the principle branch used for all roots.
One finds

1, =21 B9 G2 (1P 17 av, B lexp@ud + ib2/av,)
J=D - . - . (4)
13 erfe [—(%%)1/2 % 1 (Vu/ia)(J+1)/2)+(-l)J{a+ -a}] (n#0)

where 1! erfc is the j=fold repeated integral of the complex complementary
error function. Expanding (J erfc with formula 7.2.4 of Ref. 5, there
results the convergent development

|
g
|
i
{.
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1, = /7 8 ED e L-)PLaia) U2 ra6a) 1/ 20/a) Tcir e 3391 ¢

n j=o I

b2/ |y ) #(-1)%a > -al]l (o #0) (5)

where the terms k = j + 2, j + 4, ... are taken to be zero with convergent

and asymptotic expansions for f given in Sect. 27.5 of the reference

(use of the principal branch for roots is understood throughout). The

convergent expansion only holds for integral m ; the development for

nonintegral m is found to be

£ =1/2 F 1 —“”';"“ )0 /Kt + wfsingun) E (1) P02 2) k1]
(6)

The asymptotic, expansion of I, follows from substituting the asymptotic

expansion of \J erfe (7.2.14 of Ref. 5) into Eqn.(4)

. . k-1
1, =172 & e w5t 2iny ™ gtk ire 2L )/ e 1e-1)P x

(-4ib2/2) 7% 4-1)3 4ib2/a)*]  ([ab2/al+ =, nt0) (D)

III. DISCUSSION.

Equations (3),(5) and (7) give the local representation of the integral
I, ; it remains to project onto the coordinates of interest. Taking as
example a slab geometry with derivatives of equilibrium density neglected,
¥, Y coordinate axes normal to both By( Il 2) and V\BOI, and X-axis parallel
to VIBOI, the spatial dependence of the coefficients of E i) in the local
representation enters only through the dependence of b on 2(X). One
redevelops partial differentials in x,y,z in terms of differentials in
X,Y,Z(3/39z = sin 083/3X + cos 63/3Z etc., 8 = angle between Z,Z), this both
in I, and in the finite Larmor radius equations which incorporate it [T,
these having been derived relative to guiding-center coordinates x,y,z.
Of course, one could employ flux coordinates at the cost of losing
invariance in one of the coordinate directions.

After Fourier analysis in the invariant directions Y, Z, one integrates
the resulting system in X, the convergent or asymptotic representations being
used for I (X) in accord with the respective smallness or largeness of
b(X). In principle, describing resonant regions where b +~ 0 is simply a
question of employing enough derivatives E%J)(r) in the convergent
representation. In practice, one is confronted with one of two situations
where these derivatives affect wave behavior either strongly or weakly.

In the former case one will typically not wish to employ X derivatives of an
order which increases the order of the differential system to be solved, so
as to avoid introducing new modes. This effectively limits the resonance
zone width in z one can treat to several field variation lengths. In the

latter case an iterative approach is possible where again, a limited number of

derivatives is added in the initial solution so that the order of the system
is not raised. This solution is thenused to evaluate as many derivatives as
necessary, these serving as known inhomogeneous terms in the next iteration.

IV. CONCLUSION.

A local approach allowing description in the vicinity of "strongly
dispersive" surfaces ((w - nf? )/k,v 7 ##1) has been developed by accounting
for the particles' poloidal transik through these surfaces. This eliminates
the exaggerated phase coherence between particle gyromotion and wave seen

"
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when particle trajectories are taken parallel to the surfaces. Such
description can be carried through without presupposing the lowest-order
form of the field.
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1. INTRODUCTION. _ _

Knowledge of the quasi-static E and B fields in the immediate vicinity of
antennas and electrostatic shield elements is essential to the intelligent
design of these components. To the end of calculating such fields, a numeri-
cal method has been developed for solving the 2-D Laplace equation which
generates the Green's function for a flux or vortex line source inside an
arbitrary rectilinear, perfectly conducting external boundary. Line sources
can be superposed to simulate eventual internal conductors as well as
supplementary conditions to be imposed on the field flux. Such conditioms can
mock up B(E) flux crossing (running parallel to) the external conducting
boundary, allowing this single boundary to model internal conductors as well
(see Fig. 1). In the single-boundary case the method is truly computer
intensive, freeing the user of the time-consuming adaptations to specific
boundaries which characterize finite-difference and finite-element techniques.
In essence, he reads in boundary geometry and places line sources. The con-—
formity of the computed representation of the external boundary to the act-
ual one provides a direct visual check on the accuracy of the calculation.
The present method is particularly suited to situations where interest is
focused on surface gquantities and their integrals on boundaries (Sect.2.3).

2. METHOD.

2.1. Overview.

A Schwarz-Christoffel (SC) transformation mapping n > O of the g-plane
(z = E + in) onto the internal space enclosed by the external conducting
boundary in the z-plane (z = x + iy) is generated numerically. Line sources
enclosed by the boundary in the z-plane are inversely mapped to the r-plane
where the problem is solved by the method of images and integrals of various
surface densities are performed. If required, fields or surface density
distributions in the z-plane are obtained via the SC transformation (end
Sect. 2.3). The user works interactively in z-space, disposing line sources
by eye.

2.2. Generation and Inversion of Schwarz-Christoffel Transformation.

Let the N segments of the rectilinear external boundary, enumerated in
counter—clockwise fashion, be Lj(i =1, ..., N), with ith yertex, having
inner angle aj, at zj lying between L;_j and Lj(Lp = Ly). We shall generally
take zy at infinity. For an appropriate choice of the £f (Ej > £i-1) and
A, the SC transformation (in differential form)

N : -1
dzfdg = Al @ - g) @O = e €}
maps the E-axis of the r-plane onto the external boundary in the z-plane,
with each point £i mapping onto zj .

Integration of Eqn.(l) between vertices for a trial set, £j, gives
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T, =% -z, = IE;+1 £'(g)d (i=1 N:?Z = 7)) (2)
17 By %y £ tldz A Lecseen N 3 gy ® 2
i

where a | numerical 1ntegrat10u is generally required. The following function
of the Tj, and hence of the El, attains the value zero as a sharp absolute
minimum when Ll =Lj(i =1, ..., N) (ie. when the E-axis is correctly
mapped onto the external conducting boundary)

£, U, /A |+ exp [T /1] - 10 - 2} (3)
When zy is taken at infinity, we drop the two infinite Lj from the sum

using N - 2 as upper limit ; £y is also suppressed (see Sect. 3). Minimizing
g to zero with successive trlal choices of the Z: (51 0, A = 1) gives

Ti + £f in the limit. A conjugate gradient method (the MINUIT routine of
CERN) has been used for this.

Once the £; are known, the inverse SC transformation is generated from
Eqn. (1) z(2) 5 .

t(z) = [  dr = [ (dg/fdz)dz = [ [£' ()17 dz (4)

where simultaneous numerical integration in z and f-planes is implied. Eqn.
(4) serves for mapping source positions and integration interval endpoints
(Sect. 2.3) to the z-plane.

2.3. Fields_and Surface Quantities.

Line sources of identical or opposite strength, each with complex poten—
tial of the form (S/2r) 1n (¢ - Zg), are imaged at rg and Cs to give an
analytic expression for the potentlal Q (g = ), of a source at rg above
the £-axis [a conducting surface ; arg (c “ cs) in 1n (g - gg) taken
continuous]. One has for B(E) line current ( charge) sources 1§ =-ip I,

(a/ey), (2 = £x§),and for unphysical B(E) flux (vortex) sources useful for

imposing supplementary flux conditions (Fig. 1) : § = total B flux from source

(-i(circulation of E about source)).For the total complex potential one has

ﬂ(f;) sources s (g — cs) and Q(z) = Q[z(2)]. In the magnetostatic case

B*(z) = de/dg, Blz)=d@/dz = [£'(z)]7! B™(z). With @ = ¢ + i¥ one has
B= Vdé and 2

£y B.dl = a(2) - #(1)

2 (5)
Iy B.Aldl] = ¥(2) - ¥(1) (@l dI x %)
relations (5) holding in either plane, where it is understood that the path
1,2 in one plane maps into that in the other, Equality of a given right
member in either plane shows equality of the corresponding integral. Identi-

cal formulae hold for the electrostatic case. Using Eqn. (1) and the rela-
tions directly above Eqn.(5) one has

2 2
¥y |B2(2)|| dz | = by |B2(c)/£' ()] | dz | (6)
where paths in left and right members map into each other.

For an integration path 1,2 01rcu1t1ug with the conductor on its left,
2-directed surface current density is u,~! B. dl/{dll charge density,
€, E.fi and ohmic dissipation density (2u,)73/2(uw/0) /2]B|2 (w = wave angular
frequency, ¢ = conductivity). Once the Iocatlonsof 1 and 2 in the z-plane
are known(by Eqn. (4) or, for a vertex, zj =+ £;), the integration of the
current and charge densities is best considered in the g-plane as Eqns. (5)
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with B ++ E then give the integrals as known functions. Eqn. (6) allows
integration of the ohmic density as a known function on the E-axis instead
of the detailed external boundary in the z-plane.

Field lines in the complex planes follow from integrating dz/ds = B(CYIB',
dz/ds = £'(£)B(;)/|B|where s is arclength in the f-plane and Eqn. (1) has
been used ; B = E gives results for E. Taking real and imaginary parts
gives a 4 x 4 system for the vector (£, n, x, y) which is efficiently
integrated by a variable-step method. Similar remarks apply to inversion(4).

The same integration, following the magnetic line coinciding with a
conductor surface, can be used to map surface density distributions from the
¢ to the z-plane, it also serving for the integral of ohmic dissipation
density on a source-simulated internal conductor. By Eqn, (6), this integral
can be performed in the g-plane without integrating the equation for dz/ds.

3. SPECIAL TECHNIQUES.

Double-precision minimization of g [Eqn.(3)] over successive E} sequences
generally encounters difficulties associated with tight bunching of the 3,
a case notably met when the external boundary is of re-entrant type with -
two zj close together. One such difficulty relates to reordering of the £;
out of increasing sequence by the minimization routine. Transformation to
N new variables yxj, where £; = £5_7(1 + exp x3j), remedies this problem and
smooths the behavior of g when minimization is carried out over ¥; sequences.
Another such difficulty has to do with loss of numerical accuracy due to
the singular behavior at the limits of integration of f'(z) in Eqn. (2).
This can be dealt with by subtracting from the integrand analytically
integrable functions which cancel its endpoint singularity and adding back
the integrals of the same functions which are known. However, a further
source of error arises when the integration interval lemgth Ej4; - F; in
Eqn. (2) greatly exceeds that of the adjacent interval(s), this allowing
the singular behavior of f' at the far edge of the small interval(s) to
affect seriously the precision of integration over [&j, E}+ ]. Accuracy
was restored with a variable-step method which reduces the integration
step at the end(s) of the interval. Similar remarks apply to the integral
in the right member of Eqn. (6).

Given these problems of precision which are generally compounded as N
increases, it becomes advantageous in the case of large N to place En at
infinity (zy finite or infinite) with the substitutions N+ N -1, Ey = =
in Eqns. (1), (2) respectively. The effective elimination of Eh reduces
by one the dimension of the space in which g is minimized. One can
additionally take £ =1 (£} =0, A = 1), substituting Lj + Lj/Ly ,

Lj + Lj/Ly in g. This further reduces dimension by one at the cost of
only generating the Lj to within a scale factor, the correct scale being
incorporated in the SC after minimization by altering the value of

A to L;/L;. In the case of a symmetric configuration, choice of origin
at a point of symmetry leads to an important reduction in dimensionality
due to symmetry of the Z; about the origin.
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LEVEL —*

CONDUCTING WALL lp

Fig. 1. Equiflux-spaced magnetic contours for a candidate TEXTOR ICRF
antenna-limiter configuration in the presence of a plasma simulated by a
perfectly conducting surface. The various elements = limiter, wall, central
conductor, plasma surface - are all simulated by a single external SC
boundary. The eight flux sources(o strength +l,e strength -1)ensure that a
constant field crosses normally the line of symmetry AB.

W 2;}/%%}?%7%%%2%4/4mﬂ /;;%%7¢%
L % %

// 7 zé{f//;’/’

9|

CONDUCTING WALL

Fig. 2. Same case as Fig. 1 but where a symmetrical transformation is used
to simulate wall, limiter and plasma. The internal central conductor
surface is mocked up by placing 40 line current sources with intensities
adjusted interactively in order that the real conductor surface be matched
as closely as possible by a magnetic surface contour.

relative units

X

a—extremity zonh'.—pl

Fig. 3. 32 B2 plotted as functions of x at the electrostatic shield

y- pDSlthn in"Fig. 1 (same relative units for both). Relatively large B%
values caused by plasma-induced field compression show greater role in
Ohmic loss played by circumferential shield element current than in the
case without plasma.
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THE EFFECT OF NEUTRAL BEAM INJECTION ON WAVE PROPAGATION IN THE ION
CYCLOTRON RANGE OF FREQUENCIES

W.G.F. Core

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

1. Introduction - The possibility of using neutral injection combined
with the fast magnetosonic wave as additional heating of tokamak plasmas is
currently of considerable interest and has received some attention in the
literature [1]. As is well known, the injection of fast neutral particles
leads to the formation of hot energetic ion tails on the bulk plasma ion
species. These velocity space distortions modify the dielectric properties
of the plasma, and in particular, for heating at the second harmonic
frequency, can significantly enhance the absorption of wave energy [2].

In this paper, the effect of NBI on the propagation of waves in the IC
range of frequencies is examined. The fast ion component is modelled by
superimposing on the bulk plasma ions displaced Maxwellians of the form,

£lvn,vy) = Noexp [-(vu=vug)®/a = (vemve )?/8]. (1)

Using this form of representation for the ion distribution functions the
components of the dielectric are obtained in a form which is amenable to
efficient computation. The resulting dispersion equation is then solved
numerically for fast wave propagation into the beam/ICRF-plasma systems.
(i) Hydrogen beam injection during fundamental (w=wyy) heating of a
minority H/D plasma;
(ii) The seeding of a D-plasma with fast deuterons during bulk ICRF
heating at (m-EmcD).
2. The Dispersion Equation - Starting from the Maxwell field equations
for electromagnetic wave propagation in a hot multi-component magnetoactive
plasma the dispersion equation is readily obtained and can be written as

kza..—k.k.-ﬁz..| =03 (2)
R e e

where the components of the dielectric tensor in the cylindrical coordinate
system v =(vy,vy) in velocity space takes the form [3]

=]
w _* n== N T
Eij = Gij- E ['E} {ﬁij+ Z fd!, ["E"E * k|| £ } "'_ij I- (3)
S w n=-e v, o9v, v, k,v,tnw -

" nn cs
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unz;ns zB 5 & &
212 -
where N;a = : 9 B ® ;—; » Ky=k*B, m,= kndn' LI S PR G lv;}anJA|
5 S i
S ] 3 8 8 cs
W= Woim Vah 93, Wagm VIIL?, Wiywieem 1v,V,J 00, w5ym VI3, A e )
*

Jn = Jn(qllln), Jﬁ= dJn(x)/dx, and the summation is over all the plasma
species (8).

In the local frame of the toroidal magnetic field, where kx=kL. ky=0.
kz=k", Eq.(2) takes the form,
Aok - 2A,Kk} + BA,KZ - 28,k, + A, = O, (4)

where Ag=e,, A,=e,3K,, UA,=kZ(e,*Eq5) = £4{€2ateay) *eis-eias
As= Kpeyat Ky (€12€557€,3€2,),
A= kjesaKile, 1Eas%E22E5,7€3,57EF )

- - 2 - - 2
E11E22E53"€11E33%€336727€22683%2€,2653€51

3. Calculation of Permitivity Tensor Components g;; - Introducing plasma
species distributions of the form, Eq.(1) into Eq.is) the components of the
tensor e, . after some reduction take the form:

ij 2

© /2 == N Ny .V

g owt PIE i ] flzel g - S Mg g® o,
i,e n=-= ak,, 2/8 t ak,, .

11

with similar expressions for the remaining Ejjs and where in the above
expressions, Z(x) is the plasma dispersion fuﬁction. Z' = dZ/dx,
X = (m-nmcs-k"vuu)/k“fﬂ. and

* LN L 6 T W
2w oIS 2 e a8
Pyq o p q 2 &
cs Cs
L K o 1
- v, 27y )
- : exp {- — = |
k prqtm+l 28 B
{E_ o T —__E'_' 4 B ( L _l_]
2
B Zm;a p+1 g+l 20 prl gl

I (p+q+m+1) D
T{p+TIT(q*T] “-(p+q+m+1)

(u),
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ki

2v
=9 (L = LR D_,(u) is the Parabolic
B Emés p+1 gq+1

eylindrical function [U4].

4. Computational Considerations - To determine the fast wave propagation

where p = e
B

from the plasma edge to the centre of the discharge Eq.(4) is solved
recursively with the full plasma and hot ion dielectric tensor according to
the presecription

N, O e Ul oS G

@ dp=T1""2p 1r-1

The bulk plasma species profiles take the form

To(r)=T; (r)=T(0){1-C, (r/a)P}%, ng(r)=n, (r)=n(0){1-C,(r/a)?}3,
and in order to model the beam, and in particular, the effects of slowing
down, energy diffusion, and pitch angle scattering, we take 3-terms of the
form given by Eq.(1), with Nis o083 1VugiiVagis i=1,2,3, where for component
energy E;, energy spread AE;, and beam angle 8, a1-2nEi/mcos’6,
vﬁol-in}msLn’B, with similar expressions for B;, and Vi .

5. Numerical Results - For the aforementioned beam plasma systems we

take the standard JET parameters, plasma species temperature

To(0)=T; (0)=2.5keV, electron density ng(0)=3x10%cm™*®, p=2, g=1, C4=0.9,
CZ—I.O. beam injection angle at the toroidal axis 45°, minor radius a=125cm,
and major radius RO=296cm. For the beam deposition profile p=2, q=4.

Hydrogen beam injection during fundamental (““WQH) heating of a minority H/D
plasma.

015
For this configuration, we take b .
E;=80,60,30keV; AE;=1,5,15keV, N;=1, k."*-?d:ffcm

magnetic field at the toroidal axis
B(0)=2,0T, wave frequency f=33.3MHz,
and K,=4x10"2%cm™’.

In Fig.1 the fast magnetosonie
wave propagation characteristics from
the edge of the plasma to the centre
of the discharge in a minority H/D
plasma seeded with energetic protons
is shown. For a 15% concentration of
plasma minority hydrogen and no beam
ions no significant single pass
absorption occurs. The effect of
increasing the fast ion concentration
and maintaining the total minority
concentration at 15% leads to enhanced
selective wave damping by the injected
ions. For 15% concentration of fast
ions strong single pass absorption is
indicated. {r/a)

Real (n1)
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Fast Deuteron injection during ICRF heating of a bulk D-plasma at
(w=2uwg,p).

st -1 m 5
k=400 cm 10

For this configuration, we take
Ei-160.120,60kev. AE;=2,10,30keV,

N =1, magnetic field at the toroidal
axis B(0)=2.03T, wave frequency
£=29.8MHz, and k,=Ux10"%cm™"'.

In Fig.2 the effect of introducing
energetic deuterons into a D-plasma on
the fast wave propagation
characteristics during bulk second
harmonic heating is shown. For no
concentration of fast ions the
absorption occurs on or near the
resonant surface w=2w,. The presence
of the fast ion components leads to
additional damping at the Doppler
shifted resonance surface at R, where
m=2mcD(R)+k“v". The build-up of the
fast ion concentration gives rise to

Imag. (n])

N/, =00
strong increasing single pass :gbs
absorption. However, here finite o ’
Larmor radius effects play a crucial o= .
role in the damping process. & tr/a) w

Fig.2
6. Summary - For the model configurations considered here, the

preliminary results indicate that the seeding of ICRF heated tokamak plasma
systems with fast resonant ions leads to
(i} Strong selective absorption of wave energy by the injected fast ions-
(ii) Damping of the fast wave during fundamental heating of minority ion
admixtures is significant even at relatively large concentrations of fast
ions.
(iii) For a given injection energy, and for fundamental ICRF operations,
near tangential beam injection 6=0, provides optimum damping. While for
heating at the second harmonic frequency, where finite Larmor radius effects
are important, injection in the region of @=w/2 is to be preferred.

Finally, for JET operations with a dsuterium bulk, and either hydrogen
or deuterium injection, strong damping by the fast particles is predicted.
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THEORY OF EXCITATION OF ASYMMETRIC k//-SPECTRUM
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V.P. Bhatnagar¥*, M.P. Evrard*, J. Jacquinot

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

A potentially important application of a radio-frequency heating
scheme is the generation of RF driven currents to assist in the plasma
equilibrium of a tokamak [1 ]. In large tokamaks such as JET, the ion-
cyclotron resonance heating (ICRH) power-deposition profile is narrow and
the power can be deposited locally 2,3]. This feature opens up the
possibility of modification and control of current profile in tokamaks by
driving current with waves in the ion-cyclotron range of frequencies
(ICRF) with a view to stabilizing internal instabilities of a tokamak
plasma. ICRF current-drive efficiencies are expected to be low [4] and
therefore, no significant experiment of current drive by ICRF in a tokamak
has yet been attempted, though, several advantages of ICRF over other RF
schemes are evident such as good wave penetration property at high
densities. Moreover, in this scheme, one could adjust several parameters
like plasma composition, concentration and k//-spectrum for optimised
experimental conditions [5].

To drive current in JET by waves in the ICRF either through cyclotron
damping on a minority species or by absorption of the mode converted wave
power by the plasma electrons via Landau damping, excitation of an
asymmetric k//-spectrum is required. For the 1987 heating and current
drive experiments in JET, four pairs of ICRF antenna systems will be
regularly positioned around the torus. Such a system of antenna
structures around the torus can be appropriately phased to produce the
desired assymmetric k//-spectrum.

In this paper, we carry out a theoretical study, of the excitation of
travelling ICRF waves in JET, based on a 3-D planar antenna-plasma
coupling model. The antennae are progressively phased to excite a desired
integral number of parallel wavelengths around the torus (no = Ny Sy 3
... ete) where ¢ 3 or 4 is appropriate for mode conversion current
drive and a somewhat higher number for the minority current drive.

Several sets of antenna combinations including that of a single pair
alone have been analyzed and the results have been examined by looking at
the directivity D(no) defined as the asymmetry in k//-spectrum of the
radiated power normalized to the total power radiated.

2y Theoretical Model

The analysis of excitation of fast magnetosonic waves by an ICRH
antenna in a tokamak plasma is generally treated by a full-wave solution
in the context of a semi-infinite, planar cold plasma model under
single-pass absorption conditions [6,7]. The details of the model and the
underlying assumptions have been published previously [6,7]. Applying the
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induced emf method, analysis of the boundary value problem associated
with this model is well known and is not repeated here, the details of
which can be found in Ref. 6 and 7. The complex power radiated by the
antenna and delivered to the medium can be written as P = Prp + Ppywhere
Prg and Pry are given in terms of a Fourier Series [6]. An array of
antennae In the toroidal direction can be included by providing the
appropriate spectrum of currents flowing in the phased antenna array.
Travelling waves in a given direction can be excited by progressively
phasing the antenna array. In order to gauge the asymmetry of the
excited k//-spectrum of RE(PEﬁ)' we define a directivity D for a given

toroidal mode number n, as &

zg"”(%-%’) “?2“”(‘%'?) (1)
S

R T

b

Where 27r and 2nR are the peoloidal and toroidal periodicities
respectively, ¢ is the TE radiated power spectrum and m and n represent
the poloidal and toroidal mode numbers respectively. The above definition
of directivity facilitates the examination of asymmetry for all toroidal
mode numbers for a given case of progressive phasing. Note that this
definition is related to the asymmetry of the spectrum and does not
provide any direct information of the final current drive efficiency.

3. Results of Radiated Power Spectrum and Directivity

Several sets of antenna combinations including that of a single pair
alone (as presently installed in JET) have been analyzed. The antennae
are progressively phased to excite a desired integral number of parellel
wavelengths around the torus (ny, = 1,2,3 ... ete). The results of the
3-D model described in Section 2, incorporate the effects of the
finite-length of the antenna including the effect of the feeder currents
and current propagation Constant B [7 . In this model, the radiation
resistance per unit length (Ra) can be defined (see Ref. 7) by normalizing
the quantity 2-Re[‘¥] by the integral of the square of the current
flowing, I, = I_ Cos? B, dy. These results can then be compared with Rz
obtained from a 2-D model” in which the antenna (in the y-direction) is
assumed to be infinetely long and the feeders are assumed to be located at
infinity. However, in the comparison that is presented here, the product
of 2-D [RE(Y(E))l and I, is compared with 3-D § B, (¥ (}-'} ' g)). In this
way, the effect of finite antenna length and B is incorporated in a rough
way in the 2-D results, though the effects of the feeders are absent in
this model. The radiated power spectrum for a pair of antenna described
above is shown in Fig. 1(a) as a function of n for the 2-D and 3-D models.
The principal difference exists for small k// £ Ko (|<0 E vacuum
propagation constant) related to the effects of feeder currents. (Fig.
1(b) shows the current spectra for the progressively phased antenna
elements and the asymmetry is evident. The directivity defined in Section
2 is also plotted for each n nunmber and is shown in Fig 1(e). These
curves are antisymmetric and therefore plotted only for positive n
numbers.

Figure 2 shows similar plots when U pairs of antennae positioned
symmetrically around the torus are energized with a progressive phase [8}
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The imposed ng number together with other mode numbers are found in the
plasma and the directivity for n, = 3 is about 29% with 3-D model and
22.5% with the 2-D model. The further narrowing and discretization of the
excited spectrum is evident as the number of energized antennae is
increased.

The results of directivity as a function of the imposed toroidal
number by progressively phasing 8 antennae in several groupings obtained
from the 2-D and 3-D models are shown in Fig. 3 and 4 respectively. In
the 2-D results, the directivety is generally about 22.5%. The
directivity values are lower for n, = 2 and 6 in the case of 4G2H and for
Ng™ 1 and 7 in the case of 2G4H (2 groups of 4 housings each) as the
phase difference between the corresponding antennae elements of different
groups turns out to be an odd multiple of w (due to the fixed regular
positioning of these groups of antennae). For ng = 0 and 8, the phase
difference is an even multiple of w, and the directivity values drop to
zero. Similar behaviour is observed in the results of the 3-D model except
that the value for small n numbers are higher (as compared to 2-D) since
the 3-D model has higher values of radiated power near k// = k, due to the
radial feeder current effects.

4, Summary and Conclusions

Eight travelling wave antennae are successful in imposing a desired
toroidal mode number whereas a single pair of antenna system does not
impose the desired ng in the plasma. The asymmetry of the excited
spectrum gauged by the directivity defined in Eq. 1 is found to be about
20%. Due to a finite number of antennae energized, it is found that the
excited spectrum contributes significantly to other modes too. In current
drive calculations and estimation of efficiency, this speetrum should be
appropriately taken into account. These other modes may still be
beneficial as they may heat the plasmz instead. Moreover, the modes
adjacent to the imposed one will also produce suprathermal electrons
beneficial to current drive. In JET, for nj = 4 at 33 MHz, the energy of
the resonant electrons will be about 70 keV [2].

Acknowledgments: The computer codes used in the above calculations were
initially developed in collaboration with Drs R. Koch and A.M. Messiaen.
It is a pleasure to thank Mr J.J. Ellis for developing the plotting
routines.

References

[1] Fisch, N.J., 2nd Joint Grenoble-Varenna Int" Symposium on
"Heating in Toroidal Plasmas", Vol. II (1980) 1157

[2] Jacquinot, J., Paper presented at the ERICE Course on Toakamk
Startup, Erice, Sieily, Italy 1985

[3] Jacquinot, J., et al, Invited paper, 12th European Conference on
Controlled Fusion and Plasma Physics Budapest, hungary (1985)

4| Cordey, J.G., Plasma Physics and Controlled Fusion, 26 (1984) 123
5 Chiu, S.C., et al, Nuclear Fusion, 23 (1983) u99

6| Bhatnagar, V.P., et al, Nuclear Fusion 22 (1982) 279

7| Messiaen, A.M., et al, 3rd Joint Varenna Grenoble Int. Symp.,

Grenoble (1982) Vol. 1, 243
[8] Bhatnagar, V.P., et al, JET Report, Under preparation.




80
TE SPECIRA (Al 20 & 20 ANTENNAS, Ha3, 1-vAvEl TE SPECTRA (4 GROUPS OF 2 Al ANTENNAS, Na3, T-VAVE)
1.0 0.3
. e (a)
o = i — mnon
i = IE [y
3 5 i
0.003] S S - U J'\—f\Jl\-A—
— Oz Un
8o g 01T (b)
g 4 EQ
By B =
88 amt 38 oofA UL _JU UL _TULVA
0.10 U9 g, 2] — mrom (c)
— 20 nOEL .
an
-«o .-.0 (Y] 1 r\/\/\_,,
g o £ -0.2
a .
=30 = i . " » 30 =30 = i . " A 3
T0RUIDAL PUOE NOMBER (N ) TOROIDAL MODE NUMBER N1
Fig. 1 R, Current Spectrum Fig. 2 R, Current Spectrum
and D vs n for a and D vs n for B
o7 pair of antennae antennae (4 groups
20 MODEL TWO ANTENNAE of 2)
PER HOUSING
061 o 1GEH
g s 2G4H
4G2H
g 051 ° aam Fig. 3 Directivity vs n
= obtained from 2-D
& 0.4 4 model for four
& different groupings
03+ of 8 JET antennae
E (8]
= »cm s =O  w0ca =0 s =0 L
5 02+ B .
w
[ & %
? 014 £ .
0 T . T T r r .
Tt 7 & & 4 & &8 v & W
—» Ny IMPOSED ‘
07
30 MODEL TWO ANTENNAE
PER HOUSING
06 o 1GEH
g - s 2G4H
. :
3 ° . Fig. 4 Directivity vs n
- - obtained from 3-D [
e model for different .
& o . grouping of 8 JET |
£ 99 0 antennae [8]. |
= &
2 |
£ a2l |
i £ & =
i = o \
2 011 . I
T o
o y — —
0 1 2 3 4 5 6 7 B 9 10

—» N, IMPOSED




8

PROPERTIES OF DRIVEN BERNSTEIN WAVES TN NONUNIFORM AND IN NONNEUTRAL PLASMAS

R.D. Ferraro, B.D. Fried, G.J. Morales, and S.A. Prasad

Physics Department, University of California at Los Angeles, Los Angeles, CA
90024, USA

Abstract. An analysis is made of the role of plasma density nonuniformity
on wave phenomena near cyclotron resonance. Part T of the study examines
the properties of ion Bernstein waves driven by an electrostatic antenna in
a neutral nonuniform plasma. Part II investigates the effect of self-
consistent static electric fields by considering the extreme case of
cyclotron resonance in a fully nonneutral plasma.

Introduction. A rigorous analysis of cyclotron resonance heating must
include a kinetic description of nonlocal effects caused by nonuniformities
in the equilibrium parameters, e.g., density, magnetic field, temperature
and self-consistent (ambipolar) static electric fields. A convenient and
often used approximation consists of extrapolating the uniform medium
(local) dispersion relation by replacing the perpendicular wave vector ky by
the differential operator —iV;. Such a procedure does not properly contain
the effect of drifts induced by the nonuniformities, and sometimes violates
the self-adjoint structure of the underlying mathematical problem. In the
present study we avoid such difficulties by limiting our attention to
effects associated with density nonuniformities. This is a relatively simple
problem in which the role of the nonuniformity can be systematically invest—
igated. The complementary effect of strong magnetic field nonuniformity on
single particle cyclotron resonance has been previously studied by our
group. In the two different cases discussed here we start with a kinetic
equilibrium (Vlasov) and proceed to generate an exact integro-differential
equation describing electrostatic waves near cyclotron resonance. The
integral part is expanded in the small parameter p;(d/dx), where pj is the
Larmor radius of species j and d/dx is the effectiVe wavenumber along the
nonuniformity, to generate an infinite order differential equation in terms
of the independent variable x. Truncation of the differential equation to
the order required by the choice of driving frequency yields a mathematic-
ally consistent description. In both cases analyzed we consider a magnetized
plasma slab with a uniform magnetic field B,z, and in which electrostatic
waves are represented by the potential ¢1(x) expli(kzz + kyy -wt)], where
k,, , are the wavenumbers (fixed by the antenna) along the spatially
uniform directions, and the complex ¢;(x) is to be determined for a given
real frequency w.

I. Neutral Plasma. The equilibrium distribution function for the ; species
is taken as fo5 = ng efp[—v2/§j2} exp{-(x+vy/ﬂj)2/(L2—pj2)] (nsz)' /2 yhere

2
V2 = vx2 + v¥2 + vz, Vj is the thermal velocity, and 9{ is the cyclotron
hi

frequency. s choice corresponds to an equilibrium plasma in which the
ion and electron species have identical density profiles given by n(x)=n0
exp(-x?/L?), where n, is the peak plasma density. Since in this case the

self-consistent electric field B, yanjghes exactly, the effects of Eg x Bg
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drifts (discussed in II) are absent. However, a diamagnetic drift exists and
since it increases linearly with position away from the center of the slab
(x = 0) it can play a role in the coupling properties of antennas located at
the plasma edge. The perturbed distribution function f, is obtained by
integrating along unperturbed orbits, which in this case” are simple helical
trajectories. The oscillating charge density is obtained by integrating flj
over velocities and results in a convolution over positions (too lengthy to
write here) because of the x dependence of f, ;. Expanding the convelution
integral yields the infinite differential forin of Poisson's equation

810 = ko) = - % Ezﬂ kpy () G 85 o, IR0 + 6x = xg), (1)

where ¢, (%£)(x) represents the & derivative of $1(x), k2 = ky? + k,2, and
knj(x) s the Debye wavenumber of species j. The coefficients ojg(x) con-
tain the familiar dependences on the plasma dispersion function Z 5jm): 8§~
(w + m5)/k,v4. To first order in pj/L they also depend explicitly on
Am(bgz) = expi—b 2)Ip(bj2), bj? = ky?pj%/2 and contain terms proportional

to the diamagnetlc drift frequency m*j?x)_ The electrostatic antenna appears
as a delta function centered at x = X;, having unit normalization for
convenience.

In describing ion Bernstein waves having finite kyp; in the frequency
band f; < w < 20y, only £ =0, 1, 2 in Eq. (1) need be retained (for higher
harmonic bands a higher £ truncation must be implemented) and results (to
first order in pj/L) in a second order differential equation

d

L 4
dx

IDZ dx

(0] + Dy (x) = 8(x = x5) )
2
where Dy = 1 + aDOIB(bi). and

2 - ¢ 2 w+ o, 2
Dy = —k* + 2 } 3;__“ kpy GO [0+ (_Wl) 2(sgm)) n(by) (3)
The characteristic waveforms obtained from a numerical solution of Eq.(2)
are shown in Fig. 1 for w/Q; = 1.7, kypy = 1, L/pj = 10, w/kzVe = 3.6 (weak
electron Landau damping). The antenna location is shown by the dashed line
on the right and the crosses indicate the zeroces of D, (i.e., the cut-off
points for x propagation). The density profile is shown for reference. The
imaginary part is smaller than the real part by more than a factor of 64
because of the small damping, which permits the formation of a partially
standing wave pattern upon reflection at the cut-off on the left side. The
role played by the self-consistent inclusion of diamagnetic drifts of both
ions and electrons is illustrated in Fig. 2 where the quantity Re(Dolnz)
(the WKB kxz) is plotted (scaled to piz) with and without drift effects. In
the absence of drifts kx2 is symmetric, but for a fixed sign of ky (>0) the
drifts cause two different modifications: 1) an asymmetry develops leading
to longer wavelengths for x < 0 and shorter wavelengths for x > 0; 2) the
location of the cut—-offs is shifted, resulting in poorer coupling for an
antenna on the right and better coupling for one on the left. Reversing the
direction of ky, of course, interchanges the role of right and left. For
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weak damping the asymmetry in Re ky is also exhibited by the imaginary part,
as is illustrated in Fig. 3, where the spatial dependence of in[¢1i is shown
for an antenna on the right (top) and an antenna on the left (bottom). The
dashed lines indicating the local slope help visualize the expected enhance-
ment of the damping on the right side. Closer examination of the standing
wave patterns on the left and right sides corroborate the elongation and the
contraction of the wavelength expected from Fig. 2.

&4

-
-
Fig. 1 Spatial pattern of ion
Bernstein wave launched by an
antenna at the plasma edge for
w/Qq = 1.7, py = 1.0, py/L = i
0.1, w/(k;vg) = 3.6.
Fig. 3 Asymmetry in damping
coefficient and wavelength caused
by diamagnetic drift for w/@; =
1.3 T T 1.7, kypy = 1.0, py/L = 0.1,
) w/(kzve) = 2.5.
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Fig. 2 Role of diamagnetic drift Fig. 4 Zero crossing of Dy and
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Re Dgy/Dg. for w/Q=1.57, kypi=1.0, pi/L=0.1.
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The inclusion of drifts can cause a significant qualitative modifica-
tion in Dy(x), i.e., for some parameters it can vanish, resulting in a wave
resonance (not a particle resonance), as indicated by the behavior of
Re(D,/Dy) in Fig. 4. The approach to this resonance by a wave launched from
an antenna on the left side is shown in Fig. 5.

Fig. 5 Approach to resonance of an
externally launched wave corresponding
to conditions in Fig. 4.

Re $, (arb. units)

-3.0 Q 30

II. Nonneutral Plasma. In a single component magnetized plasma slab, it is
found? that the self-consistent static electric field creates a drift vp(x)
and causes individual particles to gzrate not at the vacuum cyclotron
frequency 2, but at Qj(x) = (x)]1/2, This implies that for k, = 0,
but k, # 0, the familiar cyclotron resonance terms take the form w - kyvn(x)
+ mﬂlfx), i.e., the resonance becomes spatially dependent although By is
uniform. In addition to diamagnetic drifts, the equation for k, # 0 modes
contains derivative corrections due to the anharmonic cyclotron” orbits (an
effect not present in I). The simplest form of Bernstein modes are obtained
for k{ = kz = 0 and exhibit the WKB dispersion relation

(kxpj = (mz—ﬂz)(m —4912)/(392m 2,
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LOCAL ICRF FOKKER-PLANCK HEATING AND INHOMOGENEOUS
PLASMA FIELD AND ABSORPTION STUDIES FOR JET

J.E. Scharer and H. Romero

Electrical and Computer Engineering Department
University of Wisconsin — Madison
1415 Johnson Drive
Madison, WI 53706-1689 U.S.A.

I. Introduction We examine the case of fundamental minority ICRF plasma
heating in 1-D inhomogeneous tokamaks. Full wave solutions are presented
showing the simultaneous occurrence of strong fast wave damping and mode
conversion processes. Utilizing this formalism, we examine the case of low
and high field incidence for the JET (H)-D regime [l] and present numerical
solutions for the wave fields, species power deposition, kinetic flux and
reflection and mode conversion coefficients for representative parts of the
antenna k spectrum corresponding to current experiments. The 1-D wave so-
lutions fgr power deposition are compared with a WKB treatment which shows
substantial differences for both minority and second harmonic absorption
for the two cases. We next consider a 2-D velocity space, flux averaged
Fokker-Planck code to examine re§imes where substantial direct electron
heating has been observed in (He”)-D plasmas. A simulation of a single
period of the substantial sawtooth pulse 1is examined with the required
direct electron heating, minority heating, absorbed power densities,
collisional power transfers and reduced energy confinement times from the
ohmic equilibrium case. These solutions show that a substantial component
of direct electron heating is required to reproduce the experimental re-
sults and that collisional power transfer between the species during the
pulse is an important consideration in evaluating the power balance.

II. ICRF Wave Field Solutions Vlasov's equation is solved for the per-—
turbed distribution function assuming the smallness of the local wavelength
compared with the largest thermal gyroradius. The effects of an inhomoge-
neous plasma are incorporated self-consistently by including in our analy-
sis the effects of first-order drift terms of the equilibrium distribution
function. To second order in kLp we obtain the following differential
equation for the ICRF field:

i (x) g (x)
o e A - AL TR

B = [EEMm] .

The expressions for the coefficient matrices have been given [2]. Equation
(1) has the following conservation relation:

d

Kls + 8

em kJ abs (2)
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where S_ (x) = -Im {EY E;i},
ai
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PabB(x) = Im [d: -:'(x) . —d;l— El -:(x) . El‘i'd—:- IE.L . i(x)] . E } &

Figure 1 shows field solutions for fast wave field incidence an% equilib-
rium parameters corresponding to JET. The density (n,, = 5 x 1013/cn®) and
temperature profiles have been assumed parabolic. The hydrogen density is
5% of the electron density, k, is 6 m-1, and the peak temperature is 5 keV.
Note the mode converted field appearing on the x-component of the electro-
magnetic field. The amount of RF power deposited in the various species is
also shown in Fig. (2) and is substantially larger than that predicted by a
WKB analysis. For these parameters, 10% of the total power was directly
absorbed by the majority species and over 6%Z by the electrons. Other re-
sults show that second harmonic absorption at higher density operation can
be comparable to that for hydrogen and that substantial electron heating
via mode conversion for high field incidence can take place. We have
carried out a parametric study of the reflection, transmission and mode
conversion coefficients as a function of k."- Ourﬂlresults for the JET
parameters indicated above show that for k, < 6 m =, substantial reflec—
tions for fast wave incidence from the resonance region occur and range
between 10% and 90%.

III. Fokker-Planck ICRF Solutions We consider a solution of a Fokker-
Planck equation of the form [3]

af 2 o
B SO Fr_Bpa_8
3t “ura[vz v [Af3+ BVt Tyl
af af of
1 9 r= i B,w B B
* =g ap P * B g™+ ol Y 5rhisnden (3)
v v sin &

where B denotes the species and two-dimensional velocity space, collisional
interactions, a phenomenological energy loss term and flux-averaged quasi-
linear ICRF hot plasma heating terms have been included.

We consider an ohmic equilibrium characteristic of JET (He3++)—D
operation and substantial ohmic heating currents in the 4 % ra:&ge with Tgq
= 3.5 keV and T;45 = 2.7 keV and densities of n, = 3 x 10 / with a 10%
concentration of He” in deuterium, a residual Sf hydrogen concentration and
an energy confinement time of 0.5 s with R = 3.0 m and a = 1.15 m. The
magnetic field on axis is taken as 3.3 T with a launched ICRF wave at 33.4
MHz with a representative lill = 5 m * and total absorbed power densities on
the axis of 0.25 watt/cm”. For the ICRF heating sequence the energy
confinement time for ions is reduced to 0.3 s and for the electrons to
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0.15 s which yields electron temperature dynamics comparable to the
experiment.

Figure 3 illustrates the dynamics typical of the runs which were
examined. Note that the average energy <E> = (3/2) T.fg for each specles
is plotted as a function of time for a 150 ms sawtooth. The use of average
energy units allows one to describe the resonant nonmaxwellian He tails
and compare with the other species that make up the plasma. The power bal-
ance diagnostics show that in this regime the initial wave energy absorbed
by_the electrons is about 30% with the remaining 70%Z going to the minority
He species. However, initial collisional power transfer from the helium
to the electrons is substantial and helps account for the relatively fast
rise in the electron temperature. At later stages the absorbed helium
power is closely coupled collisionally to the deuterium and power transfer
is through this mechanism. Note that the helium average energy does not
increase too drastically from the rest of the particle distributions at
this concentration and ICRF power density. The majority deuterium 1is
closely coupled to the helium minority and rises more substantially than is
observed experimentally.

IV. Discussion Our wave propagation studies indicate that a substantial
portion of the ICRF power (> 6Z%) is directly absorbed by the electrons.
The Fokker-Planck runs, however, indicate that about 30% of the E_?_wer
should be directly absorbed by the electrons (in the case of (He3 )-D
plasmas) before substantial electron sawteeth can be developed. Several
factors including rotational transform could contribute to 1lncreased elec-
tron heating. The recirculation of fast wave energy so that high field
incidence does occur would lead to nearly complete mode conversion to an
ion Bernstein mode and increased direct electron heating. This can come
about provided that a substantial portion of the_Tpectrum of incident power
is centered about values of k smaller than 8 m *. 1In this case, reflec-
tions of the fast wave enmergy can be expected and if this power is able to
circulate around the tokamak in such a way that high-field incidence is
possible, a higher proportion of the net incident power can be expected to
be absorbed by the electrons.
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1-d MODEL FOR PROPAGATION AND ABSORPTION OF H.F. WAVES NEAR ION
CYCLOTRON RESONANCES IN TOKAMAK PLASMAS

M.Brambilla, T. Kriicken

Max-Planck-Institut fiir Plasmaphysik, Euratom Association
D-8046 Garching, FRG

Ray tracing has proven an attractive tool for modeling of ICRF
heating of large plasmas /1/, nmot lastly because of the simplicity of
its numerical implemention. To be really useful, however, it has to be
supplemented by the full-wave analysis of ion cyclotron and ion-ion
hybrid resonance. The equations to be solved for this purpose must
include the poloidal magnetic field, full parallel dispersion, and
perpendicular dispersion to 2d order in the Larmor radius; they have
been derived in /2/-/4/. In their general form, they are a set of
integro-differential equations in two space variables. In a layer around
resonance, however, they can be made one-dimensional: the vertical
component of the wavevector, k,, and the elements of the metric can
namely be regarded as constants, compared to the horizontal variation
induced in the HF response of the plasma by the vicinity of the
resonance itself. This approximation has been discussed in /5/, where
expressions were obtained for the mode conversion efficiency and
absorption, in a form apt to be used in a ray-tracing code /6/.

The equations solved in /5/ were, however, further idealised by
artificlally separating mode conversion from cyclotron absorption; in
the important scenario of H' minority in D' plasma, moreover, only the
limiting cases of very low and high concentration could be solved
analytically, and only a plausible interpolation suggested in between.
To overcome these limitations, we have written a numerical code
(ONEDIM), which solves the one-dimensional equations in their full
generality. They are of the form:

I o ok oA s -
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where u, v, &, B, y, are constants depending on the orientation of the
incident wavefronts relative to magnetic surfaces and to the resonance
layer; R, L(x), P are the elements of the dielectric tensor in the limit
of zero Larmor radius, but with kinetic damping: ﬂ 1(x) and Ae(x) are
the FLR corrections due to ions (lst harmonic IC damping) and electrons
(electron magnetic pumping, (EMP)) respectively; electron Landau damping
(ELD) is alo included to lowest order in m./mj. Equations (1) are
supplemented by the assumption that a fast wave is incident from one
side, and by outward radiation conditions for the transmitted and i
reflected waves, both fast and slow.

The code ONEDIM is based on a finite element discretisation of (1),
with cubic Hermite interpolating functions. The advantages of FEL for
problems of this kind, and the outstanding convergence properties of
cubic Hermite interpolation in particular, have been emphasied in /7/,
and were confirmed by our results. Efficiency was improved by chosing
the mesh step to be a fraction of the shortest wavelength existing at
each point according to the dispersion relation: typically 200 elements
suffice in a JET size plasma with a resonance layer of 30 to 50 cm to
achieve an accuracy of at least 1075 both in the fleld itself and in the
energy balance. The integration is fast enough to make possible the
incorporation of ONEDIM into the ray tracing code; in the following
examples however it has been run as an independent package.

An example of the electric field distribution predicted by the code
is shown in Fig. 1 (3 % #' in DY, n, = 5:1013 em™3, T = Ty = 2 kev,
Bror = 3.5 T, Bpol = 0.35 T, £ = 50 MHz, R = 3.2 m at W=Qy = 2(Ly;
incoming fast wave from the low magnetic field side along the equatorial
plane, with k, = 0 and n,, = 10). The ion Bernstein wave to the left of
the ion-ion resonance (R = 3.12 m) is clearly visible. In spite of its
large amplitude it transports only 5.5 % of the incident power, against
6.3 % transmitted to the fast wave: this is due to its partially
electrostatic polarisation, which is however not enough for efficient
ELD (in the tokamak, absorption by ELD will be enhanced by refraction as
this wave propagates towards regions of shorter and shorter wavelengths;
the lack of absorption in the 1-dim. model shows that power deposition
in the electrons could be appreciably broader than usually admitted).
The ions absorb 39.0 % of the power; the rest, i.e. 49.2 Z, is
reflected. These figures are in excellent agreement with the estimates
made in /5/; for example, they confirm the relatively large optical
thickness of the evanescence layer in large devices, which reduces the
efficiency of mode conversion of low ﬂ,P partial waves with LMFS
excitation.

A more systematic comparison of the predictions of the ONEDIM code
with the estimates used in ray tracing is made in Fig. 2, which shows
the energy balance under the same conditions as above, varying the H*
concentration. For the low ny value considered here, the tramsition
from the minority to the mode conversion regime occurs at about 5 % wt
concentration.
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Figure 3 shows a run with 3 % Hey' minority in a H' plasma (ng =
81013, £ = 35.6 MHz, n, = 10, other parameters as in Fig. 1). In this
case FLR terms are neglrgible near the ion-ion resonance, and the cold
plasma shear Alfven wave (n% = (R+L)/2) is excited. This wave propagates
away from the IC resonance of Eei*, and is accurately irrotational,
hence unaffected by IC and EMP damping. The strong absorption which is
nevertheless visible in Fig. 3 is entirely due to ELD. This points to
the importance of keeping this damping in two-dimensional simulations as
well, not only for a correct evaluation of electron heating, but also to
attenuate somewhat the difficulty of having to resolve very short
wavelength features.
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A SIMPLIFIED METHOD FOR CALCULATION OF WAVE
ABSORPTION IN THE ION-CYCLOTRON RANGE OF FREQUENCIES

A xay(23), R A cairns(®) ara c N Lashmore-pavies(P)

(a) Dept of Applied Mathematics, University of St Andrews,
St Andrews, Fife, KY16 985S, UK

(b) UKAEA Culham Laboratory, Abingdon, Oxfordshire, OX14 3DB, UK
(Eurotam/UKAEAR Fusion Association)

Radio frequency heating in the ion cyclotron range of frequencies involves
mode conversion of an incoming fast mode to a slow mode which is usually
strongly damped and which only propagates in a localised region where the
wave frequency is close to a harmonmic of the ion cyclotron frequency.
Previous analysis has involved solution of fourth or h1<);her order equations,
much work in this area being carried out by swanson ( The procedure
used is rather complicated, both analytically and computationally, and our
object has been to see to what extent the results can be reproduced by a
simple analysis involving only a second order equation.

The essential feature of our approach is to treat the localised slow
mode as a driven response to the fast mode, so that the detailed structure
of the slow mode is neglected. The resulting second order equation is
easily solved and has none of the difficulties with growing solutions
described by swansonf 1. 1n many ways our theory is analo?ous to the theory
of parametric decay involving a highly damped quasi—mode

For example, swanson(3)shows that near the second harmonic the plasma
is described by the equation
iv e 2 ?\?'Kz "
E, + hE, +le-ThE +(1z+y)s=-(-5—)h{sy+sy) (1
where h = = 2'(L)/k2(L) with £ = (w - ZQi)/k"vi and Z the plasma
dispersion function. The derivatives in (1) are with respect to z, the
distance perpendicular to the field scaled to the perpendicular wave number
of the fast mode. The remaining parameters are real quantities depending on
the plasma parameters, the gradient scale length and the parallel wavenumber
of the incident wave.

With the above normalization the fast wave is simply described by

(E. +E =0
y o

so we write (1) in the form

(—Eiv - hEIII +YhE' . 'YE )
T Bt 4 Y Y
y Y 22 , 12}
Az + — h
I 2

=1




Clearly for large z the r.h.s. goes to zero. The term in the denominator
involving h is complex, so the denominator looks like that corresponding to
a damped resonant response. We consider a fast wave, varying as exp(tiz)
depending on the direction of incidence, and regard the r.h.s. as a resonant
response to this with E; going to ﬂEy and similarly for the higher
derivatives.

In this way (2) is reduced to

" (1 + y)(=1%ih)

YRt g, Y

This is a straightforward differential equation whose solution using
standard integration routines presents no problem. In the case of the third
harmonic Swanson(2) gives a sixth order equation which we treat in the same
way .

(3)

We consider first the overall energy balance. Swanson's results
indicate that the transmission coefficient is unaffected by damping of the
slow wave, but that the reflection coefficient for low field side incidence,
which is given by -

2= o - ] ?

in an undamped systemts), is reduced by the damping. In Fig 1 we show the
reflection coefficient as a function of kl for parameters where this has
already been given by Swanson{”- Our curve is essentially
indistinguishable from his. In the case of the third harmonic Swanson(2)
gives an empirical formula for the reflection coefficient in the case where

080 Third harmanic
Ry Refiection coalficient vi kR,
038 Sobd Ine numenicolly coicuiated

Broken ke empiricdl formula
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all resonant species have the same thermal velocities. A comparison between
the results of this formula and of integration of our equation is shown in
Fig 2. For another set of parameters, to which the formula does not apply,
swanson finds a reflection coefficient of 42.6% while we obtain 44.2%. It
appears then, that so far as calculation of the transmission, absorption and
reflection of the fast wave is concerned our second order approximation
gives good results. We might anticipate that it would be egually useful in
the investigation of similar mode conversion processes in different ranges,
for example conversion to a Bernstein mode at the second harmonic of the
electron cyclotron frequency.

We have also used our second order equation to calculate field and
absorption profiles. Fig 3 refers to incidence from the low-field side and
shows E =E + iE_, a quantity of interest since ion cyclotron absorption
depends on it. The modulation of 'E+| on the right occurs because in this
region there is a superposition of incident and reflected waves. To the
left there is only an outgoing fast wave and the modulus is constant. For
incidence from the higher Eielr} sTﬂe there is no reflected wave and this is

E

indicated by the behaviour of shown in Fig 4. Similar behaviour occurs

'+
at the third harmonic.
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The absorption profile is also of interest and we have calculated this
simply from <E.J>. Some profiles for the third harmonic have been
calculated for D-T plasma with a small additional concentration of a
particles, using parameters for which Swanson has given results. Results
for small and large values of k are shown in Figs. 5 and 6 respectively.
For large ky the width and profile of the absorption region is in reasonable
agreement with the more elaborate theory, but at small k; we find less
structure and a narrower resonance. FPresumably this is a consequence of the
fact that the damping of the slow wave is smaller at small kl and its
structure would be expected to be more important.
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In conclusion it appears that reducing the problem to a second order
equation, by treating terms other than those describing the fast waves as a
localised damped response, gives a simple approximation which yields good
results for the overall power balance, the wave fields and the absorption
profiles.
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DISTORTION OF ION VELOCITY DISTRIBUTIONS IN THE PRESENCE OF ICRH;

A SEMI-ANALYTICAL ANALYSIS
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k. Introduction

Assuming the distribution function of ions heated by ion cyclotron reson-
ance absorption to be essentially isotropic, analytical and semi-analytical
approximations are derived for the distribution function. Several differ-
ent heating scenarios are considered: heating at the fundamental and second
harmonic ion cyclotron resonance frequency as well as the case of combined
neutral beam and RF-heating with the RF wave frequency tuned to the reson—
ance frequency of the injected ions. The resulting distributions are used
to evaluate the weighted velocity space averages of the distributions which
determine the fusion reactivity and the collisional power transfer to
plasma background particles and to study their scaling with RF-parameters
like absorbed power and perpendicular wave number. Furthermore, the im-
portance of higher order finite Larmor radius effects in suppressing the
formation of RF-induced high energy tails is analyzed as well as the influ-
ence of neutral beam injection angle in the case of the energy clamping
scheme. Comparisons based on full 2-D numerical calculations show good
agreement with the semi-analytical results.

2. Theory

The evolution of the velocity distribution, f, of ions subject to ion
cyclotron resonance absorption is determined by the Fokker-Planck equation

8 = corrarers-L s
where C and Q are the collision and R7-diffusion operators respectively, S

represents the source of the neutral beam injected particles and L is a
particle loss term.

The distribution function, which is assumed to be almost isotropic, can bhe
expanded in Legendre polynomials. Using this expansion in eq. (1) and




keeping only the lowest order term (A(v)) corresponding to the isotropic
part of f, the following equation is obtained for A(v) in steady state:

ﬂ— {[-av2+ !1— (8v2) Ja+(} B 6, )v2 gA} +
v

5 1
+ =% 8y 3 Il Ldp = 0 @)
o

In eq. (2), « and B denote the collision coefficients corresponding to
slowing down and energy diffusion, So and v_ are the current and velocity
of the injected particles, Kn is a constant proportional to the amplitude
square of the left hand component of the RF Wave, p is the cosine of the
particle pitch angle, and G (v) is given by

1
Ga(v) = %L (-02)32_) (v V1= fugy ddn €))

where the index of the Bessel functions is determined by the heating mode
(n=1 and n=2 for heating at the fundamental and second harmonic ion cyclo-
tron resonance frequency respectively). In the absence of neutral beam
injected resonant particles (S,=L=0), eq. (2) can be solved to yield the
semi-analytical solution

-2av2+ ﬂ;{ﬂva)

A(v) = A(O)exp(—u I e (1)
n

dv) (4)

Egs. (2)-(4) provide a convenient and accurate approximation for the RF-
distorted ion distribution and can be used to investigate the parameter
scaling of important physical quantities like collisional power transfer to
background plasma particles, fusion reactivity and absorbed RF power.

33 Results

Convenient analytical approximations for A(v) can be obtained from eq. (4),
to lowest order in kl’ for the case of ICRH alone. The degree of distor-
tion of the RF-heated distribution is characterized by the Stix-parameter,
£, defined by E=t_P /(3n Ty ), where Py denotes the RF-power absorbed by an
equivalent Maxwellian with Rensity, “1' and a temperature, Ty, equal to the
background temperature.

For fundamental heating, assuming a single ion species background plasma
and equal electron and ion temperatures, we find, cf. [1,2

A(v) = A(O)[exp(—vzfv§)+uexp(—vZ/VE)] (5)

where vg = v§(1+§). In deriving eq. (5) we have assumed £ >> 1 and a is

given by
= - L] 6
a = exp[ %i_ﬂ;?TT A] (6)

where A and A_ denote the mass numbers of the heated ions and the back-
ground ions, respectively. For second harmonic heating we find, |2
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aw) = —0 ey M

A0
(1+ &%)
Yb

The approximations (6) and (7) can be used to assess the distortion of the
distributions as expressed, e.g. by the number of tail particles and the
tail contribution to the total B-value as well as the importance of higher
order finite Larmor radius effects.

Examples of numerical results obtained from eqs. (2)-(4) are given in figs.
1-4 The important taill suppressing effect of increasing k, is demon—
strated in figs. 1-2. Fig. 1 shows the suppressed local tail temperature
[- %E-ln A(v)]“1 for fundamental heating as a function of energy, E, and
fig. 2 shows the enhancement of the RF power absorption, P,, over that of a
Maxwellian, Py, versus the parameter PH(0'25/kL)2 which is proportional to
the electric field squared. Collisional power transfer to the background
electrons, P, 1s given in fig. 3 as a function of absorbed power. Final-
ly, fig. 4 shows the scaling of fusion reactivity, <ov>, with absorbed RF
power, Ppp, for the energy clamping scheme using fundamental heating. Note
the good ageement between the semi-analytical (isotropic) results and the
full 2-D numerical calculations for intermediate injection angles, [3].

4. Conclusion

The present results demonstrate that the computationally simple isotropic
distributions provide a convenient and accurate means for determining
macroscopic physical quantities of special significance for RF heated
plasmas. Based on these solutions, the scaling with different parameters
can be investigated. In particular we emphasize the importance of higher
order Larmor radius effects for the usually employed RF-induced velocity
space diffusion constants. Finally we note that the present result should
be particularly useful in connection with large numerical codes for de—
scribing transport characteristics of RF-heated plasmas, where full 2-D
calculations of the ion distributions are too time consuming to be practi-
cal.
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A 3-D ANALYSIS OF ARBITRARILY SHAPED ICRF ANTENNAS AND FARADAY SHIELDS*

G. L. Chen, J. H. Whealton, T. L. Owens, D. J. Hoffman, and F. W. Baity
Ozk Ridge National Laboratory, Ozk Ridge, Tennessee 37831, U.S.A.

I. Introduction

Cavity antennas with Faraday shields' are proposed to couple ion
eyclotron radio frequency (ICRF) power for heating fusion plasmas. This
application requires small, high-power, low-frequency antennas. MWe present
the results of a theoretical study of the ICRF antennas? - being developed
for this purpose at the Radio-Frequency Test Facility (RFTF). The
objectives of this work are to optimize experimental designs and to confirm
test results.

Complete analyses of the antennas and Faraday shields are performed
using a three-dimensional (3-D) ana!ysis4 that computes the full wave field
and resonance frequency of an antenna by solving the boundary problem of
Maxwell’s equations or Helmholtz’s equations, using the finite difference
method with a successive overrelaxation (SOR) convergence scheme. This
analysis allows us to model =an antenna and Faraday shield of arbitrary
shape in Cartesian coordinates. (This does not imply that only right-angle
edges and corners are allowed as the cavity boundaries.) The analysis is
easily converted to cylindrical coordinates if this is necessary or
desirable. We have applied the analysis to three areas: the folded wave-
guide antenna,? the cavity antenna,® and the Faraday shield.® MWe describe
the model in Section II and discuss the applications in Sections III and
Iv.

II. Theory Model

For simplicity, we assume that our antenna system is source free and
is a perfect conductor. By combining Maxwell’s four equations, we find
that the wave equation is

-+
E
(V2 + pgege®) E ; g =0, (1)
and the boundary conditions on a perfectly conducting wall are

fi » E =l 5 (22)




ﬂXﬁ:o, (2b)

where n is a unit vector outward normal to the surface of the boundary. We
solve the scale components of Egs. (1) and (2) to obtain the full wave
field and the resonance frequency w.

III. The Folded Waveguide

We calculate the lowest few modes of the folded waveguide described in
detail by Owens.?  The fundamental resonance frequency of a 12-cm-wide,
14.5-cm-high, 21.75-cm-deep folded waveguide is 762 MHz, much lower than
the resonance frequency (1243 MHz) of a rectangular waveguide of the same
size. Figures 1 and 2 show H, and H,, respectively, for the folded wave-
guide. The resonance frequency and the fields, except for H,, are in
excellent agreement with the experimental measurements; H, is qualitatively
consistent with the experiments, but the relative amplitudes between vanes
disagree. The measured result? shows that Hy has a higher field at the
center of the mouth of the waveguide. This discrepancy may arise because
the effect of the coaxial input is not proper!y considered or because the
Hx field is mixed with the second harmonic mode, which has a high field at
the center of the waveguide mouth and a resonance frequency very close to

the fundamental. In Fig. 3, the fundamental resonance frequency is shown
as a function of the distance between the end of the vane and the wall. We
find that the minimum resonance frequency occurs when this gap is equal to

the distance between adjacent vanes.
ORNL-DWG 86-2441

Fig. 1. Contour plots of H,. (a) Fundamental mode. (b) Second
harmonic mode.
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IV. Cavity Antenna and Faraday Shield

We have applied our theory to the antenna and Faraday shield being
tested for ODoublet III-D, as described in Ref. 3. The fundamental driven
mode is determined. The current strap is considered as a free parameter.
The resonance frequency f is used to determine the inductance L, while the
magnetic field (at the plasma edge) per unit current is correlated to the
plasma load. A Faraday shield has been added to this antenna configuration
to study its effects on the power limits. Table I and Fig. 4 summarize the
comparison of theory and experiment. The Faraday shield reduces the
inductance of the antenna and the magnetic field passing through the
shield. Merely calculating the drop across the shield is not enough to
determine how coupling is altered. The current distribution on the strap
substantially increases the field near the shield, thereby softening the
shield’s impact. However, in this calculation, we have assumed that the
current and the magnetic field on the strap are constant. A more detailed
and realistic current profile is required for further studies.




Table I. Comparison of theory and experiment

Theory Measurement,
tne/Trs 55.07/57.20 55.843/58.846
Lnr/Lrs 1.08 1.1
ORNL-DWG 86C-2239A FED
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Fig. 4. Toroidal magnetic field B, vs distance from the current
strap. (a) Theory. (b) Measurement.
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THE EFFECTS OF EXTERNAL ELECTRIC FIELD ON THE
DYNAMICS OF ION-ION INSTABILITY AND TURBULENT
HEATING

V.A.Brazhnik, V.V.Demchenko, V.G.Dem'yanov,
V.E.D'yakov, V.V.Ol'shansky, S.S.Pavlov, V.I.Pan-
chenko, K.N.Stepanov

Institute of Physics & Technology, the Ukrainian
Academy of Sciences, Kharkov 310108, USSR

Introduction. The paper [ 1] gives the results of numeric si-

ations of the current-induced instability build-up and sa-
turation, the said instability appearing during relative iner-
tial motion of ion _species in a magnetized plasma containing
two ion species [2] .

This study is focused upon the effects of external |
electric field on the dynamics of ion~ion_instability. The mo- |
del of macro-particles as described in [3] is employed to fa-
cilitate the quantitative analysis. The parametric values of
the model agree well with those given in [1] .

Ion~Ion %ﬁgtahilitx in a Congtant Electric Field. Let us assu-
me constant electric field is turned on somewhere in
the beginning which causes a linear increase of the directional
U1’2 and relative U = /U,-U,/ (Fig.1) velocities. The turbu-

lent pulsation energy density M. (Fig.2) and ion temperature |
T, rise, too. The oscillation spectrum in the initial phase i
has a spike only for one harmonic, the one whose wave number
corresponds to the dispersion equation of the linear theory[2].
At the time T = 14.4 uqf the valae W, reaches a local maximum
associated with the trapping of both species by the unstable
wave field and the formation of "vortices" can be obsgerved in
the ion-phase space. The ions interact with plasma-borne for-
mations of the soliton kind which results in a temperature

rige and an insignificant decrease of the ratio \u\ /v (Figl).
In the case of a free ion flux move [1 the glowing-down of
relative motion to sub-critical values (Wil/v,, <2.%) leads to
the saturation of instebility and the onset of a quasgi-eqili-
brium turbilent state. The presence of the congtant electric
field promoted a continmous ion acceleration and build-up of
the "repetitious" singte-mode ion-ion instabilities (Fig.2)
which is the typical picture of the performance of the ampli-
tude of single-mode unstable oscillations set in motion by the
beam of particles with a small spread of velocities. When the
current velocity reaches the value /U/= 4.5 Ve (Uw =2.3Ve ),
one can observe a steep drop (more than three-fold) in rela- 1
tive velocity (Fig.1) which is accompanied by a steep leap up- i
wards of the value W. and a gpectral compositional tuning-up

of the oscillations. The instability remaining single-moded,

its frequency and wave-vector decrease roughly fourfold as

compared with ion-ion instability dymamics when current velo-

city is smaller. The oscillation spectrum gets rich with many
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harmonics the amplitudes of which are more or less equal.
A sharp rise in plasma temperature is observable along with a
dramatic slackening of ion fluxzes and instability saturation.

The Influence of the Altermating Electric Field upon the Dy=

¢s of lon-lon Ingtability. Let us assume a current-
carrying plasme is under the action of the pumping field where
W = 0.42 Wy The dynamics of ion-ion ingtability in this
cagse has several peculiarities. First of all, the ion veloci-
ties and ion relative velovity ocscillate with the pumping spe-
ed frequency. The energy density of the fluctuational electric
field (Fig.4) at the inferval 0<w,%< 28 shows four local ma-
xima agsociated with the build-up and saturation of a single-
moded ion-ion instability. Note that ion temperature at this
interval keeps on rising. Further on, (284 % < 31) the
velue W, takes a jump upwards, and a considerable amount of
spectral re-structuring takes place 2 growing longwave maxi-
mum-increment component and satellite-mode ampitude. The elec-
tric field of the unstablest mode begins to trap ions which
causes a decrease in the intensity of turbulent pulsations,
while a greatér portion of the particles change states from
trapped to free; current velocity rises and a secondary in-
stability occurs. The whole process repeats itself quasi-
periodically. At the interval 31 < W% < 45 the ion tempera-
ture begins to grow and the relative ion flux velocity falls
dramatically. At w.,.%> 45 the ratio lﬂ\lq“ oscillates with
pumping =field frequency and amplitude \Uwa.\/v,, = 0.8. The
ion temperatures ']!1 2 attain a gteady-state level which 1s
much higher than '° initial temperatures of ions. Yet, the
highest temperature in this case is by far much lower than
the one achieved when ion-ion instability was forming in a
constant electric field.
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THREEDIMENSIONAL TE MODES IN AN INHOMOGENEQUS MAGNETIZED
COLD TOROIDAL PLASMA OF ARBITRARY CROSS SECTION

Ferdinand F. Cap

Plasma Physics Group, Institute for Theoretical
Physics, University of Innsbruck, Innsbruck, Austria

RF-low frequency heating of fusion plasmas is of practical importance. For
low frequencies and long wave-length global wave solutions for toroidal
plasmas are necessary. Since Maxwell's equations are not separable into
ordinary differential equations in toroidal coordinates a new analytical
method is needed /1/. The general solution of a linear partial differential
equation contains one arbitrary function (or more, if the differential equa-—
tion is of higher order than 1). If this arbitrary function is expanded into
a series of eigenfunctions of a coordinate system in which the Maxwell equa-—
tions are separable, an infinite set of expansion coefficients A, is ob-
tained. Now the new method consists in the following: determine these co-
efficients A, in such a way that the electromagnetic boundary conditions on
the metallic surface of the toroidal vessel containing the plasma are satis-
fied for an arbitrary meridional cross section of the torus. The electro—
magnetic boundary conditions E; = 0 and B, = 0 on the curve z = z¥(r) de-
seribing in cylindrical coordinates r,0,z the meridional cross section curve
of the torus are given by /1/, /2/ for ¢ = const

#* #
dr d.
Er+Ez§§z;'=o’ dr _ dz® (1)

%n order tg solve Maxwell's equations for a cold plasma magnetized by
=B (r)e¢ we need the dielectric tensor /1/

= Ey 9 &
£e= 0 E¢ 0 (2)
€ 0 €
z r
where
2 a0
w1 ® Zm /(ﬂ - uw), €y =1 gmpsfm 5
e B e 2
e, sie = Elﬂsmpslm(ﬂs w").

Furthermore one has {lg = egBoR/mgr, where R is the major radius of the tours
and B, a constant. For axisymmetric problems (3/3¢ = 0) the plasma frequency
wpg mey be calculated using a parabolic density distributicn function of the
distance ¥z + (r - R)Z from the magnetic axis as /1/

n(r,z) = n, - noz2 - nu(r - R)E 3)

|




110

but for threedimensional modes a solution can be obtained only for "radial
density inhomogeneity"
- n(r - R) )

n(r) = n,
In order to solve Maxwell's equations with (2), (4) for the TE-mode E.,E,,B
it is necessary to assume Egy = O. This is possible due to the high electric
conductivity of a thermonuclear plasma and corresponds to my, + O /3/. Then
the threedimensional TE-mode solution of Maxwell's equations can be written

E_(r,0,2) = B )(r,2) + B3 (x)cos (mb)

(5)
Ez(r,tp,z) = f(r)sin(kz) + Ei3)(r)cos(m¢)

where m and k are separation constants (m integer, k not integer). Fur-
thermore

E:_l) = (-£'k - ve 1)/ (&% - ye_) (6)
E](: = (3(3) r 3(3) Jr+ HE(B)J/YE (mn
Y=o, H=vye, - /e (8)
E£3)" 5 ELB)’/r . HEia) _ Ei“sziB}/H = 5 9)

" | e sl =
P st -k + e, Yez/sr + ezk/rsr) +
5 o (10)

+ 'YEzkf)/(k -ye Je =0

+ fke'/e_ + e'(f'k
A r

All functions in (5) - (10) belong to cne and the same eigenvalue Y. The dif-
ferential eguations of second order possess two independent solutions and two
integration constants. Since € rs E, are functions of r due to (4) etc the
ordinary differential equat:.ons (9? (10) have to be integrated numerically.
To do this we need arbitrarily chosen initial conditions, for instance
folr =R = a), fi(r = R - a) and a first approximative value for y, the k
and the m, taken from the isotropic inhomogeneous axisymmetric mode /U/. The
choice of the initial conditions does not influence the eigenvalue y. We thus
obtain solutions in the form of N modes

N
E,(ry,2) = ) [At(ll)f.(ll)(r;kn,\f) sin(k z) +
n,l (11)

E(B) (r,m ,Y)B( ]cos(mnrb)]

and E,. from E, using (6) and (7). Here the superscript (1) = 1, 2 refers to
the two 1]:111:191 conditions for the differential equations of second order,

n is the subscript for the n-th mode determined by ky and m,. All functions
belong to the same eigenvalue Y. Defining the meridional cross sectional
curve of the toroidal vessel by a set of P points 2h w BT (r Joi=1...P and
by the local derivatives (dz*/rlr) we are able to obta:.n an a.na.lytlc smooth
curve from the electric boundary condition (1) /1/, /2/, /4/. Due to
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Courant's nodal lines theorem /5/ this is proven for the lowest eigen—

value Y. Inserting E,., E; from (5) - (11) and (dz®/dr); into the electric
condition (1) we obtain a system of linear homogeneocus eq Slons for the LN
unknown integration constants (expansion coefficients) K and B{1). In
order to be able to solve these equations we have to choose P = LN points

on z*(r) and the determ% ?nt D(Y,ky.my,r;,25,¢) of the coefficients (con-
taining elements like £il)(r; sky,y)sinik,z;)) has to vanish. For the numeri-
cal integration we had chosen first approximative values for v, k ne T

(or ¢ = 0). Therefore the determinant does not vanish for the given y. We
mey now either solve E. + E,-dz */ar = Qi tha? eans a system of P transcen-—
d?n&al equations for the 6N unknowns Ay ) ey Y (resp. mn) with

A = 1 with P = 6N u51ng a computer code or we assume that k,, m, are
fixed values (which gives better resulis) and assume that D(y) is a function
of Yy only. Then the approximate value of y used for the numericel integra-
tion is improved by a regula falsi method. With the new value of Y the
numerical integration of (9) and (10) is repeated etc. Experience has shown

that N = 2 or 3 and 5 - 11 such iterations are necessary to obtain a value

for Y. For a torus with circulay crogs seetlan (dz*/dr = (R -_r)/z) and
095m,a=035m,n1=100 =6, =0, m; =0, By = 0.1 Tesla,

N =2, k4 =0, kp = 6 we obtained w = 1 2575 10°. The corresponding electric

field lines in the meridional cross section ¢ = O were obtained by integra-
tion of dr/dz = Er/Ez and are shown in Fig. 1.
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Fig. 1. Electric field lines in inhomogeneous magnetized plasma
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THE USE OF HEAVY-ION MINORITY FOR STEADY-STATE CURRENT DRIVE
IN PLASMA

A.V.Longinov, S.3.Pavlov, K.N.Stepanov

Institute of Physics and Technology, the Ukrainian Academy of
Sciences, Kharkov 310108, USSR

A scheme of genersting a steady-state current in tokamaks
by using the cyclotron absorption of the fast wave (FW) at
the fundamental harmonic of the ion cyclotron frequency (ICF)
for minority ions (R'<< I’LQ) has been suggested in ref. |:1:| .
This method may be efficient enough if the RF power is ab=-
sorbed by particles with a sufficiently high V|: value ( |: e
4-6 V.rd) while their Vj is not very large (VJ_'SVIII ). However,
these conditions are not readily feasible, especially in
moderate-size tokameks, This is probably one of the main rea-
sons why there is no ion cyclotron current drive experiment
yet. Here a method is suggested to generate a steady-state
current, which is based on sustaining the asymmetry of the res-
onant heavy minority (HM) ion distribution with using the ab-
sorption of & slow wave (SW) at a second harmonic resonance
W =2W¢. This method is a modification of the HINH [2].
A scheme of current generation. The essence of the method sug-
gested is seen from the scheme given in Fig. 1. When the FW
is excited in the D+H plasma from the HFS, an efficient conver-
sion of PW into SW takes place in the WR Wy region. Even with
a relatively low proton concentration (> 5%) the effects of
FW penetration through the opacity region and I'W ebsorption at
w =wCH andW= 2Wcd resonances may be rather weak [2], there-
fore, the SW can carry away nearly all the energy injected
inte the plasma., If there are Hi ions with Z'/A(‘I/E in the
plasma, then in the region of SW propagation there is a zone,
where W=2W¢ (W¢ being the ICF for the Hif). If the HHi con-
centration is high enough so that ¢ =S|kadR > [3],
then the SW is absorbed in the zone W= 2W¢ , by the fast
(V,‘, >»Vqd ) heavy ions having V|',= (W - ZME(R)}/K")O (we
put K”> 0). Note that there may be some other schemes of the
SW excitation, for example, the FW excitation from the LFS

with the conditions provided for the effective FW=> 5 conver-
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sion [2], or the direct SW excitation from the LFS [4].
Advantages of the proposed current drive scheme. 1) An essen-

tially enhanced efficiency of current generation in the scheme
proposed is due to the cutoff of the high energy tails of the
heavy-ion distribution function [2]. The role of the cutoff
effect is illustrated by Fig. 2. It is seen that the quasi-
linear diffusion of HM ions takes place only in the region
bounded by the cutoff line given by the equation.Jé( KL?Jj:O
(J2 is the Bessel function,9¥=VL/UJE is the Larmor radius of
HM ions). As Klgd can be fairly large for the SW, the cutoff
line can correspond to rather low V.L values (V| SVH ) (from
this viewpoint the use of FWs is not efficient). Another im-
portant consequence of the tail cutoff effect is the reduced
role of trapped HM ions, whose absorption of the SW decreases
the current generation efficiency. The HM influence on the SW
dispersion [3]increases the KL?d value and therefore enhances
the cutoff effect. The dashed line in Fig. 2 shows the cutoff
line with allowance for this influence.

2) When the SW propagates from the mode conversion zone to
the UJ::ZLOE zone, there may occur en essential SW ebsorption
by electrons, the effect being especially importent at plasma
periphery. The SW absorption by electrons under the conditions
considered will be accompanied by steady-state current genera-
tion, the process which may be efficient here. Therefore, the
direction of this current is important. As it follows from the
analysis, the direction of this current coincides with that of
the current generated by the ion-cyclotron ébsorption. This is
illustrated by Fig. 3, where the wave vector components are
shown in the plane parallel to the equatorial plane of the
tokamak. Figure 3 also shows the position of the absorption
zone for generating the current consistent with the primary
current. The possibility of using antennas with the K\p sym-
metric spectrum for current generation in the region not very
close to the plasma centre is also seen from this figure.

3) The employment of HM allows one to raise the efficiency
of current generation due to the reduction of the ion current
fraction (by a factor of 2 at 2'))1 as contrasted with the H93

o -
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minority case [1], because Jﬂv(1— 1/2' ). However, in real
conditions it is unreasonable to use minority species with
Z')) 1, as the production of the necessary current density
would require the HM concentrations with hignﬁzeff. Hence,
only such species as Li7, Be? etc, can be considered as real
candidates for current drive,
The feasibility of the method. Figure 4 presents the results
of calculations for FW excitation from the HFS with the model
used in [2]. The plasme parameters are typical of T-10. Li7
ions with a concentration of N'/Nd = 0.03 and 755 keV were
used as an HM. The choice of T' allowed us to simulate the
situation with an increased particle density in the \ﬁ|>\/Td
region, and also, the increased absorption due to the Ti
growth Bﬂ. The field components ER’ EZ are shown in Fig. 4a,
and Pig, 4b shows the energy flux P, the power density ab-
sorbed by ions (D;) and electromns (D, ), and the \G]value for
resonant ions, It is seen from Fig. 4 that on approaching the
Q)ZE(OE zone the injected RF power is absorbed by ions with
a high \ﬂ value ( VG % 1.1-10° em/s). Hence, since under
these conditions Vq( = 3-107 cm/8, the requirement of achiev-
ing the highest efficiency in current generation is fulfilled.
Thus, the method considered provides necessary conditions
for realizing a highly efficient current generation. The pro-
posed ICRF current drive method can be applied in relatively
small up-to-date tokameks and stellarators (possibly, in com-
bination with other methods).
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SWEPT FREQUENCY MEASUREMENTS IN A WIDE FREQUENCY AND PLASMA PARAMETER RANGE
OF THE COUPLING PROPERTIES OF THE TEXTOR ICRH ANTENNA

P. Descamps, R. Koch, A.M. Messiaenf P.E. Vandenplas

Laboratoire de Physique des Plasmas — Laboratorium voor Plasmafysica
Association "Euratom-Etat belge" - Associatie "Euratom-Belgische Staat
Ecole Royale Militaire - B 1040 Brussels - Koninklijke Militaire School

INTRODUCTION.

The input impedance Zj of the TEXTOR antenna [1] is measured over a wide
frequency range (20-110 or 60-200 MHz) for a low incident power (= 40W) in a
deuterium plasma (ng/np = 5 7). The complete frequency range is swept many
times (tgyeep * 150 ms) during one tokamak discharge. This leads to the
determination of the specific resistance R and inductance L of the antenna.

The dependence of R and L on various plasma parameters is analysed in
the entire frequency range [2]. These experimental findings are compared
with the predictions of a 3-D model and with similar results obtained at
fixed frequency (27 MHz) in the high power experiment [3], The conclusions of
the present study are as follows : R and L dependence on frequency shows no
indication of global resonance in the frequency range (30-180 MHz). Experi-
mental data indicates that the edge density has a critical influcence on R,
but change of the toroidal field i.e. change of the ion cyclotron layer
location does not affect significantly the coupling. Comparison between
theory and experiment only shows order of magnitude agreement ; the theore—
tical predictions also indicate significant sensitivity to edge plasma
parameters. Comparison with the high power results indicatesthe influence of
the perturbation of the edge density resulting from the high power RF [3].

EXPERIMENTAL METHOD.

The experimental set-up is connected to the antenna via the vacuum inter-—
face used for high power experiments [4]. D.C. breaks at different locations
in the system protect it against the high potential differences appearing
between the TEXTOR liner and the vessel when the plasma disrupts[figure 1].

Incident and reflected wave amplitudes (|V*| and |V™|) resulting from
antenna mismatch are measured with directional couplers at one point in the
line ; a capacitive probe gives the vectorial sum (TV* + V-|) of the incident
and reflected wave, so that, at this point, the phase is easily computed :

[v+ + v /v 2- @+ (ve|/[v])2)
2]V IV
through an additional voltage probe measurement made in another point of the
line. The antenna impedance can be deduced from the impedance measured at
the probe position using transfer matrices of the different line elements.

The main limitation in the measurements comes from the presence of a
fixed-length stub used to decrease the VSWR in the line at the high power
working frequency (27 MHz). Indeed, the associated deconvolution process
leads to amplify errors, thus making the precision requirement on the phase
and on the frequency much more stringent.

The frequency reference is a D.C.voltage ramp, proportional to the fre-
quency of the RF output signal. Frequency markers are used to make an abso-
lute calibration of the ramp during the sweep and increase the precision on

¢=+ arcos{ (

}. The sign is determined

* Senior Research Associate at the NFSR, Belgium.
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the frequency measurement. Nevertheless, at frequencies such that the stub
length is a multiple of a half wavelength, the stub admittance which reaches
infinity completely masks the antenna.

EXPERIMENTAL RESULTS.

The evolution of R and L has been studied during discharges at different
limiter positions, plasma currents, toroidal fields and plasma densities.

a) Inductance behaviour.

The values of L resulting from measurements in vacuum and durin; plasma
discharges are close. L decreases linearly from a value of 2,5 10~7H/m at
30 MHz to 2.10-7 H/m at 180 MHz.

b) Resistance behaviour.

Figures 2 and 3 show the evolution of R as a function of frequency in the
ranges [20-110] and [60-180] MHz. The parametric dependence of R is shown on
Figs. 2 and 4-One major parameter cheracterizing the bulk density profile is
ap ¢ Ng = Ngg(l = (r/a)®n ).We summarize the results as follow :
nearly the same at different times during the plasma discharge but its abso-
lute value changes (Fig. 2). The coupling is high at the beginning of the
shot, when the profile is wide and decreases slowly with time to reach a con-
stant value during the density plateau. The study of shots with the same
flat top current value I, but different a, values,showsthat R increases
with ap (Fig. 4a).

(ii) Influence of Ngo - An increase of Ny, at constant a, and a, leads to a

small increase of R.

density'ﬁ;g with a larger plasma radius a, the density in the antenna vieini-
ty is higher and R is increased (Fig. 4b).

(iv) Influence of I, . The raw analysis of the parametric dependence of I
when Tgg 1s kept constant shows that R decreases as I, increases (Fig.4c).
The density profile broadens when I, is increased, as indicated by ap. This
is in apparent contradiction with tge observed dependence on edge density
and might be explained by ap not being representative of the edge density
profile at low current.

of R for a constant value of ap and central density Ng,.

(vi) Comparison between the present results at 27 MHz and coupling measure-
ments made during high power operation [3] shows good agreement. Similar pa-
rametric dependences are found ; Fig. 5 shows the density dependence of R in
both cases. The lower value of R obtained at high power might be related to
the perturbation of the plasma edge observed in this case.

COMPARISON BETWEEN THEORY AND EXPERIMENTS.

Experimental results obtained in the range (20-110 MHz) are compared with
theoretical values obtained from a 2-D and 3-D model [2], taking into account
toroidal and poloidal periodicities, both for a step density profile and for
a more realistic profile (Fig. 6). The geometrical characteristics of the
antenna studied are [1] : antenna length 2w, = 1.3m,antenna width 2w, = 0.1 m.
The effect of bump limiters has been neglected in the model, and the magnetic
field is supposed constant and equal to its values at the center of the torus.
In the frequency range [20-90 MHz], the 3-D model, using a parabolic density
profile with a small density ramp at the edge, gives a good order of magni-
tude agreement. Curves computed with the step profile and with different edge
density values show the great influence of the edge on the theoretical results
(Figs.7-8). Further study is necessary to extend the comparison in the fre-
quency range[100-200 MHz].
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HIGH POWER COUPLING PROPERTIES OF THE TEXTOR ICRH ANTENNAS

*
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1. INTRODUCTION.

The TEXTOR Ion-Cyclotron Resonance Heating (ICRH) system had been designed
to couple 2 % 1.5 MW of RF via two A/4 half turn all-metal antennas [1].
The system was operated at high power for some two years, and we call
phase I the operation period ending in summer 85 and phase I1 the later one.
In phase I, the top antenna (AyT) was narrow (average with 2w; = 7 cm), the
bottom one (Ayp) was wide (2w, = 20 cm) and the operaticn regime was mainly
(H)-D mode conversion [2]. Phase II antennas were identical (AIIT and AIIB
with 2w, = 17 cm) and operated mainly in the low minority concentration
regime (ny/np < 1%Z) [3]. The present paper gives a brief account of the ex-
perimental properties of the coupling of these antennas.

2. DETERMINATION OF R AND wL.

The antenna input impedance is determined using directional couplers and
voltage probes in an experimental arrangement described in [1]. The amplitu-
de E, of the incoming wave, the phase ¢ and the reflection coefficient |z|
characterizing the voltage waveform in the line are computed by regression
over the available experimental data. Using the transfer matrices of the
different line elements, the antenna input impedance Z, is computed, yield-
ing, via standard formulae [4], its specific resistance R and inductance L
assuming the specific capacitance C to be known from vacuum impedance
measurements, For an almost quarter-wavelength antenna, the following appro-
ximate relations between the power coupled to the antenna Py, the antenna
short-circuit current I.. and the antenna input voltage Vi hold :

= 2 = = /LJC
aPA Rlllccl , |VA[ chIccl : & /e

where 1 = 1.37 m is the antenna length. Typical characteristics of the an-
tennas used in TEXTOR are, for standard conditions (f = 27 MHz, average
central chord density D= 3.51013cm"3, plasma radius a_, = 46cm), given in

the following table : o

Line Antenna Ry R wL B 2. fres Valvy,
@/fm  Q/m  Q/m pF o MHz

1 AIT 0.35 1.5 36 145 38.2 32.9 1.4

2 ATB 0.13 0.9 22.1 279 21.6 30.2 1.42

1 Arpr 0.15 1.25 24.4 249 24 30.5 1.3

2 AT1B 0.15 1.15 23.2 249 23.4 33 T2

Ry is the vacuum resistance of the antenna (ohmic losses), Vi, is the maxi-
mum voltage in the coaxial line, fyreg is the resonance frequency, and

w = 2nf . The capacitance C has been assumed identical for Ayyr and Aprp
and was estimated from phase I antenna measurements and theoretical .-
scaling. As seen in the above table, this leads to different L's for

AIIT and AIIB.
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3. TIME-DEPENDENT BEHAVIOUR.

The temporal evolution of antemna characteristics are determined with a
time resolution of 1 ms. Fig. 1 shows an example of such evolutions, for both
line (|Z|,$,E,) and antenna (R,wL) data. In Fig. 1f, the incident and reflec-
ted voltages Egy, Eg- at the generator and the voltages measured on  pro-
bes(Vy,...,V5) are also shown for line 2 (Ayyg). These signals are to be
related to the evolution of various signals characterizing the density pro-
file(Fig.le) in the plasma bulk (n,, and the line average density ng;q
measured along a vertical chord located 40 cm away from the plasma center at
low field side), the electron temperature (uncalibrated ECE signal) and the
edge density (H, radiation at a toroidal position close to the antenna). One
should note the strong effect of sawtoothing on all these signals(in phase
with ECE) and the difference in behaviour of Ayyp and Aypp. It should be
further noted that there is a global correlation between the behaviour of the
edge signals and R and wL : the coupling tends to increase with increasing
edge density. No STRICT relation between R and one of the signals of Fig.le
could however be discovered and it must be stressed that Fig. 1 is only
exemplative as very different behaviours have been recorded, sometimes show-
ing huge variations or extreme values (up to 42/m) of R.

4. PARAMETRIC DEPENDENCES AND STATISTICAL ANALYSIS.

The aim of a statistical data analysis is to single out the major parame-
tric dependences and to answer the question whether particular modes of
operation lead to significant modifications of coupling. Such correlations
are obscured by two facts, the first being that drifts are observed over
time and the second being the existence, inside the data set, of correlatioms
between the different "independent variables" chosen to make the fits., As to
the 1st point, Fig. 2 illustrates typical drifts in coupling, observed after
a fresh carbonization[5]during period I where all limiters were in stainless
steel. The variations of average and edge densities observed during the same
period are also shown. Such a daily drift has no longer been observed with
carbon limiters(period II). However, as shown in Fig. 3, significant drift
in the voltage stand-off of antemnas over long periods of time, has been ob-
served simultaneous with drifts in the coupling parameters. The dependence of
the coupling on one major(controllable) parameter, namely ng,, over period II
is shown on Fig. 4, where we have distinguished high and low current opera-
tion. During the early period II(up to 10-DEC-85 on Fig. 3)a significant
power dependence was observed(Fig.4a,c)vhich became much fainter later on.
Power law fits of the type R=Ry+A(ng,)® are also shown (broken line = early
period II, solid line = later shots). Systematic parametric studieshave been
started which indicate a much stronger dependence on ng4y thanon ngpsas can
be deduced from Fig.4,The current dependence,if present,is relatively weak.

5. COMPARISON WITH THEORY.

Computation with the model [4] gives R values which are higher by a factor
<2. Overall tendencies seem to be well-described by theory, although theore-
tically predicted effects are often much larger than the ones observed expe-
rimentally (such as the effects of phasing shown on Fig. 2). Bp-field
reversal experiments have indicated no major difference in coupling with
respect to normal operation although the shield blades of the antenmas are
aligned along the total magnetic field direction in normal operation.

Both experiments and theory seem to point to ( see also [6]) the crucial
influence of the edge plasma.

% Senior Research Associate at the NFSR, Belgium.
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INFLUENCE OF THE WALL-PLASMA DISTANCE ON THE RADIATION OF AN ICRH ANTENNA

A.M. Messiaen®, R. Koch, V.P. Bhatnagar

Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafysica
Association "Euratom-Etat belge" - Associatie "Euratom-Belgische Staat"
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I. INTRODUCTION.

In earlier work [1,2,3,4] it was shown that a part of the power radiated
by ICRH launching structures could propagate along the plasma edge either in
the form of coaxial modes wherever a vacuum layer exists between the plasma
and the metal wall or as surface waves in the outer plasma gradient. An
approximate dispersion relation for the coaxial modes is [1] p2=ki+kZ-k2=0
(kn,k_ toroidal and poloidal wavenumber, k, vacuum wavenumber) while
surfate modes propagate for positive ky > k, [2,3] (Byp is directed along z).
In previous models, due to the modelling of the electrostatic screen by an
infinite anistotropic plane, the vacuum layer could not be removed to
simulate practical situations where the screen is finite and the plasma can
come up to the wall. In this paper we investigate the influence of the
vacuum layer thickness and, in the limit, of its non existence,on the active
radiated power spectrum part related to edge propagation. For this purpose,
instead of the conventional strip line antenna, we consider a U-slot excita-
tion in the wall (coplanar line section)[5] giving a similar exciting field

configuration when covered by an appropriate electrostatic screen (see Fig.l).

The effect of the resonance ke - k% = o (e1, €2 are the usual cold-plasma
dielectric tensor elements [1]), present in the plasma edge in the usual
ICRH conditions (w > w.j) when |ky| < ko, on the active power spectrum is
also investigated.

2. THEORY.

2.a. U-slot excitation. The boundary conditions imposed by the slot excita=-
tion can be expressed in terms of the applied electric field components
tangential to the x = o plane. We shall denote by Ey,nl E,, the spectra of
these compoments which vanish identically at x = o except on the slot
itself (Fig. 1) where E, = (VA/e) for 2w, < y < 2wy +e , z| < Wy

E, = (sign z) V4 sin By/(e sin 2By) foro < y < 2w,, w, < Iz <w, +te;
with Vj the applied input voltage, B the current propagation factor and we
consider the limit e + o. With the usual anisotropic screen model [1,2]
located at x = -s, the TE field excitation crossing the screen is given, for
small s, by (Ey o)TE = Ey o + kuky Eg,o/H? (1) with H? = k3 - k% .

2.b. The active radiated power, taking into account poloidal and toroidal
periodicities is given by Re(Pqg) [2] with

S S Y, D6 (k- -E)Mk,,,ky)dk.,dky o)

anmuurR nm

Prg
..o iE HZsh pa + p ch pa #*
1
I%E {‘lg- } (3) and
P i&lech pa + p sh pa

where ¢(k",ky) = IEy,o

+ Senior Research Associate at the NFSR, Belgium.
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El = (E_/wB ) . The value of £, is obtained by numerical integration of
: Gk b d iwB = |iwB
the fast wave differential equation [6] T |Ey z[ = A 'E z ( 4) with

Ay = -Agp = dky/u, Ajy = —u + d?/u, Ay = 1 - kf/u ; d = kfey and

u = kgel - k% .’single pass absorption, i.e. no wave reflection at x = -e
is assumed. The specific resistance due to the loading by the plasma can be
deduced from Re(Ppg) when the coplanar line characteristics are known [5].

2.c. ;gt_’]._y_gggg_gg_glg_gj;r_lgg]_.g‘g_i_Eg. In a neighbourhood of the singularity
u=o0, i.e. near x = X5 = -a — H /(k%;i) with si E(dzlldx)x=xo , one can
write down [6] an asymptotic solution of the wave equation :

inz - AO X=X iwB . d
= (1 + 3 In (-;‘—-:—;-— )) E s with AO = k ("ky,ﬂ)
y kosl 1 o vyl vy
and the initial condition (iwB,j, Eyq) is given at x = xq. This leads to the
k2 B
i g i i Y F
following approximate expression : £, = (£,)  + i 1n = valid
1 1 ®=x k%si X T X

for |W?| + o, i.e. x, + -a,and x; < x, close to x, . A real part (proportio-
nal to argl(a - xu)/(x] - %xg)]1)corresponding to additional absorption
whenever the singularity is present inside the plasma is thus added to
the bulk comtribution (£;)y=y. . The I; values used in the following are !
obtained from numerical integ}aticn of (4) using the density profile shown
in Fig. 1, either (i) avoiding the singularity by assuming a sufficiently
high edge density Nj = twice the lower-hybrid density (case v = o) or (ii)
using v/w = 1072 (case v # o). In this last case, the numerically obtained
£1 behaviour for |k,| = k, agrees with the above formula .
\

3. RESULTS AND DISCUSSION.

The contour plots of the active power spectrum Re[®(k,, k,)] defined
in Eq. (2) are shown in Fig. 2 for the conventional antenna (schematized
in Fig. 1). A similar plot is given in Fig. 3a for the slot excitation,
exhibiting essentially the same characteristic behaviour dominated by coaxial
mode excitation. The sequence of Figs. 3a to 3d shows the effect of approa-—
ching, up to contact, the plasma from the wall, This evolution first shows
the significant increase in coupling to be expected when approaching the
plasma. Second, the coaxial mode locus is seen to deform according to the
approximate relation k3 = ki + k%a/(a + Im(£7)), with Im(£1)> o , describing
the propagation eigenmodes existing in the plasma-vacuum system (denominator
in (2) = o). At the limit a = o, this locus is k3 = kf as clearly seen in
Fig. 3d. However, the persistance of a nonvanishing excitation of this limit
mode can be seen to follow (egs.(1l) and (3)) from E, remaining non-zero in
the limit a = o. In practice, the impedance associated with the excitation
of Sect. 2a would vanish with a + o, as the E, field is short-circuited
and real excitation can only lead to eigenmode-free coupling, as seen in
making a + 0 and E, + o in (3). This behaviour is not significantly affected
by taking v # o, i.e. by including the edge damping discussed in Sect. 2c.
Indeed, the deformation of the contours, in Fig. 4 (to be compared to Fig.3b),
around|k,|= k, indicate that a dissipation mechanism is added at low k,
which abruptly disappears for|k,|> k,.

In conclusion we have shown the large sensitivity of the coaxial mode
dispersion to the edge density profile (similar to the one of the bulk
coupling, as stated in [7]) and the relatively minor effect of the edge
singularity. In practice, the excitation of any type of edge eigenmode in the
plasma is seen to vanish when a plasma with sufficient density comes in
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contact with the wall.
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COUPLING SPECTRA FOR ION CYCLOTRON HEATING IN LARGE TOKAMAKS
IN PRESENCE OF EIGENMODES

T. Hellsten and K. Appert#*

JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, UK
¥CRPP Ecole Polytechnique, Federale de Lausanne, Switzerland

l_._ Introduction - The wave spectrum radiated from an antenna during
ICRH 1is of importance for the radiation resistance, current drive
efficiency, power deposition and partition to the various species. The
wave coupling problem is usually treated by assuming single pass
absorption. In general, this is not the case when coupling to the
magneto-acoustic wave from the low field side in a tokamak. Instead, the
coupling problem is characterised by the presence of eigenmodes. Global
codes have recently been developed which can treat the wave coupling
problem in presence of reflection [1-3]. In this note we discuss the
structure of the wave spectra for some JET scenarios.

2 Characteristics of the Coupling Spectrum - A crude description of
the coupling spectrum can be obtained from the dispersion relation for the
magneto-acoustic wave in a plane geometry

(earky ) Caaky Pk T W) = gy ® = O (1)

Here e, and Eyy are the diagonal and off-diagonal elements of the
perpendicular components of the dielectric tensor. The magnetic field is
assumed to be parallel to the z-axis. Let us identify x,y and z with the
radial, poloidal and toroidal directions, respectively, in a tokamak of
minor radius a and major radius R. Consequently, one has to imagine the
components of ﬁ, the wave vector, to be quantized with typical values
n,wv/a, n,/a and nz/R where Ny,n and n, designate the quantum numbers. 1In
a calculation k, and kz can be” chosen whereas kx or rather Ny, the number
of radial nodes gr the eigenmcde, is cobtained as a result when a resonance
condition of the form (1) is met. Assume for a moment that k, could be
treated as a continuous variable: a typical coupling spectrum (antenna load
versus sz then has ghkructure as schematically shown in Fig.l. Essential
for Fig.1 is that tk T,lezr«Iej "-‘Ex r and n,>>1. The spacing between
modes with different n, is greater than %etween modes with the same n, but
different and n, .

The amplitude and the width of a single resonance peak in Fig.1 are
inversely proportional and proportional to the absorption, respectively.
The amplitude further depends on the distribution of the current in the
antenna, the distance between the antenna and the cut-off, wave frequency,
k, and k,as in the case when single pass absorption is assumed. In
géneral, the coupling with higher k, and "‘z is less effective. As the
absorption increases, the resonances corresponding to different eigenmodes
start to overlap and compound resonances are the result.

The probability for the antenna to couple to a resonance with a given
k,depends on the width of the resonance and the interval between the
discrete k, modes. A critical value of the absorption coefficient a¥*, can
then be detzined for which the width equals the separation of k, modes. The
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absorption coefficient is here defined as the fraction of the wave not
reflected back to the antenna. Calculations with the ISMENE code [3] give
for JET parameters a¥ = 0.25. For a<a¥* the coupling resistance is
determined by a single or a few single modes and hence may vary rapidly due
to small changes in the plasma equilibrium, i.e. density, magnetic field
etec. For a>a* the antenna couples to a large number of modes and the total
resistance varies less when the equilibrium conditions evolve. We further
note that since the amplitude and the width of the resonances vary in
opposite ways with respect to the absorption, the mean value is independent
of the absorption. However, as it falls below a¥, fluctuations will
increase around this mean value.

The radiation spectra for antennae like the JET monopole and dipole
antennae, which essentially couple to low k, are characterised by a com-
pound resonance peak in the interval [0, k*] where k¥ is defined by

m o= [k (0,0) = ky(0,k¥) Jdx. (2)

Typical values of k¥ in JET are 0.05cm™'. Eq.(2) applied to Fig.1 implies
that the antenna mainly couples to the first group of modes, i.e. n_,=20.

Since the wave number ky, is roughly proportional to vYn/B the wave
spectrum will be sensitive to small variation of the density or the
magnetic field strength. If the density increases or the magnetic field
decreases the resonances will be displaced towards higher k, However,
there will in general be one compound resonance peak in the 1nterval [0 k*
which dominates the coupling thus leading to a fluctuation of the radlab;on
spectrum and coupling resistance as the equilibrium parameters evolve. 1In
Fig.2 we show how the radiation spectrum for fundamental heating of
hydrogen in deuterium varies for small variation of the density as computed
with the ISMENE code. The change due to a finite k, is also shown. To
obtain the spectrum for a finite sized antenna or antennae the spectra
shown here have to be weighted with the Fourier components of the antenna
current. In Fig.3 we show how the spectrum changes as the toroidal field
varies. These calculations can be compared with the measured oscillations
of the antenna resistance when the toroidal field was ramped down from
2.6-1.4 tesla in 10s (see Fig.4). The code calculations predict that the
compound resonance peak will be localized at the same k for a change of B
with 0.08T. This corresponds to an oscillation time of 0.67s compared to
0.458 of the experiment.

Predictions of the structure of the coupling spectra can then be based
on studying the absorption coefficient. In Fig.5 we show how the
absorption coefficient varies with respect to k, for the case shown in Fig.
2 and for some other heating scenarios in JET:
w=2ucy, Ny(0)=3x10'3em®, T,(0)=2.5keV, B =1.1T and £=33.3MHz;
w=2wp 3 in Dy Naye/np=0.15, T,(0)=2.5keV, T:HE(UJ 5keV, Bg=1.7T and

£=33. BHHZ.
w=wpay. in H, n;He/nH-O .02, np(0)=3x10"%em™*, Tay, (0)=Ty(0)=2.5keV, B, =3.UT
and f= 53 3MHz
ein D, n;He/nD=O.Dﬂ, np(0)=3x10"*cm™?, T(0)=2.5keV, B =3.4T and
f 3% g MHz.

Heating scenarios with "weak" absorption like fundamental heating of 3He
in D will be subjected to sharp resonances as can be seen in Fig.6. Since
the resonances for different k., appears at different k, the antenna will
still see a relatively broad compound resonance.

]
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3. Discussion - Ion cyclotron heating by magneto-acoustic waves being

launched from the 1low field side is characterised by coupling via

eigenmodes. When the absorption coefficient, which determines the width

and amplitude of the resonances, exceeds a critical value (typical 0.25 for

JET) the antenna will couple to a large number of eigenmodes. The average

value of the coupling resistance doss not depend on the absorption.

Antennae which couple to small k,, will have a narrower radiation spectrum

than if single pass absorption is assumed and the spectrum will be

characeterised by a compound resonance in the interval {0,k£] whose

position is very sensitive to small veriations in the equilibrium. This

will have consequences on current drive where a prescribed wave spectrum is

important for the efficiency. Further, it may affect the partition of

power absorbed by electrons and ions.

Acknowledgement - The authors wish to thank Dr M Bures for valuable

discussions.
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L . Fig. 2 Computed coupling resistance
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COMPARISON OF THEORETICAL AND EXPERIMENTAL ICRF |
ANTENNA-PLASMA COUPLING RESISTANCE IN JET
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*From LPP-ERM/KMS; EUR-EB Association, 1040 Brussels, Belgium
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1. Introduction .;!?

We present here a comparison of the predictions of different models h
for antennae coupling resistance with experimental measurements. We [
discuss the advantages and limitations of each model, and examine the !
importance of coaxial modes in JET. The influence of the current
variation on the coupling resistance is studied and it is shown that a
good agreement with experimental values can be found with a simple
realistic current profile.

The effects of plasma edge parameters on the coupling resistance have
also been investigated.

2 Coupling resistance measurements

The coupling resistance is deduced from voltage measurements made
near the generators, 80 m away from the antennae. In the absence of
additional fixed stubs, we can link thes radiated power to the measurements
by

2

ReP=3R 1 __=-1nr (1)

ant ’Iant

where I is the maximum current on the line and I nt ls the current at
the antenna input. Losses in the line and in the screen have been
estimated to contribute to the coupling resistance Rc by about 0.6 @ at
around 33 MHz, In the presence of fixed stubs near the antenna, relation It
(1) no longer holds. We need phase measurements to reconstruct the
voltage pattern along the line, and to deduce the (complex) radiation
impedance of the antenna which is at present not available.

3. Theoretical models for antenna impedance

Theoretical models for ICRH antenna impedance have been developed to
a highly sophisticated level. Two models [1,2] are presently in use at
JET, both allowing for realistic plasmas and using single pass absorption
hypothesis in a slab geometry : the induced emf method and the variational
method. In the variational method, we derive an equation for the current
distribution which is solved, yielding eventually the coupling resistance.
The induced emf method is faster and assumes a realistic current distri-
bution and calculates the coupling resistance directly. The variational
code takes into account the frame limiter in which the antenna is recessed
but only the monopole configuration has been treated. The code based on
the induced emf method does not consider the frame limiter but permits to
choose between many different current distributions, including the four |
JET antenna configurations. Both models use the following expression for |
the radiated power:




2 4 dky/ d y 2
-1 - o b ksaky) |J(k,,,ky)| (2)

where y(k//,k,) depends on the boundary conditions and J(k//, k)

depends on the Fourier transformed components of the current dlgtribution.
The code based on induced emf method also takes into account the
periodicity of the torus by replacing the integrals in (2) by sums over
multiple of 1)p @and 1,, where R and a are the major and minor radius
respectively. Due to the complex shape of the actual antenna conductors,
the reactive part of the power which is very sensitive to the exact
current distribution, specially on the lower conductors, is poorly
described in the induced emf method where the antenna currents distribu-
tion is an input parameter. To be able to go from the real part of the
antenna impedance to the coupling resistance with the help of egn (1), we
require the ratio Imax{ant)a’lmax (line). This has been experimentally
measured to be about 1.2 in vacuum and is assumed to be unchanged in the
presence of the plasma.

|
P = zant. IIant

y, Effects of (possible) coaxial modes

2 2 2
Coaxial modes are described by k// + k, S k., and they propagate

between the plasma surface and the machine aall. These modes could have
adverse effects on the plasma edge conditions, leading to the release of
impurities into the plasma. In JET, the geometrical dimensions and the
ICRF frequency rapge permif only a minor contribution within the circle
described by  k//+ K,= k, and the importance of coaxial modes depends on
the sharpness of the 1ntegrand around this circle. For the JET monopole
antenna configuration the coaxial modes contribution is largest, but the
power spectrum as calculategd withgut tgking into account the frame limiter
is not very peaked around k// + k, = k, (see Fig. 1) and the proportion of
the contribution of coaxial modes™ to the total power is still less than
10%. The presence of the frame limiter should change the situation, and
in the torus these modes could be shielded. The presence or absence of
coaxial modes in JET has not been assesed experimentally, yet.

5. Influence of the current distribution aleong the antenna

We describe the current distribution as I(y) = I, cosYy, where Y is
the current propagation constant. To assess the effect of Y, we have
studied the evolution of the coupling resistance of all four antenna
configurations for a typical plasma ((Hes)-D, BO = 3.47, £ = 33 MHz) where
the antennae are nearly resonant, The expected Y for §f-resonant antennae
of the size of those in JET is around ¥ = 1.35 m™!, Although the monopole
and the quadrupole seem rather insensitive to changes of Y between Y = 0
(uniform distribution), and ¥ = 2 m~ !, for both dipoles a choice of Y
between 0 and 0.9 m™' would fit the experimental results better (Fig. 2).
Choosing ¥ = 0.9 m™! f.i., 1leads to Fig. 3 where a fairly good agreement
with experimental data is found for the monopole, quadrupole and to a
lesser extent for the dipoles. This behaviour reflects the fact that the
dipole configurations, in which the current in the poloidal sections flow
in mutually opposite directions, are difficult to be described by a single
value of Y as we attempted in the induced emf method.
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The variation of coupling resistance with frequency has been obtained
by the variational method. As mentioned above, the induced emf method
suffers from the need of redefining a new Y for each frequency, the
variational methods is better suited. The resonance of A@, antenna in the
monopole configuration is found to be at fres = 35 MHz whereas experi-
mentally, it is around 33 MHz.

6. Plasma edge effects on the coupling resistance

We have investigated the effects of the change of the density profile
in the edge region of the plasma on the coupling resistance for the
different antenna configurations., Variations of the plasma density at the
limiter n(a), of the e-folding length in the S,0.L. and of the peaking
factor of the bulk plasma density have been considered. The main depend-
ance of the coupling resistance is on the plasma density at the limiter,
for all the different antenna configurations. The A@, monopole and
dipole, together with the A®, quadrupole show a marked dependance on the
plasma edge density gradient through the peaking factor, the coupling
resistance increasing with the steepest profile. But the dependance on
the 8.0.L. e-folding length is weak. The A®, dipole coupling resistance,
in addition to show a somewhat lesser sensitivity to the plasma density at
limiter than the others, does not seem to depend on the peaking factor.
The sensitivity to the 5.0.L. e-folding length is comparable to that of
the other configurations.

Conclusions

Theoretical determinations of the coupling resistance for all four
antenna configurations used in JET have been obtained and compared to
experimental measurements. The coaxial modes have been found to be of
little importaqnee in JET, and for the monopole antenna contribute less
than 10%. Dependance of the coupling resistance on the current distri-
bution has been studied. Though in practice Y may be slightly different
for each antenna configuration, theoretically a value of ¥ = 0.9 m™' gives
a good agreement with experiment for all four antenna configurations. The
behaviour of Hc with frequency for the monopole antenna has been
verified.

The effects of edge conditions on coupling resistance have been
investigated for all antenna configurations. R, depends mainly on the
plasma density at the limiter, inereasing by about 20% when the edge
density doubles.

References

[1] Bhatnagar, V.P., Koch, R., Messiaen, A.M., Weynants, R.E.,

Nuclear Fusion, 22 (1982) 279, and also

Messiaen, A.M., Koch, R., Bhatnagar, V.P., Evrard, M.P,, Luwel, M.,
Vandenplas, P.E., Weynants, R.R., Proc. 3rd Joint Varenna Grenoble
Int. Sump. on "Heating in Toroidal Plasmas", Grenoble (1982) Vol 1.
243

Theilhaber, K., Jacquinot, J., Nuclear Fusion, 24 (1984) No 5, p. 541,
and Theilhaber, K., Nuclear Fusion, 24 (1984) 1383

—

[2




136 |

Fig. 1 The spectral
density of the real
part of the radiated |

power for a typical
plasma (3.4T, He,
minority, f = 33 MHz)

AG, Monopole ;I
- & h
18l . AOTM » AD2D E |I
= ADY D s ADZQ )
Fig. 2 Coupling resistance 7 = f
vs the propagation constant. 3 //i, 3
- __/
The range of experimental H * R
3
values is indicated by :
shaded regions. The antenna § §
limiter distance is 5.5 cm.
=g
o 5‘5 llo |'s 20
Cunront propargation constant Y (m*t)
i LT S " .
o oo » som |
o - A0ID ‘/
o - . Ao | 7O
‘\‘ e . AD20
,f”’// A3, Dooke
BO-\‘\_ /
- o
g '"‘:..___ o— |
g S0 —:-'——'__" - —
F
i -
3
! 2 3 ‘ [ B )i mt)
I o128 T8 H A em)
04 0t 05 07 o8 0 a (peaning)

Fig. 4 Effect on coupling resistance of
Fig. 3 Coupling resistance variations of the density at the limiter
vs antenna to limiter n(a), $.0.L. e-folding length Y and
distance. peaking factor a.




137

THE ROLE OF THE FARADAY SCREEN IN ICRF ANTENNAE:
Comparison of an optically open and optically closed screen in ASDEX

J.~M. Noterdaeme, R. Ryter*, M. 5611,
J. BHumler, G. Becker, H.S. Bosch, M. Brambilla, F. Braun, H. Brocken,
A. Eberhagen, R. Fritsch, G. Fussmann, 0. Gehre, J. Gernhardt, G. v.Gierke,
E. Glock, 0. Gruber, G. Haas, J. Hofmann, F. Hofmeister, A. 1zvozchikov1,
G. Janeschitz, F. Karger, M. Keillhacker i, 0. Kliiber, M. Kornherr,
K. Lackner, M. Lenoci’, G. Lisitamo, E. v.Mark, F. Mast, H.M. Mayer,
K. McCormick, D. Meisel, V. Mertens, E.R. Mﬁllerz, H. Murmann,
H. Niedermeyer, A. PiEtrzykA, W. Poschenrieder, 5. Puri, H. Rapp,
H. Riedler, H. ROhr, J. Roth, F. Schneider, C. Setzensack, G. Siller,
P. Swmeulders?, F. Sbldner, E. Speth, K. Steinmetz, K.-H. Steuer,
0. Vollmer, F. Wagner, F. Wesner, H. Wedler, D. Zasche I

Max-Planck-Institut fiir Plasmaphysik,
D-8046 Garching, FRG

INTRODUCTION

A Faraday screen has been used on RF antennae since the first days of
heating experiments with ICRF waves. Its use on the C-stellarator /1,2/
brought major improvements in the heating efficiency of the plasma. In
subsequent heating experiments on other machines the beneficial effect of
a Faraday screen, after initial trials without it, was rediscovered on
TFR /3/, DIVA /4/ and ERASMUS /5/. Consequently the Faraday screen has
become a mandatory component of ICRF antennae, and it has been attributed
different functions. To fulfill those functions the screen has become
increasingly complicated, and in the next generation of experiments, where
the screen has to be cooled, a new round of complexity is added. Can the
screen be simplified, and are some of its attributed functions really
needed. Those questions were the basis for an experiment on ASDEX.

FUNCTIONS OF THE FARADAY SCREEN

They can be divided in three categories.

A first function is the protection of the antenna against the plasma:
the screen should protect the antenna from particles and radiation from the
plasma, in order to avoid parasitic loading of the antenna and to increase
its voltage stand off. When a ceramic casing covers the antenna, the
Faraday screen prevents the metallisation of the ceramic which could occur
if Ti gettering is used.

A second function concerns the protection of the plasma:
the Faraday screen should act as its name indicates and keep unwanted
electric field components away from the plasma. The structure of the screen
is chosen so as to allow the fast wave to go through but to short out
electric fields along the magnetic field. The Faraday screen also may have
a role in suppressing coaxial modes /6/.

A third function, which will not be further discussed is changing the
electrical characteristic of the antenmna: in order to minimise the voltage

1Academy of Sciences, Leningrad, USSR; ZAssigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; %University of Washington, Seattle, USA;
*CEN Grenoble, France
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on the transmission line, and to avoid as much as possible currents in the
radial direction /7/, the electrical length of the antenna is adapted, by
influencing the distributed capacitance, so that a current node appears at
the feeding point. The Faraday shield is one component through which the
distributed capacitance can be influenced.

ASDEX EXPERIMENT WITH OPEN SCREEN

In ASDEX two ICRH antennae are installed, 180° apart in the torus, on
the low field side (Fig. 1). Each antenna is connected to 1.5 MW generator
and consists of two /4 loops, fed top and bottom, and short circuited at
the midplane (Fig. 2). One of the antennae was covered with an optically
open Faraday screen (Fig. 3a), the other one with an optically closed
screen (Fig. 3b). Over a large parameter range (300 kW ¢ Py ¢ 1200 kW,
n=1.25-3.5 x 1019 w3) a systematic comparison was made by firing the
antennae alternately in successive shots. The experiments were performed at
the second harmonic of hydrogen (67 MHz, 2.2 T) with uncarbonised and later
with carbonised walls.

Concerning the first role of the screen (protection of the antenna) we
found that we had no voltage stand off problem. The generator was pushed to
its maximum power, and a voltage of 12 kV on the antenna was reached. Under
some conditions of bad coupling higher voltages (15.5 kV) were reached, but
a voltage limit would be encountered in the transmission line. Therefore we
cannot say whether or not opening up the screen has changed the voltage
standoff capabilities of the antenna voltages above this value. Two points
would indicate that there are no problems with plasma getting into the
antenna. We found no additional arcing traces on the central conductors
after two month of operation, and there is no power dependence of the
loading of the antenna. This is to be compared with limiter machines (TFR
/3/, TEXTOR /8/) with an antenna crossing the resonance layer which have
shown that a closed type Faraday screen is necessary.

The second role of the Faraday screen (protecting the plasma) seems to
be sufficiently accomplished by an open type Faraday screen. In earlier
experiments, without and with a Faraday screen on DIVA /4/large differences
were seen on the plasma parameters. We however see no major systematic
difference on the plasma centrum. Curves of B, radiated power, soft X-ray
radiation are similar for both antennae. No difference is seen on the flux
of fast H? /9/. Central electron temperature curves are ldentical to the
point of having the same sawtooth amplitude and frequency (Fig. 4)

The density is feedback controlled but there is a difference in the initial
rate uf increase of the density at the start of the ICRH. Values of 5 x
1020 w3 /s at 900 kW and ng = 3.5 x 1019 w3 are found for the open screen
antenna as compared with 8 x 1020 5~3/s5 for the closed screen antenna.
Occasionally, for the antenna with the closed screen this could lead to a
different density evolution with larger impurity radiation and impurity
lines (Fe XVI). The reason for this is unclear but could be related to the
fact that the optically closed screen (originally coated with TiC) was
already longer in the machine and may have become contaminated with Fe.

One domain where we have found a systematic difference is on the flux of
neutral D particles from the edge. These fluxes appear and disappear
rapidly as the RF is turned off (T =1-3 ms) showing that these ions are
badly confined. A toroidal scan method already used for LH /10/ shows that
they are accelerated near the plasma edge. It appears that the fluxes due
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to the open screen antenna are much larger than those due to closed screen
antenna. It has to be noticed that the actual tail begins for energies
higher than 4 keV. For lower energy values the fluxes almost do not depend
on ICRH (Fig. 6). Inverted sawteeth are clearly visible on the charge
exchange signals: at low energies (<3 keV) for both antennae, at high
energies ( 3 keV) only for the open screen antenna. The sawtooth modula-
tion is correlated with the Hdln‘ light emitted by the plasma edge and is
an effect of neutral density modification. The fact that the high energy
channels are modulated only with the open screen antenna indicates, either
that the fast ions are further outside the plasma for this antenna or that
the mechanism which produces the fast ions for the open screen antenna is
sensitive to plasma edge modifictaions.

The following points are further important in analysing the results:
The analyser is toroidaly located between both antennae, the plasma current
and toroidal magnetic field are parallel, and in the co-direction for the
beams. The gas valve 1s close to open screen antenna. The particles
received by the analyser are mostly bananas with large V_L/Vth ratio and
the geometry is such that they cannot be seen just after their acceleration
in front of the open screem antenna. Other measurements have shown that
the D fluxes are very sensitive to the magnetic field and that they can
have large fluctuations during one shot, which do not seem to be correlated
to any macroscopic parameter of the plasma. There is no indication that the
measured D~ fluxes have a direct correlation with the impurity production,
but it is clear, that they depend on the plasma capability to absorb the
wave /11/. a

In conclusion, these fast D tail could depend on the kind of Faraday
shield used, but in the case of normal absorption of the wave in the
plasma, they are only a parasitic effect without consequence on the plasma
heating and impurity production.

SUMMARY

We can conclude from our experiment that in our geometry (divertor,
antenna not crossing the resonance layer), the function of the Faraday
screen as a shield against the plasma is not necessary.
In its function as a shield for the plasma against the unwanted fields from
the antenna an open Faraday screen seems to be sufficient. We see no
difference on the central plasma parameters and the boundary effect does
not seem to be detrimental. We therefore believe that the Faraday shield
can be simplified. However, many open questions still remain in this
boundary domain between antenna and plasma.
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/2/ M.A. Rothman et al., Phys. Fluids 12 (1969) 2211
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/4/ K. odajima et al., Nucl. Fusion 20 (1980) 1330
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/6/ A.M. Messiaen et al., Heat. in Tor. Plasmas, Rome 1984, Vol. 1, 315
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/8/ R.R. Weynants et al., Radio Frequency Plasma Heating, Callaway Gardens
1985, 40 and private communication
/9/ F. Ryter et al., this conference
/10/ F. Ryter et al., Application of RF Waves to Tokamak Plasmas,
Varenna 1985, Vol. 2, 746
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ICRH COUPLING IN DIII-D*
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I. INTRODUCTION. A 9-MW ion cyclotron resonant frequency (ICRF) experiment has been
proposed to heat the Doublet III-D (DIII-D) plasma. DIII-D is a 2.2-T, 3.5-MA tokamak at GA
Technologies with a major radius of 1.67 m and minor radius of 67 ¢cm (elongation ~ 2). The
device was recommissioned in early 1986. The initial experimental program includes ohmic
plasma and neutral beam studies; high-power rf experiments will follow in later years. Compact
loop antennas (which fit completely in a 35- by 50-cm port) have been chosen to convey this
power because of their inherent ease of maintenance, high efficiency, and versatility. In order to
verify that the antenna will have sufficient loading, a prototype low-power (2-MW) antenna has
been designed and installed. Measurements will be made through September 1986. The antenna
is a cavity antenna that will operate from approximately 30 to 80 MHz with a 50-Q match for a
load resistance of ~1 . It is surrounded by a fixed graphite-covered frame and can be extended
from 3 cm behind this frame to 2 cm in front. This can be used to adjust coupling to the plasma.
The electrical, mechanical, and thermal characteristics of this antenna system (and its extrapola-
tion to ignited tokamaks) are discussed. In addition to experimental exploration of coupling, we
have investigated wave propagation and absorption in DIII-D by using a cold collisional plasma
model in straight tokamak geometry with rotation transform. Loading and power deposition pro-
files as a function of frequency, density, and species mix are presented.

1. MECHANICAL DESCRIPTION. The antenna for DIII-D is in the cavity configuration
(Fig. 1). The main current strap is held by a ground plane at one end and by a vacuum variable
capacitor at the other end. The capacitor and strap inductance determine the antenna frequency.
At some distance up the current strap, power is fed to the structure. The input impedance is
determined by the feed point. The Faraday shield is bolted onto the face of the antenna struc-
ture. The antenna is designed to be movable relative to the plasma. Motion of the whole assem-
bly is accomplished by bellows and a remotely controlled drive-motor mechanism shown in
Fig. 1. An I-beam frame (not shown in Fig. 1), mounted on the vacuum side of the port, sup-
ports the antenna. Both external and vacuum bearings are made of graphalloy—a bronze-
impregnated graphite material.

A fundamental problem to the mechanical integrity of the antenna is the
thermal/mechanical characteristics of the Faraday shield (Fig. 2). In order to minimize plasma
impurities, the Faraday shield, which is compesed of 1-cm-diam Inconel rods, is coated with
1.5 mm of graphite on the plasma side; copper plating is used on the antenna side to minimize tf
losses. The equivalent disruption pressure at 5 MA is 6 atm (radially inward). At 6 atm, the
rods are subject to stresses that are 80% of yield stress (140 ksi) at 1000°F. A finite-element
stress analysis of the antenna shows that the rest of the antenna structure has stresses below
11 ksi; consequently, stainless steel is used for the remainder.
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Fig. 1. The cavity antenna designed for DIII-D.
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The thermal loads for the exploratory antenna are completely due to the plasma. A total of
~80 W/cm? is deposited on the shield for 3 s every 4 min. With radiative cooling only, the gra-
phite heats to 330°C after ten shots, which is 500°C below the braze temperature. When
operated at 2 MW, some active cooling is probably required. An actively cooled Faraday shield
has been designed and fabricated for use on the Radio-Frequency Test Facility.

The vacuum feedthrough for the cavity antenna is basically the same as the ORNL
feedthrough used on TEXTOR. The feedthrough is also illustrated in Fig. 1. The major change
is that this feedthrough was designed to bolt to a standard 9 3/16-in. coaxial transmission line.
On the vacuum side, the coax has an outer diameter of 4 1/2 in. because there is not enough
room for anything larger.

III. ELECTRICAL CHARACTERISTICS. In order to assess power limits, power losses, and
plasma coupling, it is necessary to describe the unloaded characteristics of the antenna. The
resonant frequency and input impedance are given by

_ 1 (1)
4 2xLC

_ oL (2)
s cr "’

where L and C are antenna inductance and capacitance, e is the feed point, and r is the load.
The capacitance (including stray) can be varied from 38 to 474 pF. The apparent total induc-
tance ranges from 130 nH at 20 MHz to 115 nH at 74 MHz. This yields a useful frequency
range of 20 to 74 MHz.

Measurements, with and without Faraday shields, show that the structure has an equivalent
25 mQ of load and the shield has 0.1 @ at 20 MHz. When the apparent decrease of inductance
is included, the losses scale as +/f. Of the 25 m® in the structure, approximately 20 mQ is
attributable to the capacitor. While the capacitor clearly needs to be cooled for high-power
operation, the body of the antenna does not. If plasma loading is on the order of 1 to 3 , then
up to 10% of the rf power will go to the Faraday shield. Therefore, the shield for the high-power
version will be cooled.

The power capacity of the antenna depends on the voltage and current limits of the capaci-
tor. An improved, high-current capacitor has been designed and will be tested. However, for 3-s
pulses, the power will be limited by the maximum voltage that the capacitor can withstand.
Including the decrease of inductance of the current strap and assuming 48-kV peak, the max-
imum operating power is 1.7 MW/ at 30 MHz, 1.0 MW/ at 50 MHz, and 0.72 MW/Q at
70 MHz. Since loading is expected to be 1 to 3 © (per 40 cm of current strap), the antenna is
nominally a 2-MW antenna.

IV. LOADING CALCULATIONS. As previously discussed, the amount of loading determines
power limits and cooling requirements. The antenna design is centered around a 1- to 3-Q load in
the 30- to 50-MHz range. Calculations of coupling in DIII-D were made to support the design
point. The method of calculation is as follows.

Global solutions for the ICRF wave fields in a straight tokamak wnh rotational transform
are calculated in the cold plasma limit. The component of the wave field parallel to B is assumed

|
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zero. Symmetry allows Fourier decomposition in the toroidal coordinate, and the resulting set of
two coupled, two-dimensional partial differential equations is solved by the method of finite
difference. Energy absorption and antenna impedance are calculated using a simple collisional
absorption model. Resonance can be observed. For the small transforms of DIII-D, only heating
at the two-ion hybrid resonance is observed.

The calculations were based on the following parameters: By — 2.2 T, neeptrar — 3 X
10" em™3, Pedge ~ 102 cm™3, f ~ 30 MHz, R ~ 2.2 m, ap ~ 0.67 m, and potential antenna
extent of 40 cm. The majority of power absorption is seen between the two-ion hybrid resonance
and the fundamental resonance. The electric fields on the plasma peak in this region. For some
cases, where the resonance is near the edge of the plasma, coax modes dominate with high edge
fields. Antenna loading is weakly dependent on species mix, central density, frequency, and mag-
netic field. However, a variation in edge density from 1 to 6 X 10" cm™2 showed a threefold
increase in loading (Fig. 3). Since the antenna can move relative to the plasma, the role of edge
plasma in coupling can be explored without perturbing other plasma parameters.

LOAD (R)

0.5 ’— =
3 i t

o 2 a 6
EDGE DENSITY (x 102 ecm ™)

Fig. 3. Coupling for a 40-cm antenna in DIII-D. Central density = 3 X 10" em™3, By =
22 T, f~ 30 MHz.

V. SUMMARY. A cavity antenna has been installed on DIII-D to explore coupling. The
antenna was designed to operate at | to 3 Q. Calculations show this to be the expected load.
Measurements of the coupling will be made first to verify this and then to determine power lim-
its, antenna dissipation, and the efficiency of the antenna.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under Con-
tract No. DE-ACO05-850R21400 with Martin Marietta Energy Systems, Inc., and under Sub-
contract 54Y-72665 with McDonnell Douglas Astronautics Company.

*McDonnell Douglas Astronautics Company, St. Louis, Missouri, U.S.A.
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A FOLDED WAVEGUIDE CAVITY COUPLER FOR ICRF HEATING*
T.L. Owenst I
McDonnell Douglas Astronautics Company, St. Louis, Missouri, U.S.A.
I.  INTRODUCTION |

This paper introduces a new type of waveguide coupler for ion cyclotron range
of frequencies (ICRF) heating which is an adaptation of a concept known as a “folded
waveguide” reported by Barrow and Schaevitz! in connection with low-frequency
waveguide transmission systems. The basic idea involves “folding” a simple
rectangular waveguide to form a more compact structure as shown in Fig. 1. Cutoff
for the folded waveguide occurs when one-half of a free-space wavelength equals the
path length around the “folds” of the structure. By adding a large number of folds,
the path length around the folds can be made large, leading to very low cutoff
frequencies relative to those for simple rectangular waveguides having comparable
outside dimensions. Folded waveguide couplers are practical for frequencies as low
as 60 MHz for some ports found on present-day experiments.

A polarizing plate is placed at the mouth of the coupler as shown schematically
in Fig. 1. The polarizing plate contains rectangular openings at every other fold of
the structure. Its Purpose 1s to short out Eyat the mouth of the coupler and to produce
unidirectional fields, E | and Hy, which are the fields of the fast-magnetosonic wave.
A shorting plate is placed at the back of the coupler a distance of approximately one- |
half of a guide wavelength from the mouth of the coupler. This ensures that the
electric field of the wave in the coupling apertures wilFbe small while the Hj field
will be near a maximum. Since the plasma surface impedance (E | /H)) is low, a good
match to the ?lasma surface fields will result from this scheme in addition to
maintenance of low electric fields within the coupling apertures.

By operating the coupler well above its cutoff frequency (~1.8 times the cutoff !
frequency to minimize losses to walls), the guide wavelength becomes small enough u
that reasonably short structures (1-3 m) result. f

Fig. 2 shows a variation of the simple folded waveguide coupler in which the
internal vanes are tapered between the middle of the cavity and the mouth of the
structure. The apertures can thereby be enlarged to nearly fill the entire port. For a
constant total power, this has the effect of reducing the power flux at the
plasma/coupler interface by nearly one-half of that found for the simple folded
waveguide coupler. In addition, the tapered folded waveguide will launch a poloidal f
mode spectrum which has less power in high poloidal mode numbers at the plasma
surface. This should improve penetration of power into the interior of the plasma. A
disadvantage of the tapered folded waveguide coupler is that more energy is
contained in high-order cavity modes, which are cut off. This will lower the unloaded
Q of the cavity and produce somewhat higher peak voltages internal to the cavity
compared to the simple folded waveguide coupler.

0. THEORY

A theory for the folded waveguide coupler which yields approximate solutions
for the fields within the cavity in the presence of plasma is presented in Ref. 2. More
precise 3-D finite element calculations have also been initiated. Preliminary results ]
are presented in Ref. 3. In the approximate calculation in Ref. 2, the folded
waveguide is analyzed as an equivalent “unfolded” waveguide with inductive irises
at the mouth of the structure to model the shorting diaphrams at the mouth of the

.;
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folded waveguide coupler. The region outside the coupler is modeled as a completely
enclosed aperture coupled cavity. Fields are calculated assuming perfectly
conducting walls. Power absorbed by the plasma is estimated from

z
P:—fj IHgds,
2 J,170

where Zj, is an appropriate plasma surface impedance and the integral is evaluated
over the plasma surface. An eigenvalue equation is derived by equating complex
Poynting flux across the mouth of the coupler.

Using the above procedure theoretical estimates of coupling efficiency and
power handling potential can be made. Table 1 summarizes the various quantities of
interest for a folded waveguide suitable for use on the Tore Supra tokamak in
Cadarache, France. It is found that extremely low electric fields can be maintained
at the critical plasma/coupler interface (less than 3.4 kV/em). Peak voltages occur
well back into the coupler where higher electric fields can be tolerated. Coupling
efficiencies are quite high (up to 98%) for the examples given. It appears that for a
Tore Supra-sizeg port, folded waveguide couplers are practical even at frequencies of
60 MHz or less, although properties improve as frequency is increased, as seen by
comparing the 120-MHz example in Table 1 to the Gl}ﬂ\de example,

A Faraday shield is not believed to be necessary for shielding electrostatie
fields at the coupler mouth nor for heat shielding the inner parts of the structure. A
shield may, however, be useful for particle shielding (including photon shielding) to
reduce the possibility of breakdown within the coupler.

III. FREE-SPACE TESTS

Cold tests on a small-scale folded waveguide have been performed to verify the
predicted free-space field pattern within the structure and to test possible impedance
matching schemes.

An example of one of these experimental measurements is shown in Fig. 3.
Plotted in the figure is the direction (3a) and magnitude (3b) of the wave magnetic
field at the mouth of a simple folded waveguide coupler. Roughly, a half-sine
dependence of field is found along the path through the folds of the structure,
analogous to the structure of the TE,, mode in an equivalent unfolded rectangular
waveguide. The frequency of the lowest order mode agrees quite closely with
theoretical estimates. Fields at the back of the coupler are equal to those at the
mouth of the coupler, indicative of a mode above cutoff rather than evanescent fields.

Full-scale tests of a high-power version of the folded waveguide coupler will be
performed on the Radio Frequency Test Facility (RFTF) at the Oak Ridge National
Laboratory. These tests will provide some experimental information on folded
waveguide coupling to a magnetized plasma.
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Table 1. Tore Supra folded waveguide coupler parameters at 10 MW
of input power and 10-cm plasma/coupler separation
(60 cm X 70 ecm OD, Zp = 50 Q)

120-MHz coupler ~ 60-MHz coupler

(four folds) (eight folds)

Electric field in coupling

apertures, kV/cm 3.4 1.9
Peak electric field, kV/em 31 51
Distance from coupler mouth to field

peak, cm 72 145
Plasma loaded quality factor 480 1320
Unloaded quality factor 23,440 9770
Coupling efficiency, % 98 88
Coupler length, cm 1447 291.45
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Fig. 1. Standard folded-waveguide coupler.
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VARIATIONAL THEORY APPLIED TO HULTIPOLE AND TO RESONANT ICRH ANTENNAE.

BANNELIER P.
Association Eur-Cea sur la Fusion Contréiée CEN-FAR BP6 92260 Fontenay-aux-roses France.

I Introduction

Numerous designs of ICRH antennae have been proposed for present and future
tokamaks, differing mainly in the number and relative disposition of the conductors
and feeders. A realistic calculation of the expected coupling with plasma is neces-
ary to guide the conception, taking into account the possibility of shaping the
radiated spectrum by proper choice of current phasing.

A variational principle previously introduced by K.Theilaber /i/ is applied to mul-
tipole loop antennae, allowing for arbitrary current phase and amplitude in the
feeders.

As an application, we consider a symmetrical resonant antenna such as proposed by
Oak Ridge National Laboratory /2/, in which the matching is performed inside the
antenna by capacitive elements.The variational principle yields the currents and
voltages, the coupling with plasma as well as the values of the capacitors.

Finally we present numerical results for a double resonant antenna proposed for the
Tore Supra tokamak. The design is shown to be restricted to a limited range of fre-
quencies.The possibility of arbitrary phasing between the conductors is discussed
and spectra are presented for various phasings.

II The Variational Principle

We consider a slab geometry : The toroidal magnetic field is in the Oz direction (no
poloidal component ), the radial density gradient in the Ox direcion.Effect of the
plasma is introduced by the spectral admittance at the edge of plasma :

Yp(ky, kz)=Hz(ky kz)/Ey (ky, kz)
Yp(ky,kz) is calculated by integrating from the center of the plasma the coupled
equations for Ey(ky,kz) and Hz(ky,kz) for the fast magnetosonic wave in the total
radiation limit (i.e. strong absorption). Yp is in general symmetrical regarding kz
but not regarding ky.
We consider a loop antenna enclosed by infinite metallic limiters in the Oy and Oz
directions and by a Faraday shield acting as a perfect polarizer in the Ox
direction. 3%
Let us call J and K two solutions for the currents flowing in the conductors of
the antenna and Ji and Ki the corresponding currents flowing in the feeder n®i.
The variational principle reads /i/:

L, 3, K = I ](S) EF) . ¥ oas (11.1)

where §(J) is the electrlc f:l.eld induced by 3 and (S) the surface of the inner
conductors in the antenna. .

Minimization of this integral equatiog regarding K yields the impedances Zi at
each feeder and the physical current J.

The antenna we consider here is plotted on Fig.l with the geometric dimensions
retained for Tore Supra. Note that this compact antenna does not exceed the size of
the 60x70 cm port. The calculation can be extended to antenna with any number of con—
ductors and feeding pattern.

We perfom the mode analysis of the fields in the box constituted by the limiters, the
return conductor and the Faraday shield. Betaining N modes in the Oy direction and M
modes in the Oz direction,

Jyly,2z) = g dy . £ (y) g (2) Jx(y,z) = g, Ix o £1(y) g (2) T,

where f (y)=cos %ﬁ(lyw} f‘(y}—sm n—(ly+y] - (z)=sin m—(:Lz+z)
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Continuity of the currents at the connexions writes :
JIx(y,z)=2 Jy(-n,z) §(y+h)-2 Jy(-e,z) 8(y+e)+2 dy(e,z) 8(y-e)+2 Jy(h,z) &(y-h) i

asJ—P -Jy. |

so that vector Jx can be expressed as a function of JY and Ji
l

The variational formula expressed in terms of Jy is :

Z; z; (B;-3y).(B;-Ky) =Ky . L. Jy (11.3) |
We impose the z-dependence of the current distribution :

N
[ -+ .

Jy(y.z) §=1 ( a hl(Z) a4 nz(z) ) fn(Y) (I1.4) I
where hi(z) and h2(z) are defined on Fig 2. In case of arbitrary number of conduc-— [
tors, care must be taken that the functions hi are orthogonal. \

e 1
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Figure 2. hi(z) h2(z)

Finally, the variational principle Teads :
= % ' ., .
Zi (gi.g).(gi.l_:) b.L a (11.5) \
where a and b are 2=N dimensions vectors.

If at several of the connexions the impedance Zi is imposed (for example by a
short-circuit or a stub), it can be written : |

= 3 " o= e |
L nknown 21 (gi.g).(gi.g) =b.L".a withL"=1L ximposed 4 98y (11.6)

|
|

- |
|
i
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Minimization yields a system of I equations where I is the number of connexions whe-
re the impedance is to be determined.

Ejzl Cij (gj.g) zj =g;-2 with cij =g,-L" l.gj (I1.7)
Recalling that Q..a is the current in the feeder n°i, it is seen that, for any
multipole antenna, it is sufficient to impose the currents in the I feeders to
determine the impedances by solving the system which turns ocut to be linear.
III Resonant antennae
We consider a resonant antenna such as proposed by Oak Ridge National Laboratory for
Tore Supra/3/. It is constituted by two identical half antennae, each one fed at the
center point by one generator of impedance Z,. Matching with the generator
is realized by adjusting variable capacitors connected at both ends of each antenna
(Fig.3).

y=-h y=0 y=+h

site
2,=1/3C,w Capacitor Capacitor 2,=1/3C;w

line ( impedance Z, )

Generator
impedance Z

Figure 3. Connecting scheme for one half-antenna.

The geometrical dimensions are indicated Fig.1. Note that the feeding point is
approximated by a double current layer instead of a coaxial line in the real design.
We impose the impedance to be Z, at the feeding points using formula II.6 and state
the four unknown impedances insuring matching are purely imaginary. To control
accurately the radiated spectrum, we impose the currents at the point y=s(h+e) on
each half-antenna which yields two equations of same type as II.7.

The resulting system is generally non-linear regarding the four unknown impedances.
When the amplitudes of the currents are equal and the phasing 0° or 180°, the values
of the capacitors are the same for each half-antenna and are the roots of a mere
2nd-order equation. Results are presented for 0° phasing for the 37 to 80 Mhz fre-
quency range planned for Tore Supra. Plasma is deuterium except at 80 Mhz (helium).
Magnetic field is 3.6T(37MHz), 4.2T(43MHz), 3.7T(57MHz), 4.1T(63MHz) ,4.5T(69MHZ),
4.5T(694Hz), 3.9T(BOMHz) according to the different heating scenarii(Fig.4).
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Figure 4. Values of capacitors Currents Voltages

Parabolic density profile from 10*?cm-3 to 8 10*?cm-3.

Minor plasma radius BOcm. Major radius 238 cm.

N=20 modes in the Oy direction, M=7 modes in the 0z direction.
Power coupled to plasma normalized to 2 MW for the whole antenna.
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Fig.5 shows the current profile at 63 MHz. The design is limited to frequencies whe-
re the matching impedances are capacitive which puts an upper limit on frequency.
1000.

I T I J

IY(R)

800.
600.
400.
200.

=10 0.5 0.0 0.5 1.0
Figure 5. Poloidal current profile at 63 MHz.

This defines the capacitors range necessary for a given coupling with plasma, here
411-67 PF on one side and 155-27 pF on the other for 37 to BO MHz operation. If the
coupling with plasma is decreased, these ranges tend to become more symmetrical.
For example, in case of out of phase operation (1B0° phasing), they become respec-—
tively 367-71 and 195-34 pF and without plasma and 0° phasing they are nearly the
same (210-35 pF).

For arbitrary currents in each half-antenna, we solve numerically the non-linear
system II.7 by a Newton-type method. Starting from 0° or 180° and equal amplitude
where we know an exact solution, we change step by step the phasing or the amplitude
until reaching the given values.

Let us consider case with currents of equal amplitude and increase the phasing from
0° between antenna n°l and 2. Due to the mutual coupling, the lineic resistance
drops in antenna 2 until the matching is no more possible for a maximum phasing gmax.
At 63 MHz, gmax is about 67° for same plasma conditions as above.Appoaching this
value, the generator feeding antenna n°2 furnishes almost no power and the matching
capacitors have almost the same value (75 pF instead of 48 and 146 pF at each end of
conductor n°i).

Still increasing phasing, matching becomes again possible for a phasing greater
than emin=126° at 63 MHz. The range of accessible phasings gets larger when coupling
increases. A solution to avoid this limitation would be to separate by a conducting
wall the two half-antennae. Spectra of the real part of the impedance as a function
of toroidal wavenumber are presented at 63 MHz for 0°,180° and 65°(Fig.6).
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Figure 6. Real part of impedance vs toroidal wavenumber (f=63 MHz).
Curve n®1 : 0° Curve n°Z : 180° Curve n°3 : 65°
Integrated power normalized to 1 W.
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NEW HIGH POWER TETRODES FOR ICRH APPLICATIONS

P. GERLACH - G. SIRE - J.P. ICHAC

THOMSON-CSF Division Tubes Electroniques
38 rue Vauthier - BP 305, 92102 BOULOGNE BILLANCOURT CEDEX - FRANCE

After earlier successful achievements at TFR (France) and Heliotron E
(Japan) in ICRH applications, Thomson-CSF Electron Tubes Division has been
recently selected to supply a new type of tetrode — the TH 525 - for JET
(EURATOM, UK), and complete ICRH amplifiers for Toresupra (France).

These two projects are both typical of the new requirements from physicists
working in plasma heating which have appeared during recent years. They show
a trend towards increased unit power operating over longer pulses at higher
frequencies. The problems, well known to manufacturers of gridded power tu-
bes, which are inherent to such applications become more and more difficult
to overcome.

This paper describes the techniques which have been developped at
Thomson-CSF to meet these challenges and presents the performances of the
new tetrodes that the mastery gained through years of experience in these
techniques has allowed to develop.

TECHNOLOGICAL CHALLENGES AND SOLUTIONS

Anode Dissipation

Whatever the design precautions, there is always in ICRH systems a possibi=-
lity to have temporary overloads or high SWR, and in such a case the anode
dissipation increases very rapidly. An efficient liquid-vapor phase cooling
technique has been introduced by Thomson—CSF under the name Hypervapotron
which has been tested over 2 kW per square centimeter ; but in tubes cooling
design, it is used usually far below this limit - say up to 1 kW per square
centimeter - allowing a large safety margin. This same technique has also
been applied at JET for the cooling of the limiters and beam dumps.

Pyrolytic Graphite Grids

Once the anode dissipation problem solved, the limitations in high power
gridded tubes were transfered to the grids ; conventional mesh type grids
suffer of the presence of thermal and secondary emission, poor mechanical
rigidity at high temperature, lack of dimensional stability in temperature
cyclings. The remarkable properties of pyrolytic graphite make it nearly the
ideal material to cope with these drawbacks which are still enhanced in te-
trodes intended for ICRH applications. Thomson-CSF has developped a techno-
logy to manufacture Pyrobloc grids, which are the grids made of this
anisotropic crystallized carbon obtained by decomposition of a gazeous
hydrocarbon at high temperature and vacuum deposition on a carbon mandrel.
Thermal emission of these grids is reduced by the combined effects of a low
and constant resistivity in plane (ab) parallel to the plane of deposition
and an excellent thermal conductivity im this (ab) plane, resulting in a lo-
wer grid temperature. This second property also helps reducing grid deforma=
tion as heat transfer to tube terminals is improved.
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RF losses are also higher when operating frequency increases, constituting a
severe challenge as they lead to an important increase of inner tube tempe-
rature which is the source of possible outgassing. This outgassing and the
vapor pressure inside the tube vary exponentially with temperature which is
an inecreasing function of the ratio /p/e where p is the resistivity of the
material and e its emissivity ; this ratio is considerably better with
Pyrobloc grids, as shown on table 1 below. Another important factor when RF
losses are considered is the Q factor, linked to grid material resistivity :
this resistivity, as shown on figure 1 is decreasing when temperature in-
creases while that of other materials increase : in hot conditions, the Q
factor is of the same order of magnitude for all materials including pyroly-
tic graphite. Short overloads are also made possible to withstand with these
grids due to the material chemical stability at high temperatures without
outgassing and the higher resistance to thermal shocks.

Another decisive advantage of the Pyrobloc grids in achieving the larger
diameters required for high power as well as the reduced inner interelectro-
de spacing necessary for high gain is the stability of their diameters due
to a negligible thermal expansion factor in the (ab) plane (figure 2).
Mechanical strength of this material, improving when temperature increases,
and low weight helping a higher resistance to mechanical shocks, are also
contributing to the performances of these grids. Furthermore, they come in
one piece where mesh, cap and supporting base form a continuous structure
without any mechanical assembly or welding point, this enhancing the relia-
bility of the tubes using these grids. More than twenty years experience in
designing Pyrobloc grids mounted in tubes operating in large quantities and
various types in TV and radio broadcasting as well as in scientific and in-
dustrial application worldwide have given Thomson-CSF full expertise in pro-
ducing them. After having tested through the years several manufacturing
processes, Thomson-CSF has selected those offering optimal reproducibility
and reliablity the latter being evidenced by recent tests on the screen grid
of TH 518, the very same tube already used in ICRH experiments on TFR/France
and Heliotron EfJapan : this screen grid rated at 9 kilowatts dissipation
was tested at 40 kilowatts dissipation during several minutes without any
damage to the tube. It is worth mentioning that the broadcasting version of
this TH 518 tetrode, called TH 558 and used in many sockets has been and is
operating in a specific design involving a peak dissipation of 64 kilowatts
during one microsecond.

Cathode Design

The experience accumulated over the years in producing high power gridded
tubes has led Thomson—-CSF to select this "cage" type design as the most sui-
table one for the thoriated tungsten wire cathode used in these tubes. An
in-house development of a special manufacturing process has allowed a per-
fect reproducibility of the cathodes and regularity of their geometry : wel-
ding of each cross—over point of the cathode is individually
computer—controlled. This process ensures a long and reliable cathode 1life,
already experienced for years in radiobroadcasting applications.

New Developments

A new tetrodes family has been developped to match the latest ICRH require-
ments. The use of Hypervapotron cooling has allowed a 1.5 MW maximum anode
dissipation on the tube TH 525 which shall be operated by JET. Its Pyrobloc
grids, as well as the cathode, have been derived from those already field
tested for years in radiobroadcasting with the 1 MW AM carrier tetrode

TH 539.




The main parameters and the present test status of this new tube are given
in table 2 below. The Toresupra project which involves higher operating fre-
quencies = up to 120 MHz - has required to develop another type, the TH 526.
This tetrode is very similar in structure to the TH 525, with slightly shor-
ter electrodes allowing operation at this higher frequency. Table 3 below
shows the main parameters and the present test status of this TH 526.

The test results mentionned in tables 2 and 3 have been obtained in the
Thonon plant of Thomson-CSF where a complete test facility has been instal-
led allowing full development and testing of the tetrodes matching the pre-
sent and future ICRH requirements. This test facility includes a 5 MW power
supply, and a test load for more than 2 MW dissipation capability.

Some of the other tetrodes presently available for ICRH requirements, inclu=-
ding the TH 535 which is used as a driver for tubes TH 525 or TH 526, have
their main parameters shown on table 4 below.

Circuit Design and Stability Considerations

As gridded tubes dimension become larger to cope with increased power requi-
rements, unwanted circular modes are more likely to occur in the tubes
coaxial structure. A special device built inside the Thomson—-CSF tubes pro-
hibits the occurence of the fundamental mode TEll. In many applicatioms in
open space, the radiation impedance is sufficient to dampen the upper modes.
In other ICRH or TV applications the tube is inside a closed resonant cavity
circuit which shields this impedance. The strong interaction between the tu-
be and the external circuit on which it is mounted is such that a close coo-
peration between the amplifier designer and the tube manufacturer is
necessary to solve the resulting problems. Thomson-CSF long experience in
designing cavities for UHF and VHF TV applications as well as for high power
scientific projects, which led to special patented waveguides loading ade-
quately the unwanted frequencies without affecting the operating frequency
in coaxial mode, offers an expertise which ranges from the tube design to
the corresponding matched circuit. This expertise allows Thomson-CSF either
to supply the amplifier with the tube or to assist outside amplifier manu-
facturers in the most efficient design using the tube. Each of these two si-
tuations is encountered with the JET and TORESUPRA projects. The TH 525
shall be used in existing amplifier systems which shall be modified by their
designer, HERFURTH GMBH in order to fit this new tube and to attain the in-
creased power of 2 MW per unit instead of the original 1.5 MW only. A posi-
tive cooperation is taking place between Thomson-CSF and HERFURTH engineers.
In the case of TORESUPRA, THOMSON-CST shall supply the 6 complete ampli-
fiers, including each the tetrodes of the 3 stages — TH 526, TH 535 and

TH 561 - with their associated coaxial cavities -TH 18525, TH 18535 and

TH 18561~ operating in grounded grid configuration. Test loads able to dis-
sipate 2 MW in long pulses within the 30-80 MHz frequency range, as well as
at 120 MHz with only a small mechanical modification, shall also be supplied
by Thomson-CSF.

It is worth to note that the TH 18525 cavity which shall be supplied to
TORESUPRA is able to operate at full performance with either TH 525 or

TH 526 tubes. A cavity of this type has already been implemented in the test
facility presently in service.

CONCLUSION

As the scientific community involved in fusion programs requiring ICRH thinks
that the present trend towards higher performance tetrodes able to withstand
higher power during longer pulses is likely to continue in the years to co-
me, Thomson—-CSF is preparing to develop the next generation of tubes with up
to 5 MW target useful RF power. The experience gained in completing the de-
velopment of TH 525 and TH 526 is a new important step towards this aim.
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ICRF HEATING TECHNOLOGY DEVELOPMENT ACTIVITIES
AT OAK RIDGE NATIONAL LABORATORY"

F. W. Baity, W. E. Bryan, D. J. Hoffman, D. E. Schechter, Oak Ridge
National Laboratory, Oak Ridge, Tennessee, U.S.A., and T. L. Owens,
McDonnell Douglas Astronautics Company, St. Louis, Missouri, U.S.A.

I. INTRODUCTION. The rf technology program at the Oak Ridge National Laboratory
(ORNL) is developing the components needed for heating in the ion cyclotron range of fre-
quencies (ICRF) on future fusion machines, such as the Compact Ignition Tokamak., Com-
ponents produced in this program are already in use on experiments throughout the world,
including Doublet ITI-D (DIII-D), TMX-U, Alcator-C, and TEXTOR. Designs have been
developed for implementation on Tore Supra and ASDEX. Recent developments in vacuum
feedthroughs, compact loop antennas, high-current capacitors, and folded waveguides are dis-
cussed in this paper.

Il. YACUUM FEEDTHROUGHS. The first product of the ORNL rf technology program
was the 50-Q vacuum feedthrough with a cylindrical ceramic. This feedthrough has now
received field testing under a variety of operating conditions as a result of its immediate appli-
cation at several laboratories. Attractive features of this basic design include high voltage and
current capability, a demountable ceramic assembly, cooling passages for steady-state opera-
tion, low insertion voltage standing-wave ratio, and wide frequency bandwidth.

Figure | is a schematic drawing of the feedthrough built for TEXTOR. This design,
equipped with 200-mm conflat flanges at both ends, is used at two locations in the coaxial
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Fig. 1. 50-Q long-pulse rf feedthrough designed to TEXTOR specifications.
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transmission line: near the antenna, with vacuum on both sides of the feedthrough, and at a
second position farther from the antenna, operated with nitrogen pressurization on one side.
Two versions of this feedthrough were constructed: one with niobium end caps for the ceramic
and one with copper end caps. Figure 1 shows the ceramic with the niobium end caps. The
niobium proved to be superior in voltage rating, reaching peak voltages greater than 150 kV
for 100-ms pulses, but the braze joint could not be made reliably and was somewhat fragile.
For subsequent versions of this feedthrough, a tapered copper-to-ceramic braze was used. In
both cases, the braze alloy used was Ticusil, and no metalizing of the 96% alumina ceramic
was done. For this design, the ultimate voltage rating depends on the pressurization since
breakdown always occurs on the pressurized side. For the case of the copper end caps, nickel
and gold platings were applied and tested for effects on voltage breakdown, with some
improvement. Table | summarizes the voltage breakdown limits for the various cases.

Table 1. Feedthrough Voltage Standoff in Kilovolts
(All tests at 25 MHz, 5 s; peak voltage)

Material brazed to ceramic

Pressure,
gauge (atm) Niobium Copper Nickel

0 (Ny) 80 34 42
1 (N;) 92 40 57
2 (N;) 48 75
0 (SFg) 60 75
1 (SFe) 80 >88

A prototype 25-Q feedthrough has been fabricated for ASDEX. This feedthrough incor-
porates a buffer vacuum between the machine vacuum and the pressurized transmission line.
The structure maintains the external dimensions of existing ASDEX feedthroughs. A
schematic diagram is shown in Fig. 2. The ceramic is brazed to the hourglass outer conductor.
The inner conductor is sealed to the ends of the ceramic cylinder by means of Helicoflex seals.
This design should possess greater mechanical strength than the 50-Q design. A potential
disadvantage is that the ceramic cannot be as easily replaced as in the 50-Q feedthrough in
case of a failure in the braze joint.

III. COMPACT LOOP ANTENNAS. A low-power prototype cavity antenna has been
installed on DIII-D.' The primary purpose of this antenna is to measure plasma loading for a
wide range of plasma conditions and frequencies and to compare the results with calculations
by GA Technologies and ORNL. The antenna can be moved radially over a small range. The
antenna has a Faraday shield consisting of two layers of copper-plated Inconel rods with
1.5-mm-thick graphite plates brazed to the rods on the plasma side. Extensive thermal and
stress analysis calculations were performed for this antenna to verify the survivability of the
design under the worst-case tokamak conditions, such as major disruptions. The results of this
analysis are applicable to other large tokamaks, providing a useful base for other compact loop
designs, including Tore Supra. Because the prototype antenna will only operate at low power
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Fig. 2. 25-Q rf feedthrough designed to ASDEX specifications.

during the first year of DIII-D experiments, inertial cooling was determined to be adequate,
and active cooling will not be used.

A development version of a high-power DIII-D cavity antenna is under construction for
use in the Radio-Frequency Test Facility at ORNL. It will be operated during the second half
of 1986 when the 1.5-MW transmitter becomes operational. This antenna was designed for
easy modification so that new antenna components can be easily tested at high power in a
plasma environment.

A preliminary engineering design has been done for a resonant double loop (RDL)
antenna®® system for Tore Supra. This design consists of two RDL antennas side by side
behind a common Faraday shield. The entire structure is mounted in a large port and can be
moved radially to couple to plasmas with different minor radii. The antenna incorporates water
cooling, allowing operation for 30-s and 210-s plasma pulse lengths. With improved vacuum
variable capacitor design, it appears possible to couple 2 MW per loop over the frequency
range 35 to 80 MHz.

IV. HIGH-CURRENT CAPACITORS. A key to the success of compact loop antennas in cou-
pling several megawatts of power to a fusion plasma is the development of a vacuum variable
capacitor with higher current capacity (~1 kA) than commercially available units. In addi-
tion, the internal inductance of the capacitor must be minimized to allow operation at frequen-
cies up to 80 MHz and possibly higher. An improved design was devised based on postmortem
analysis of an existing design. The capacitor industry was approached with this new applica-




tion, with the result that both Comet (Bern, Switzerland) and Jennings (San Jose, California,
U.S.A.) have agreed to build prototype units which will be tested at full parameters on a test
stand at ORNL during 1986.

V. FOLDED WAVEGUIDES. A new waveguide configuration, known as the folded
waveguide,"* is a promising candidate for ICRF heating on large, high-field machines where
second harmonic heating occurs at frequencies on the order of 100 MHz. The folded
waveguide can easily be configured to conform to existing port sizes, which are usually larger
in the poloidal dimension than in the toroidal dimension for most tokamaks. An advantage of
the folded waveguide over ridged waveguide designs is that the rf electric fields at the mouth
of the guide are near a minimum.

The folded waveguide can be envisioned as a rectangular waveguide several times wider
than its height which is folded accordion-style several times. The cutoff frequency can be made
arbitrarily low for a given envelope by increasing the number of folds. The magnetic field at
the mouth of the guide reverses at each fold, so the guide is fitted with an aperture plate to
permit only the desired polarization to couple to the plasma.

Measurements on a low-power scale model have confirmed the basic operation of the
folded waveguide. Three-dimensional code calculations are in progress.®

VI. SUMMARY. Compact loop antennas have been installed on DIII-D and designed for
Tore Supra. Two keys to the successful high-power operation of compact loops, enhanced
vacuum variable capacitors and low-impedance feedthroughs, are under development. For
higher frequency applications (f > 100 MHz), the folded waveguide, which offers several
advantages over ridged waveguides, is under investigation.
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1. Introduction

A compact antenna is being considered as an alternative to conventional long
loop launchers for waves in the ion cyclotron range of frequencies (ICRF) on Tore
Supra. A pair of resonant double-loop RDL antennas! can be mounted entirely
within one of the large horizontal ports. With the expected antenna loadin
~6 Qm, it should be possible to couple the full power (2 MW) of one of the rf
power generators through each of the two loops.

A preliminary en%ineeril_ag design of a compact loop launcher for Tore Sugra has
been completed. The design incorporates active cooling so that the launcher can
withstand the nearly steady-state energy flux during the 30 s pulse length of
plasma operation. The advantages of the compact loop are threefold: the
antenna is easily installed or removed, the antenna can be moved relative to the
plasma edge tﬂ.mOdlf[Y the plasma loading, and there is no need for external
matching circuitry. Three such launchers are being considered and would be
able to transmit the total (12 MW) power of the six generators. The
characteristics of the antenna have been chosen to allow minority heating of
deuterium plasmas containing a few percent of H or 3He between 3.5T and E5T
and for harmonic cyclotron heating of pure 3He at 4T,

Major machine parameters for Tore Supra are listed in Table 1.

Table 1
Tore Supra Machine Parameters

Magnetic field on axis 45T

Major radius 2.38m

Minor radius 0.8m

Pulse length 30s(210s)
Reﬁetitmn rate Every 4 min (10 min)
ICRF port size 60 cm X 70 cm

2. Design Requirements

Each ICRF loop for Tore Supra is requirad to handle 2 MW for 30 s every 4 min
or for 210 s every 10 min over the frequency range from 35 to 80 MHz. Two such
loops will be mounted through a single large port on the horizontal midplane.
The antenna must be impedance matched to a 30 Q transmission line. The
structure must be able to withstand disruption loads resulting from a rate of
change in the magnetic field of 50 T/s.

The entire structure must be designed for radial translation in order to provide
good power coughng through a wide rangse of plasma sizes and positions. The
cm. The design goal is 30 cm.

minimum acceptable radial translation is
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The RDL has several advantages over conventional loops. The capacitors
provide both tuning and impedance matching, thus allowing operation over a
wide frequency range with no hardware changes. The efficiency is improved bg
minimizm% the high-current path length. The requirements on the f'eedthrou§
are reduced because the transmission line is matched at the feedthrough. No
high voltages appear in the pressurized transmission line. Finally, the entire
antennall structure fits in a port on the machine, facilitating installation and
removal.

The Faraday shield of the antenna must be compatible with water cooling. The
inlet temperature is 170°C and the inlet pressure is 38 bar, with an 8-bar
pressure differential. Other parts of the antenna structure requiring water
cooling can use 30°C inlet water temperature at a pressure of 8 bar. The entire
structure should be bakeable to 200°C without water cooling.

The materials for the parts of the antenna structure exposed to the plasma are
restricted to graphite, stainless steel, or Inconel (in limited quantity).

Maximum expected environmental parameters are as follows. The magnetic
field strength in the vicinity of the antenna will be 3.5 T. The neutron flux will
not exceed 4X 1011 (neutrons/cm2)/s. The particle flux will not exceed 11019
(particles/cm2)/s.

3. Design Mechanical Description

The design selected for study at ORNL consists of two as etrically fed RDLs,
each incorporating two vacuum variable capacitors of advanced design. Figure
1 shows a schematic drawing of the antenna with the mounting flange for the
Tore Supra port. The antenna radiating element is supported at each end by the
capacitors and in the middle by the coaxial transmission line. The two loops are
located side by side in_the toroidal direction. Both loops are enclosed in a
rectangular box, which is supported by bearings mounted to the sides of the Tore
Supra port. A single Faraday shield covers the front of the box. Bellows
attached to the Sgort cover provide 30 ¢cm of radial movement of the entire
structure. A 30-Q vacuum feedthrough is attached to the coax from each loop.
Each of the capacitors and the antenna position can be adjusted dynamically by
remote control. The antenna specifications are summarized in Table 2.

Table 2
Tore Supra RDL Specifications

Length of radiating element 60 cm
Width of radiating element 16.5 cm
Gap between Faraday shield and

radiating element 2 cm
Faraday shield type 2 tiers of round tubes
Faraday shield materials Graphite-coated

Incone

Total inductance 155 nH
Minimum capacitance 40&:?
Maximum capacitance : 40 E/F
Maximum peak voltage 45k

Maximum rms current at 37 MHz (80 MHz) 900 A (750 A)
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4, Electrical Design Calculations

The goal for the Tore Supra antenna is 2 MW power operation over the entire
frequency range of 35 to 80 MHz with realistic capacitor values. Figure 2 shows
the capacitance values needed to tune the antenna and to match the input
impedance to 30 Q as a function of plasma loading resistance for two
frequencies: 37 and 80 MHz. The antenna parameters used are those of Table 2.
The range of loading resistance shown for each freg&xenc{lis approximately what
is expected based on theoretical calculations of ICRF heating for Tore Supra

lasma conditions. The load can be controlled somewhat by adjusting the
gista_nce between the plasma and the Faraday shield. The range of capacitance
required (40-400 gﬂ appears reasonable based on existing designs. High-current
capacitors are being developed by Comet (Bern, Switzerland) and Jennings
(San Jose, U.S.A.) and will be tested at ORNTI, this year. Based on the
specifications supplied b{ Comet, the maximum power which the antenna can

eliver as a function of loading resistance is shown in Figure 3. The curve for
37 MHz is determined by the 900 A rms current limitation for all values of
resistance shown. At 80 MHz the maximum voltage limit of 45 kV-peak is
reached for loads below 3.5 (; the maximum current of 750 A rms becomes the
limiting parameter for higher loads. The design power level of 2 MW requires
2.5 Q of loading at 37 MHz and 3.7 Q at 80 MHz; these values lie in the expected
range calculated by ICRF theory.

The calculations shown in Figures 2 and 3 were made assuming the antenna to
consist of lumped circuit elements; no correction was made for the variation of
the current distribution along the finite length of the antenna radiating
element. Calculations of launched wave interactions with the Tore Supra
plai}ma using realistic antenna geometry are addressed by Bannelier(2) at this
conference.

5. Summary

A compact ICRF antenna has been designed for Tore Supra. The antenna
consists of two RDLs side by side, mounted inside a large midplane port. The
antenna structure can be moved radially for operation with plasmas of different
minor radius. With upgraded vacuum variable capacitors, the goal of 2 MW per
loop over the ﬁ'et}uenpy ran%e from 35 to 80 MHz appears attainable, based on
expected plasma loading for Tore Supra conditions.
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COMPARISON BETWEEN H AND He® MINORITY ICRF HEATING
EXPERIMENTS IN JET
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Introduction

In the ion-cyclotron resonance heating (ICRH) experiments in JET, the
RF energy is coupled to the plasma via the cold-plasma fast magnetasonic
waves which are generated by exciting ICRH antennae located on the low-
field side of the takamak. In the minority species heating scheme, the
minority ion (e.g. H* or *He in deuterium plasma) concentration n = Nj/ND
(j = H" or *He) is required to be below a certain critieal concentration
o [1] for a given k//, minority temperature &nd plasma density. For n >
Nas significant mode conversion to ion-Bernstein wave takes place. 1In the
minority scheme, the RF power is primarily dumped into minority ions. The
energy distribution of the minority ions is characterised by a tail and
the distribution function is generally estimated based on the quasi-linear
theory developed by Stix [2]. RF accelerated minority ions, which are
sufficiently well confined in JET, act as an intermediate energy reservoir
and transfer their energy to the background eleztrons and ions via the

drag between minority ions and other plasma species.

In this paper, we analyse and compare the ICRH results obtained in
JET with H® or *He minority in deuterium plasmas. Based on the experi-
mental evidence, the aim is to present the merits and demerits of the
heating with the two minority ion species and to establish which minority
ion is better suited for plasma heating in JET.

ICRH experiments in JET have been carried out under a wide range of
plasma conditions with torodial field (Bp) varying from 2 to 3.4 Tesla and
plasma current (I ) from 2 to U MA. But, most of the data for H-minority
was taken with an'I_  of 2 MA and therefore, for comparison we have
selected He® data also at I_ = 2 MA. In the case of H-minority the
frequency of operation was = 33 MHz and BT was about 2.3 Tesla whereas in
He®’-minority case, f = 25 + 31 MHz and By = 2.6 » 3.4 Tesla. A comparison
of the efficiency of ion and electron heating, plasma stored energy,
asymptotic energy confinement times, change in the radiated power and
impurity production are presented.

Results

Figure 1 shows a comparison of bulk-ion (deuterium) heating with H*
and *He minority species. For lower power levels such that PHF/<nE> <
1.5 x 107'* Wem®, the increase in ion-temperature is practically the same
in the two cases. However, for the values of 1.5 < Pgp/<ng> x 1.0'?
£ 2.5 W+m?, the bulk ion heating in the H-minority case seems to degrade
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somewhat in comparison to the He? case. Figure 2 shows the corresponding
comparison of the central electron temperature. For 1.5 ¢ Ppp/d{n > x
10'*¢ 2.5 W+m*, the loss of efficient ion-heating in the case of
H-minority is well compensated by the improved electron heating. Note
that the T, and T; data points were plotted by averaging over the
sawteeth.

The above data of plasma heating in JET can be represented by:

(AT + ATio) =qa ?HF/<ne>

eo
where a = 1.5 to 2 x 10'? (keV.W 'm™?)

Figure 3 shows plasma stored energy when ICRH power is increased up
to 5.5 MW. The slope of a line passing through H' data and that through
*He data represent the asymptotic confinement times with values of 1 =
0.15 s for H' and 1 = 0.12 s for *He.

A comparison of the radiated power normalized by the line-averaged
density square (<n2>) shows that it is higher at a given power level of
4 MW by a factor of 1.7 in the case of H' minority than in the case of
He’-minority (see Fig. 4). Also the increase in metallic (Ni) impurity
concentration was higher in the case of H'-minority by a factor of about
2.5 compared to that with the *He case [3].

Summary and Conclusions

1 Bulk-ion heating is roughly the same for H' and *He-minority with
ATp = 1 keV at a normalized RF power Rpp/<n,> = 1 x 107'% W m®., At

nigher power levels, 'He seems to be a little better than H® minority
from the point of view of ion heating. However, the poor ion-heating

at higher power levels in H* case is well compensated by a better
electron heating. These observations are consistent with the Stix
theory [2] in which the strong tail formed in the case of H-minority,
relaxes on electrons whereas He®-minority tail relaxes on bulk-ions

at the RF power densities achieved presently in JET. For example for

JET parameters, at a minority power density of 0.l W/em?, the frac-
tion of power going to electrons is 0.85 and 0.2 in the case of HY

and H? minority respectively. However, when RF heating power will be

increased to tens of megawatts resulting in much higher minority
power densities, both hydrogen and helium-3 minority are expected to
transfer their energy primarily to electrons.

2 The asymptotic energy confinement times with ICRF in JET is marginal-

ly better in the case of H' than in the case of *He minority.

e Both the {Bolometric) radiated power and the metallic impurities are
worse in the case of H' than in the case for *He-minority.
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Electron Heating with directly launched Ion Bernstein Waves
in JIPP T-1IU Tokamak
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Abstract

The directly launched Ion Bernstein Wave (IBW) heating experiments have
been carried out on JIPP T-IIU tokamak for two experimental conditions: (a)
the IBW-branch between 3rd- and 4th-cyclotron harmonics of the deuterium.
called as "Mode-1", and (b) the IBW-branch™ between 2nd- and 3rd-cyclotron
harmonics, called as "Mode-II". 1In the "Mode-I" case. the direct hydrogen
heating at w=1.5Qy has been found. While, in the "Mode-II" case, the
remarkable increase of the electron temperature has been observed. especially
at the central region of the plasma. To investigate this difference of the
heating mode, the power absorption has been calculated with the ray tracing
code, taking into account of the effect of the plasma/antenna coupling. It
is concluded from the consideration of the electron Landau damping that the
transition from the ion heating mode to the electron one would be explained
by the difference of the electron temperature at the ohmic phase; i.e., T, (0)
= 0.7 keV for the "Mode-1" and T, (0) = 1.3 keV for the "Mode-I1".

1.Introduction: The IBW heating experiments with the tokamak configuration
have been conducted at the JIPP T-IIU device (R/a = 0.8Im/0.23m) at the
"Mode-I" condition(1,2], and the sub-harmonics ion heating at w=3/2Q.
which has explored a new window for the nonlinear wave physics, has been
observed. Recently, the IBW heating experiments with another branch have
been also performed, where the 2nd-branch of the deuterium ions is applied.
In this condition, the cyclotron layer at =2 locates at the plasma center
and the wave couples to the 2nd IBW branch of the deuterium ions: that is
called as "Mode-I1" experiments. We have observed the remarkable increase of
the electron temperature. This is quite different from the result of the
"Mode-1" IBW experiments. To explain this discrepancy between "Mode-1 and
-I1" IBW heating experiments, the wave absorption of the IBW by ions and
electrons was evaluated with the ray tracing code, taking into account the
effect of the plasma/antenna coupling. On Table I parameters for these two
modes are presented.

2.Experimental results at the "Mode-II1" IBW heating: The IBW heating
experiments with the 2nd-branch between 2nd and 3rd cyclotron harmonics of
the deuterium ion have been carried out, where the toroidal field is 2.8 T
and the deuterium plasma with 10% hydrogen minority are used. The plasma
density is roughly the same one to the "Mode I™ IBW experiment, and the
plasma current is about 1.8 times as high as that of the "Mode-1", which
makes the electron temperature much higher at the ohmic phase: that is, T, (0}
= 0.7 keV for "Mode-1" and T.(0) = 1.3 keV for "Mode-II". Figure ! shows the
electron temperature measured by Electron Cyclotron Emission (ECE) technique,
and ion temperatures with mass separated analyzer, where the input rf powver
is 90 kW. The electron temperature begins to increase just at the time of
the rf switch-on, but the temperature increases of hydrogen and deuterium
ions are moderate, Clearly, this shows the remarkable difference from the
results of "Mode-I" IBW heating experiments, presented in ref (1.2] . This
fast rise of the electron temperature suggests the direct electron heating by
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the IBW. We can see from Fig. 1(a) that the electron heating is localized at
the central region ( r/a < 0.5 ). While, the ion temperature gradually
increases with the time constant of about 10 ms, which is roughly equal to
the collision time between electrons and ions. The charge-exchange spectra
show that the distribution functions of hydrogen and deuterium are almost
Maxwellian. Then, it seems that the mechanism of the ion heating is not the
direct ion heating by the IBW, but the collisional heating due to electrons
heated by the IBW.

In order to examine the partition of the IBW power between electrons and
ions, the simulation with zero-dimensional (0-D) transport code has been
carried out. We have compared the experimental data with the simulation code
by changing the partition of the IBW power for each species, keeping the
total wave power constant. It is concluded that, if almost all the wave
power 1s delivered to the electrons, the increase of the electron temperature
is consistent with the experimental data, and the ion heating is also
explained by the collisional heating through electrons.

3.Discussion: It is very interesting that two kinds of IBW experiments
have shown the quite different heating mode; that is, the ion heating at the
"Mode-I1" IBW experiments and the electron heating at the "Mode-I1" one. To
understand this phenomenon in more detail, we have calculated the power
deposition with the ray tracing code, paying much attension to the
plasma/antenna coupling.

First of all, let us discuss the power absorption of the IBW for the
"Mode-1" condition. Figure 2(a) shows the power absorption along the ray
trajectory calculated with the ray tracing code for the "Mode-I"
condition (1] . When the parallel refractive index N; 1is relatively small
(e.g., Ny~4 ), the wave can propagate into the plasma center and is strongly
absorbed at the cyclotron harmonics layer of w=3(p. When the index Ny
increases (e.g., Ny > 6), the wave suffers the electron Landau damping
before the wave reaches the cyclotron layer. In Fig. 2(b), the power
partition of the IBW between electrons and ions are presented as a function
of the refractive index Ny for various electron temperatures. We can see
the clear transition from the ion heating at the small Ny to the electron
heating at the large N, . Accompanied by the increase of the electron
temperature, the region of the electron heating is extending to the small N;
regime. as is expected by the Landau damping given by

S . | 2 2 i c 2
Prondey < eap( (k\l Uth.e) ) exp( (N" Ulh.e) ) . (1)

In addition to the wave absorption, another key issue is a wave coupling
between the antenna and the plasma. This problem has already analyzed by
W.N-C. Sy et al. for the Nagoya Type III antenna (3], where the coupling to
the 1st branch of the hydrogen ion was analyzed because the dispersion near
the antenna is approximated to the 1st branch of the hydrogen. The radiation
power coupled to the plasma P(N;) is expressed by the product of the
electrostatic coupling power A, (Ny) and the antenna form factor f(Ny) , as
shown in Fig. 2(b) by the dotted line. Comparing the radiation power from
the antenna with the absorption rate to the plasma species, we could say that
at the low electron temperature plasma the significant part of the IBW power
will contribute to the ion heating without suffering the serious electron
Landau damping, and the electron heating is enhanced as the electron
temperature increases. In the "Mode-I" experimental condition ( T.(0) = Q.7
keV), we could see that a significant part of the IBW power is, therefore,
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delivered to ions.

Next, it is necessary to evaluate the power absorption for the "Mode-II"
experimental condition. Here we should remark that the analysis for the
rlasma/antenna coupling employed at the lst-branch IBW is invalid for the
2nd-branch one, because it needs to expand the dispersion relation up to
0((kip;)*). At the present, we have no formulation to analyze the
plasma/antenna coupling for the 2nd-branch IBW. Then, we could not present
the wave power coupled to the plasma as a function of the parallel refractive
index Ny . However, we could expect the strong electron Landau damping from
Fig. 2(b), because the electron temperature is relatively high (T.(0) = 1.3
keV). In addition, the central region heating observed experimentally, as
shown in Fig. 1(a), will be explained by the characteristics of the electron
[Landau damping given by eq. (1).

4,Conclusion: The directly launched Ion Bernstein Wave heating experiments
have been carried out with JIPP T-IIU tokamak for the 3rd-branch ('Mode-I")
and the 2nd-branch (“Mode-I1") of the deuterium ions. For the "Mode-IIL"
experiments. the remarkable electron heating has been observed, showing quite
difference from the direct ion heating of the "Mode-I" experiments. From the
analysis with the global energy balance, it is found that almost all of the
vave power should be delivered to the electrons, and the ion is heated by the
collision through the electrons.

To explain this difference of the heating mode the power partition
between electrons and ions has been analyzed with the ray tracing code. The
result with the ray tracing code shows that at low Ny the ion heating is
dominant, and at high Ny the electron heating becomes essential. As the
electron temperature increases, this transition occurs at the relatively
small Ny value. We could, therefore, say that the experimental evidence
(ion heating for "Mode-I" and electron heating for "Mode-II1") is attributed
to the difference of the electron temperature; that is, T.(0) = 0.7 keV for
"Mode-1" and T, (0) = 1.3 keV for "Mode-I1".
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Figure Captions

Fig.1 Time evolutions of the electron and ion temperatures for the "Mode II”
experiment.

Fig. 2(a) Power absorption calculated with the ray tracing code for the
situation of the "Mode-I" IBW experimenL, where 80% H + 40% D plasma,
Br(0) = 1.87T, Typ(0) = 0.3keV, T.(0) = 0.7keV n.(0) = 3v10"™,

Fig. 2(b) Partition of the IBW power between electrons and ions as a
function of the parallel refractive index N; for differenl electron
temperature, corresponding to the resull of Fig. 2(a). The coupling
power to the plasma expressed by the product of f(Ny)-Api, (Ny) is also
presented with the broken line.
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Table I. Parameters of IBW heating experiments
[ "Mode-I° | "Mode-I1"
Frequency (MHz ) 40
RF Power (kW) 60 ~ 90
Toroidal Field (T) L8 2.8
Plasma Current (kA) 120 1 220
Density (W) (10%%) 2w B
T (G (keV) 0.7 1.3
T, 0y  (keV) 0.25 L 0.4
-
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ICRF HEATING FOR THE ASDEX-UPGRADE TOKAMAK
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ABTRACT

The 12 MW of additional power for ASDEX Upgrade will be provided by 6 MW
of neutral beam injection and 6 MW of ICRH. Such a combination has proved
to be very efficient in ASDEX. In order to enable minority and second
harmonic heating schemes, 4 equal RF systems with a frequency range of
30 = 120 MHz and a generator output power of 2 MW each are being built. The
water-cooled, wide antennae allow the radiation of waves with different
K-spectra by exchangeable central conductor geometries at a moderate
voltage level.

INTRODUCTION

The major aim of ASDEX-Upgrade is to investigate a tokamak plasma and
its interaction with the walls in a reactor relevant open poloidal divertor
configuration and with an energy flux density in the plasma boundary
comparable to reactor conditions /1, 2/. To reach this aim a heating power
in the plasma of about 12 MW for hydrogen and 8.5 MW for deuterium seems
necessary /3/, this estimation being based on a confinement similar to the
H-mode found in ASDEX.

The heating power of 12 MW was decided to be supplied partly by Neutral
Injection and partly by ICRH. If experimental results call for even more
power, the concept of ASDEX-Upgrade allows to add further ICRH or NI
devices as well as the application of other RF heating methods.

ICRH GENERAL CONCEPT
To provide 6 MW heating power in the plasma 4 equal systems will be
built with a generator power of 2 MW each. This power should be available
for standard magnetic field values of ASDEX-Upgrade in the single- and
double-null divertor - and the limiter configuration. Heating should be
possible, too, up to the maximum magnetic field, a somewhat reduced power
being unavoidable.
High field side antennae being nearly impossible due to the poloidal
divertors, heating by mode conversion is not practicable. The ICRH
application is thus restricted to second harmonic and minority heating.
Figure 1 gives the frequency ranges necessary for these heating methods for
the main operational regimes of ASDEX-Upgrade.
In view of the still experimental status of ICRH it was decided to build
a system providing maximum experimental flexibility:
= A frequency range of 30 — 120 MHz allowing second harmonic heating in D
and H as well as minority heating with H or Hej in D.

= An antenna concept allowing variations of the k.-spectrum as well as
fitting the antennae to different plasma cross-sections (single- and
double-null divertors) by relatively simple modifications.

Every provision has been made for a possible later increase of the
heating power by 2 additional systems. If needed, the total number of
antennae could even be increased to 8.
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EXPERIMENTAL EXPERIENCE

Besides the large experimental experience of PLT and TFR /e.g. 4, 5/, more

recent results of ASDEX, JET /6/ and TEXTOR /7/ can now be taken into

account. Especially ASDEX results /8, 9/ are highly relevant due to the
divertors and the similar heating scenarios. A summary of these results in
view of the choice of heating methods for ASDEX-Upgrade show:

= Second harmonic and minority heating are very efficient heating
methods, the measured heating efficiencies of 20-25 kJ/MW being larger
than for NI in the L-mode.

= A combination with NI improves the available parameter range for ICRH
(e.g. the impurity problems being reduced).

- ICRH is accompanied by high-Z impurities leading to about 30 % of power
radiation from the plasma centre. This can largely be reduced by low-Z
wall material (e.g. carbonization). The physics of the impurity release
is still under investigation.

- It is possible to get the H-mode with ICRH /9/. This seems to be
somewhat easier with minority heating. Further intense investigtions
are necessary in this field.

= Second harmonic heating is largely independent of the gas composition
(e.g. for 20y the content of H ions should only be 2 40 %) allowing a
larger experimental flexibility than minority heating.

So the choice of a combination of NI and ICRH as well as the large fre-
quency range allowing second harmonic and minority heating are fully justi-
fied by recent results. A restriction to a smaller frequency range and only
one ICR-heating scheme, despite of its attractiveness from the economic
point of view, seems not yet reasonable for the next generation of experi-
ments.

ANTENNAE
The development of antennae for ASDEX-Upgrade has the following aims:

- Optimization for single-null operation and second harmonic heating
(80 MHz). The antenna will be used for minority heating, too, with
somewhat worse coupling characteristics.

- The antenna should allow different spectra for K, by using different
centre conductor geometries.

- Fitting to different plasma cross-sections (single-null, double-null
divertor and limiter operations) is possible by changing simple side
wall elements, the Faraday screen and side limiters being reused.

= The antenna has to be cooled.

The antenna geometry was optimized with respect to the electric field
and voltage levels in the antenna and transmission lines. For this purpose
the coupling calculations with 2- and 3-dimensional codes were combined
with ray-tracing calculations in order to take into account the effect of
the geometry on the power absorbed in the plasma, not only on the power
radiated by the antenna /10/ (Fig. 2). ‘

A simple loop antenna leads to a k,-spectrum peaked at K. = 0, mainly
exciting fast waves with small k., which are weakly damped by the plasma. It
possibly excites coaxial waves, too, which may contribute to the impurity
release. Since experimental results are still contradictory concerning
these questions, the spectra of the ASDEX-Upgrade antenna will be variable
by exchanging the centre conductor array (Fig. 3a,b). 2D- calculations
show, that for an antenna wide enough the voltage necessary for radiation
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and absorption of a certain power, e.g. in an array like Fig. 3b must not
be larger than for a single loop antenna (Fig. 2). It can be seen further
in Fig. 2, that for such an array and with a given antenna width there
exists an optimum for the widths of the centre conductors and gaps.

Figure 4 shows the principle design of the antenna. It is based on the
technology of the ASDEX antenna providing TiC-coated, optically open
Faraday screens /11/, carbon protection limiters and water cooling. For
single null operation the antennae are asymmetric with respect to the
midplane of the experiment in order to utilize the full available space for
a large distance between central and return conductor.

LINE AND MATCHING SYSTEM

The antennae are fed at their both ends by 6 1/8" vacuum lines with
bellow sections to compensate thermal expansions. They are connected to the
pressurized 9" lines by two feedthroughs with intermediate vacuum. First
stubs near the upper and lower antenna feeder will reduce the VSWR for the
major frequency range (2flgy corresponding to about 80 MHz) and allows
cooling of the inner conductor of the vacuum line. The antenna impedance is
matched to that of the generator by double stub-tuner systems near the
experiment, the distances between the two stubs and between stubs and
antennae being adjustable by exchangeable elements.

RF GENERATORS

The 4 RF generators will be very similar to those of ASDEX-W VII /12/.
Besides minor modifications based on the operation experiences with ICRH
experiments on ASDEX and the extension of the upper frequency limit from
115 to 120 MHz the output power of each generator will be extended from
1.5 to 2 MW up to 80 MHz and up to 1.2 MW at 120 MHz. Special tests with an
ASDEX-W VII generator showed that these values can be achieved /13/. At
least at lower frequencies a further increase of the power should be
possible.
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Abstract

Theoretical model of ICRF wave heating and current-drive in tokamaks is
developed. By considering the deformation of the velocity distribution, the
wave form, power absorption, tail formation and energy partition are studied
simultaneously., This model is applied to JET plasma for example.
Introduction

Recent progress of ICRF heating experiments has shown that the ICRF fast
wave is a dependable heating method in the regimes of the mode conversion,
minority heating and second cyclotron resonance. The analysis on the heating
processes, such as the wave coupling, propagation, energy deposition and high
energy particle generation, is an important issue to explain experimental
findihg& and to study the future perspectives of the ICRF waves for plasma
heating. We have developed a theoretical model which can study the excitation,

propagation and absorption of the ICRF waves in tokamaks [1,2]. The analysis

is extended to investigate the thermalization of the absorbed energy, by
taking into account the quasilinear diffusion in the velocity space. The
ﬁave field structure, tail formation and energy equipartition are analyzed in
a selfconsistent manner for a given antenna structure. This model explains,
quantitatively, the electron heating rate and profile in the minority heating
regime of the JET experiments. The current-drive is discussed separately[3].
Plasma Model

The plasma is composed of electrons, majority ions (D) and minority ions
(H). In the case of the minority heating, the major part of the wave energy
is firstly absorbed by minority ioms through fundamental cyclotron resonance.
This causes modification of the distribution function [4]. We assume that

the distributions of electrons and deuterons are unaffected (i.e., we do not

follow the evolution in the scale of the confinement time), and take into
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account the deformation of the velocity distribution of minority ions. The
minority ions are treated to be the sum of hot component and cold component.
The wave field structure is solved in the one-dimensional model geometry [1],
in which the inhomogeneities in the direction of the major radius (x-direc-
tion) are kept. The toroidal magnetic field is approximated by the field in
the z-direction, which is given as B, =Bnl(1+x/R). The density and tempera=-
ture are given as ns(x) =n0(l—x2/az) (s=e, D, H) and Ts(x) =T0exp(—3r2/az)
(s =e, D). The conducting wall is located at x =ztb.

The rf wave equation is given as

3 w3 nF 3
VXUXE - B = dopg (JI +3,) (1)

5

where w is the rf frequency, 3; is the induced current (s=e, D, H) and 3A is
the antenna current. The expression of 33 in the presence of the kinetic
process is given in Ref.[l]. Antenna, which carries the current in the y-
direction, is located at x=d (or -d).

The development of the distribution function of minority ioms is given
by solving the Fokker-Planck equation. According to Ref.[4], we take the Oth

moment of the Legendre expansion of f,  and obtain

H
f _ 1 B¢ 2p4Lld (g2 23f
o vzav[uvf+zav{svf)+xvav] (2)

where o and B stand for the Coulomb collision with back ground particles, and

3> 3
K indicates the rf heating term (see Ref.[4]). The absorbed power P =<J -E>

H
is redistributed to electrons and deuterons. The energy partition is calcu-

lated by using fH'
The distribution function of minority ions are approximated by the sum
of bulk and tail components, i.e., f,6 = £ +f e where f

H Hb H Hb
(Zwalm)l‘Sand th =ntexp(—mVZIZTt)/(ZwT:/m)l'i This two-temperature distri-

= nbexp(-mv2/2Tb)/

3
bution is used to estimate JH. The constants nb, T, , n_ and Tt are given by

bt

equating up to 6th order moments of f and f +ft' With this model we can

study the stationaly as well as transient pzenomena associated with the ICRF
heating. Since the wave field is scolved in the one-dimensional approximation,
the averaging over the magnetic surface is performed by assuming the envelop
of P5 in the y-direction., TFrom the result of the two-dimensional analysis[2],
we choose the simple envelop PS @ 1-(2y/L)? (L being the antenna length).

Application to JET plasma

We apply this model to JET plasmas. Plasma parameters are R=3m, a=1.2m,
B=2T, n_(0) = 2.94x1019/m3, T (0) =T (0) =2.5keV, n,/n =4%, w/2%=29.8MHz,
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and the elongation ratio is 1.45, The antenna (single monopole) is located

in the low-field side of the torus at x=1,25m.

The figure 1 illustrates the radial distributions of the tail protons

(“Ht’ TH:
in Eq.(2) ). The total rf power is 1,2MW. About 90% of the rf power is

and nH) and the power to electrons Pe at the saturated stage ( t= =

directly absorbed by minority protons (about 10% is absorbed by majority ions
through second cyclotron resonance), but electrons absorb more than 60% of
Prf through collisions f\or this power level. The profile and the power level
of PE is in good agreement with JET experiments. The figure 2 shows the
temporal evolution of the total heating powers (Ps =2wasrdr) to electrons
(solid lines) and to deuterons (dashed lines) with the initial condition
nHt(t=0) =0. The rf power is 1.1MW (case-I) and 0.5MW (case-I1I). Because
the high energy ions (T/Teglﬂ) heat electrons, the power to electrons grow
much slower than that of majority ions. It is also noted that Pe is smaller
than PD for the lower heating power, but PE> PD holds for the high power
cases, The power partition depends on the energy of tail particles. Note
that the delay in the evolution of F;(t) is due to the initial condition of
nHt' If we initiate with condition nHt(t=0) =1
(ﬁHt
without delay. This result explains the fact that the prediction of Pe(r) is

- and ng(t=0) =nH-n“t(t=0)

being the saturated value of “Ht)’ then the heating to electrons occurs

in good agreement with the experimental estimation which is evaluated from

BTE/Et after the internal disruption. If at least half of the generated fast
ions remains in q =1 surface after the onset of the internal disruption, the
heating power to electrons does not differ much from the one obtained in the

stationary state,
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1. INTRODUCTION

The highly developed ion cyclotron heating technology may well be useful
in the operation of a reversed field pinch (RFP) discharge. In order to ass-—
ess the feasibility of this application, fast wave spectra, eigenmode struc—
tures and power coupling characteristics have been investigated for the RFP.

2, THE PLASMA MODEL

The RFP plasma model used in the theoretical calculations is based on
the empirically measured HBTX 1A discharge (with a plasma minor radius
0.26m). Detailed experimental measurements! show that the plasma equilibrium
is well approximated by the force-free condition, but the standard Bessel
function model? needs to be modified soc that the current density vanishes at
the edge of the plasma. Toroidal effects lead merely to slight displacements
of flux contours and are negligible in the present studies. Accordingly, the
cylindricalﬁplasmﬂ equilibrium model used in this paper is determined by the
condition jg=u"Bp, where u =u"(r) is a chosen profile which vanishes at
the plasma boundary. A narrow vacuum layer is assumed to exist between the
plasma column and the outer conducting wall. The equilibrium magnetic field
profiles for a typical model are illustrated in Fig.l.

3. BASIC EQUATIONS

Unlike most plasma configurations for which wave propagation and ICRF
heating studies have been carried out, the RFP has strong magnetic curvature
and high magnetic shear. A system of basic equations which takes these
effects fully into account has been derived3 recently; a Fourier decompo-
sition of the form exp(im@+ikz-iwt) leads to

(A/r)d(rQ)/dr = CQ-C,P , (1)
AdP/dr = C,Q-CP (2)

where F=-§--§01u0. Q=E-(;rx-ﬁo)lim302 and A, Cj, C2, C3 are a set of
equilibrium dependent coefficients. The basic equations can be regarded as
high frequency, multiple-ion species generalizations of the Hain-Lust (ideal
MHD) equations, but for a force-free plasma. TFor numerical modelling, these
equations have been slightly pgeneralized by replacing w by w+iv , to
satisfy causality and to simulate dissipative effects.

4. SPECTRAL PROPERTIES

The gross features of the wave spectrum can be partly obtained from a




WKB analysis, which can yield results in qualitative agreement with a full
wave solution. In cylindrical geometry, it is convenient to use a uniform
asymptotic representation of the form

T
P(r) = Jm{ J k ()de}

where k% = (CpCq - C%)/Azi-mzlrz. The singularities of k, arise from the
zeros of A , which determines the spatial resonances, where mode conversion
of the fast waves can occur. In the present model, these spatial resonances
include the shear Alfvén continuum and the ion-ion hybrid continuum. If
plasma inhomogeneity is weak, such as in a restricted central region of a
pinch discharge, the shear Alfvén continuum band is well separated from the
ion-ion hybrid continuum as illustrated in Fig.2. In the full RFP plasma,
strong inhomogeneity associated with field reversal leads to a coalescence
of the two continuous spectra (see Fig.3), even at moderate wavenumbers. Tt
can be seen that resonance absorption is easily obtained in a RFP and in
fact, there are only small islands in the spectral space where resonance
absorption can be avoided. Figure 4 shows how the radial position of the
ion-ion hybrid layer varies with frequency in a H/D plasma for 10%, 30% and
50Z H. Figure 5 shows how a plot of ki can be used to determine quickly
the position of the resonance layer.

5. EIGENMODE STRUCTURES AND POWER COUPLING

Full wave solutions to (1) and (2) have been obtained numerically using
GEAR's method. Boundary conditions applied are (a) P and Q are continuous at
the plasma-vacuum interface, (b) P is finite on the axis and (c) Q vanishes
at the conducting wall.

In a H/D plasma with 10% H, a typical eigenmode structure at 1.9 MHz,
for the m=1, k=0 mode, is shown in Fig.6, where the "kink" in the P
profile is due to partial reflection at the ion-ion hybrid layer. A cal-
culation of the integrated Poynting flux, shown in Fig.7, indicates that
power is effectively deposited at the ion-ion hybrid layer by resonant
absorption. The corresponding intrinsic spectral resistance, as the fre-
quency is varied, is displayed in Fig.8.

6. CONCLUSIONS

Ion cyclotron heating of a RFF appears promising for the following
reasons.

(a) Magnetic isobars, which cetermine the loci of spatial resonances
and the density contours have similar topologies.

(b) Resonance absorption is easily obtained.

(c) Fast wave eigenmode formation is possible in the presence of res-
onance absorption.

(d) The location of energy deposition, the degree of resonance absorpt-
ion and the antenna coupling characteristics can all be adjusted by varying
the ionic mixtures as well as the usual equilibrium parameters.
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HIGH-POWER HEAVY-ION MINORITY HEATING
A.V,Longinov, S.S5.Pavlov, K.N.Stepanov

Ingtitute of Physics and Technology, the Ukrainian Academy of
Sciences, Kharkov 310108, USSR

A possibility of raising essentially the efficiency of heat-
ing the toroidal plasmas by the method of heavy-ion minority
heating (HIMH) hes been substantiated in papers [1,2:1 . First
HIMH experiments performed recently on T-10 [3] and TFR [4]
devices have shown that even under non-optimum conditions
(especially for TFR [4]) the efficiency of heating increases
egsentially. In the report presented this method of RF heating
is studied using the solution of the kinetic equation for the
velocity distribution function of heavy minority ions (HM) [2].
The main features of this equation lie in taking into account
the high energy tail cutoff effect and the single pass of
a slow wave (SW) through the resonance zone (U = 2&)& .

The RF power absorbed by resonant heavy ions, which is
averaged over the magnetic surface with the radius T , is
analysed a._|§ a function of some parametzer?a) 5 (.d')B R

_afr’nd Id . _2o{Wed-We) bt
<P)'3E ] Si‘:itgF(Kl?dJEJAaTd/Te), E'_.TI—CLE‘*&)'C nszJ.gd‘LPRF o
where 2

= L?J%e_r:l:a s bZegp=Z'/Me s Ne=Nd;9y=Vrg/nd :VTd=‘12Td/md
PRF is the 201 R-averaged kinetic SW energy density flux, A is
the atomic number of the HM, the F function is calculated using
the solution of the kinetic equation,o= 2 for T=|Imk, dR<
and of =1 for T =1, Besides, we also determined the power frac-
tion imparted from HM to electrons Pa={Pa)/{P) and deuterons
Py <Pd)/<P) ; the relative HM emergy W=m'\i2/mq\Vsd ; the
relative HM pressure f' /ﬁp=rﬁTdW/(nde+neTe); and Azmin(&.)
| corresponding to theAZe“value, at which almost e complete (90%)
SW absorption in the () =2W¢ zone is ensured. The value of KiS4=
0.35W¢/Wd used in the calculations (Fig.1) is typical of the
HIMH, The K.L?d value is changed (Figs. 3,4) by the variation
of plasma and wave parameters, F(A} is independent of the
degree of ionization Z'of the heavy etom with a given A . Fur-
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ther, we put T, = Te'
1. Optimization of the HM species., Fig. 1a shows F versus&for

different HM species (Li7, NEEE. V51). The analysis of curves
in Pig.1 shows that the $ values, at which Py =Pe($ = E'cr“) or
the SW demping factor is maximum ( E\' = :r ), are essentially
dependent on A, Let Aapt(or A"opt) denote the Avalue, at which
E = Eé#ori: Egr). It is obvious that for A)Alopt the reson-
ant ion energy is imparted mainly to deuterons, whereas at
A(A’opt it goes to electrons irrespective of the HM concentra-
tion. And here lies the important difference between the HIMH
and the method of light ion minority heating. Using Eq.(1) and
the values of F(E) from Fig. 1 one can obtainAZm,fC(E)Az?dw"__z
(wcd'm::)wcdR’ where the C(E) functions for {%ifferent A eare
shown in FPig. 1b. It is obvious that atA=A(;Ptthere is almost

a complete SW absorption at a lowest HM concentration (L\Ze,”- =
AZ 5% =min [ﬂzmm(i)])- Thus, to attain a high HIMH efficiency
especially in the regimes with a preferential ion heating, for
the lowest AZepp value it is necessary to choose the optimum
HM species. For Kl9d= 0.35&)é/wcd we obtain A‘;’Pt =\,0'7$ .
For example, for TFR conditions Ng= 1014 cm"B,AL/R: 0.05 9pRF:
45 w/c m_'z we have E =h00 end Agpt=18 (ol® isotope). For

the same parameters and ¢4/R=0.0015 we have ﬂZ;m(O‘IS): 0.15.
For regimes with non-optimumA values: i) if A> Aré)])t y 1t is
necessary to use high )Zepp velues, which may appear inadmiss-
ible (in particular, under TFR conditions, on using v at Kl?d=
0.350)2/&)“1 we havepZu,,s1.5(), i.e., for actual v?1 concentra-
tion the SW absorption is weak (ZAZM#/AZm:rLzO-O?) which
explains the results of [4]) ii) if A< A'Gpt (the electron heat-
ing regime) the value of B'/ﬁp=ﬁ(5)?dw:: Aa/R(wcd_w::) ‘:_:2 can
appear to be too high (see Fig. 1c for the B (§) function).

2. Effects of banana losses, Fig.2 illustrates the qualitative
behaviour of {"{ﬂ:const lines at point B in the equatorial plane
on the outer side of the torus ignoring losses, It is seen that
in the cases typical of E}v a‘c'r..regimes, the ions (especially
with highA) are concentrated in the zone with lowest Vo values
(F‘(V)=O in the banana trajectory region V>V,). We have stu-
died the role of t'he banana losses., The behaviour of the basic

|
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functions versus Vg/\@d is presented in Fig. 3 for the low
value OfKLQd = O.17(Ué/ﬁ)cd when the losses become higher
(the resonant zone is close to the mode conversion zone). Main
conclusions are: 1) the maximum energy losses PL= Ploss/PRF
occur at eppreciably high V,/Vid values and the p,value de-
creases (!) as V, decreases; 2) the low \g:regime requires
higher AZEN‘ values; 3) the power value for the deuteron heat-
ing remains practically the same even at low Vb; 4) eccording
to items 1) and 2) it follows that the HIMH can efficiently be
used in low k%devices (e.g., in stellarators or low magnetic
field tokameks); 5) regimes with high K) Q4 are most effective
to reduce losses,
3, Femsibility of the Ta»Te regime. The HIMH advantages es-—
pecially show up in the Tgd>)» T, regime. For example, iftkd»Tde
this regime is attainable for <Pd>/<PHe>}1’ where Tpqis the
deuteron energy-confinement time,Tdeand<pde>are, respectively,
the e—:l/ energy equipartition time and power. <Pd>/<Pde>:(\ﬁ/2)
(md/me)zTea"ZAZ min FE)Pd/(T4-Te)Ta¥2  mo illustrate, Fig. 4
shows <Pd>/<Pde>’ Pd and A2, yversus E at 7,=3T_ and Kl?d"' 0.7y
for the C isotope used. The Td),BTe regime is attainable at
8»|q0evan if the HHN used has a relatively lowA. In this case,
aboutGGZof the RF power goes to electrons, For example, in
2-10 (Ng(0)=5+10'2 em™, B.=37, T,(0)=6 keV, T7,(0)=2 keV, the
regime Td>/ 3Te is ettainable in the region of r/Rs0.0E for
Ted>>Tde @nd Ppp=23 W/em® (PN = 500 ki), Note that the
Td=3Te regime is unaettainable for H-minority heating at nH/nd=
0.1 because one has (Pg)/{Pded 1 in this case.

The presented HIMH picture may change essentially in some
cases because of ionization-recombination phenomena.

Thus, the HIMH has some spscific properties which must be
taken into account in order to attain a high plasma heating
efficiency.
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FEATURES OF FAST MAGNETOSONIC WAVE EXCITATION IN T-10 TOKAMAK
USING ANTENNAE WITH DIFFERENT K" SPECTRA

A.V. Longinov and V.A. Tsurikov

Kharkov Institute of Physics and Technology, Ukrainien SSR
Academy of Sciences, 310108 Kharkov, USSR

An important problem of ICRT heating in tokamaks and gtel-
larators is the excitation of fast magnetosonic waves (FMSW)
in a plesma with complex antenns systems. To design such an-
tenna systems one has, alongside with the technical aspects,
to study the phenomena accompanying the FMSW excitation in
a plasma, in particular, in the scrape-off layer.

This report is devoted to the investigation of certain fea-
tures of the FMSW excitation in the toroidal plasma with the an~
tenna employed in experiments on T=10 [1]. The model similar
to that adopted previously ([2] describes the fast mode excita-
tion and propagation in the inhomogeneous deuterium plasma in
the straight-cylinder epproximation [3]. The principal para-
meters used in the calculations are: n (0)=T7.1x1 013c:m'3, B=4 T,
R=150 em, radius of the chamber ac=39 cm, and plasma column
radius @ _=35.5 cm. The antenns (current layer) with a wid‘tth
52 cm and radius@pp=3€.5 cm covers a poloidal angle 'IZ,=110°(L“=\.¢
71 em), with the exciting unipolar current on the antemnna sur-
face uniformly distributed along the z-axis. The density pro-
file is assumed to be parabolic. Some features of the excita-
tion of the nonaxisymmetric modes are discussed below (for de-
tells see Ref. [3]). The wave damping satisfies the condition
T £1 (resonance overlapping).

Fig.1 shows the distribution of the E.’;‘fand Ef"field compo=-
nents along the radius r for two modes with wave numbers m =1
and M=-1 and rather low torcidal numbers £ (lnl',,R=3) correspond-
ing to the major-azimuth Fourier expansion. Typically, forbap
where the plasma density n, is assumed to be zero (scrape-off
layer), the radial field component Ep increases considerably.
The increase in Ep is found to be characteristic of the non-
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axisymmetric modes with low £, though these are not surface-
wave modes.

Another feature is that the field components for the modes
with M signs reversed have practically similar amplitudes and
positions of nodes and antinodes all over the plasma column
cross section, except in the vicinlty of the axis.Hence the in-
terference at *s90%an result in the field decreasing all over
the cross section except near the axis. This feature which is
in fact due to the foecalization, manifests itself under both
strong and weak wave damping when the wave is absorbed after
being many times reflected from the walls. An importent conse-
quence of this effect can be & peaked energy-deposition profile
when the cyclotron absorption zone is located et 1*=90°,

Fig.2 shows the position of Section 1 (1 =90°) with a length
along the z-axis being one~eighth that of the torus. Figs.3
and 4 represent the distributions of the [E,| and |E.| fields
summed up over thern,e harmonics for the given antenna in
Section 1. Here a pronounced focelization effect can be ob-
served for the total field. The field amplitudes correspond to
the power of 5 MW coupled to the plasma. As seen in Fig.4, |Ey|
increases essentially in the scrape-off layer, being well in
excess of thelErlvalue in the plasma. The high radial field at
the wall can lead to the electric potential increasing in
the Debye layer and hence, to greater sputtering of the wall
material, arcing, etc. Therefore one has to consider the possi-
bllity of reducing the value of the radial field in the scrape-
off layer. Thus, for example, the antenna systems can be used
without (or with decreased) lowk, harmonics. Fig.5 shows |Ep|
values calculated for the same plasma column cross section and
parameters as in Fig.3, but for the antenna with a shorter
wavelength spectrum provided by the bipolar exciting current
distribution along the z-axis, As can be seen in Fig.5,
the radial field is essentially lower in the scrape-off layer
(by a factor ofa 15), with the focalization effect retained.

In the above cases the plasma density in the scrape-off
layer is assumed to be zero. In reality, however, the field
formation in the scrape-off layer can be influenced by the fi-
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nite plasma density. Figs.6,7 and 8 present the calculations of
the |E,| field on the cylinder surface of radius I'=Qg (Surface
II in Fig.2) for the antenna with the unipolar exciting current.
The plasma parameters are similar to those mentioned above, but
the plasma densities (n ) in the scrape-off layar are differ-
ent. Fig.6: n /n (0)=0 (the above case), Fig.7: n /n (0)=1%,
and Fig.8: n /n (0) 5%; n,(r)=const. As is shown in Fig.G
thelErlfield reaches its maximum value at the antenna edges
(\Ermax =2,5 kV/cm), the region of the higher field along
the z-axis exceeding the antenna length. It is evident from
Fig.7 that even at a rather low density né=7.1x1011am"3 |E,| is
eggentially decreased, and at ne=3.5x1012cm" (Fig.8) it de-
creases still further, with the region of higher field values
being found at the antenna edges only. It should be noted,
however, that immediately at the wall (in the Debye layer)
the increased value of the radiasl field is always retained.Yet,
as the Debye layer decreases in thickmess with the increasing
density while E, remains constant, the potential in the Debye
layer drops and hence, the energy of particles impinging on
the wall is decrecsed.
Conclusions:
1. In the case of using the antennae covering limited poloidal
angles, the focalization effect is essentially retained even
under weak FMSW damping (the wave propagating through the cyclo-
tron resonance region is partially absorbed).
2, The antennase with long wavelength spectra covering limited
poloidal angles are capable of generating high radial electric
fields in the regions extending far beyond the antenna length.
3. The radial electric field at the wall can be decreased es-
sentially through the use of short wavelength spectrum antennae.
4.The density increase observed in the scrape-off layer results
in the RF potentials dropping in the Debye layer at the wall.
1. A.V., Longinov et al. Proc.Nat.Conf.Fusion Reactor Techn.
(Russ), Leningrad, 23-25 June 1981, 1, p.381.
2. A.V. Longinov et al. Proc.Tth Int.Conf.Plasma Phys.Contr.

Nucl.Fusion Res., Vienna, 1979, 2, p.583.
3. A.V. Longinov, V.A. Tsurikov, Preprint KFTI 85-33.
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EXPERIMENTAL DETERMINATION OF THE ICRF POWER DEPOSITION
PROFILE AND COMPARISON WITH RAY TRACING CALCULATIONS

V.P.. Bhatnagar*, E. Barbato®, G. Bosia, M.P. Evrard¥, D. Gambier##,
R. Giannella*#** J, #acquinot. P.E. Lallia, M. Malacarne,
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BEUR-ENEA Association, Frascati/Roma, Italy

I INTRODUCTION

A detailed knowledge of the ion-cyclotron resonance heating (ICRH)
power-deposition profile is a prerequisite in carrying out a meaningful
power balance in the plasma. It is also an essential input to the tokamak
transport codes which predict the evolution of plasma heating.

Three ICRH antennae located on the low-field side have been energised
in JET which couple power to the fast magnetosoniec waves in a deuterium
plasma with H+ or He® minority species. In this paper, ICRH power
deposition profiles in JET determined both theoretically (ray-tracing) and
experimentally (several methods; see below) are compared.

(i) Ray Tracing : A sophisticated ray-tracing code [1], which
includes the effects of poloidal field, has been used to generate the ICRH
power-deposition profiles in the D-shaped JET plasmas. The initial
conditions of ray tracing are obtained by the full-wave solution of a
realistic antenna plasma coupling model. The ray-tracing analysis shows
that the ICRH power-deposition profiles are narrow and that the energy is
deposited somewhat locally due to the large plasma parameters and large
damping per pass.

(1i) Change of Slopes of Sawteeth : The RF power deposition in
electrons can be estimated from [2,3]

awe aW

pe . =
RE = 6 |+ T

- (1)

where e represent an infinitesimal time difference just after and before
the application of a square wave RF pulse. Such a procedure assumes that
the other source and sink terms (such as P, “Rgqw P ad ete) remain
unchanged at such short time intervals. Experimental{y. the RF is square
wave modulated and the difference of the slopes of a sawtooth in the
electron-cyclotron emission (ECE) diagnostic of the 12-channel grating
polychrometer [U] allows the determination of electron power deposition
profile.

(1iii) Modulation Experiments : Wnen the antenna radiated power is
amplitude modulated, the bulk temperatures in the plasma where RF power is
deposited oscillate at the modulation frequency. The amplitude and phase
of the oscillating signal of a temperature diagnostiec at different radial
positions lead to the knowledge of the power deposition profile of the
additional heating [5,61. The presence of large sawteeth in JET renders
the signal analysis by correlation technique difficult especially when v,
= Vggr where ¥ is the RF modulation frequency and Vst is the average

sawtooth frequency. For Yo > Ve OF v close to a harmonic of Vggr the

m
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ratio of signal to this extraneous disturbance is poor. However, when
Vo £ this technique gives useful results.

(a? Correlation function technique Consider the equation, 3
e(t) = [ £(t) glt+t) dt. 1If ;(m) and E_m) are the Fourier transforms of f
and g respectively then ¢ = f - g is the Fourier transform of c¢. We use
the discrete Fourier Transform for the data sampled at a given number of
points during the time interval of interest. The analysis program com—
putes the auto-correlation spectra and the index m of the maximum modulus
of the correlation func ion transform. It also displays the frequency ¥m
as well as the values EIfml and 2)g,| that are the amplitudes of the two
signals oscillating at that frequency and their relative phase 0.

(b) BOXCAR Technigue : The "Boxcar" method is used to analyse non-
Gaussian random signals. In this method, each period of RF modulation is
treated as an independent event and the signal behaviour on many
successive events is averaged. As the sawbteeth and the RF modulation are
not synchronous and as the sawtooth amplitude is greater than the
RF-modulated amplitude by an order of magnitude, it is necessary to
eliminate the effect of the sawteeth. First, the sawteeth crashes are
suppressed, and we build a long peried, high amplitude single sawtooth.
Then, the linear trend is removed and the remaining signal is analyzed.

II. Plasma Response to RF Modulation

If sawteeth do not change the power balance, the modulated quantities
in the power balance equation can be written as

3 R l8a8 -1 9 7
fwgng Te= P+ Pg ~ =31, T
3.7 -p -1 307 (@)
lwgmp Ty =Py - =351 Tp

where we have neglected P,, P rag @nd P, (localized at the edge), PHF‘
(mainly minority heating? ﬁ { = 150 ms >> 1., ;) and

/n AR j [- 3% = PHFE? + P is the total %modulated) power
gging to tﬂe electrons through the ninority and by direct mode conversion.
Using the modulus/ phase representation of the complex modulated
quantities, we wr‘itg1 i

- e . 5 _ e

Ty = Tog © P Peop = Poe ®© (3)
Where 6, and ¢, are the relative phases w.t. to the RF power signal at the
generator. ?s leads to the following expressions for amplitude and
phase relating the measured quantities T and 8, to the power density in
the electrons

& 3 w = @ =
Poe = 2 Me Toe iy % = B Ye )
where we have defined a phase angle ¢, such that tan b = WTg (5)

The local electron energy confinement time is estimated from the local
plasma transport considerations to be as

1o = <B>?/ (Jio - D) (6)
where j A is the first zero of Bessel function J (r} Dy is the electron
diffusion coefficient (at the centre of the plasma) and <R> is an average
radius of the zone of interest. For the ions, we obtain similarly

.3 ; . L _L<R>?
Pop =3 My Top ”/sin¢D with tan ¢y = wrp and 1y ]QETT—UE (7

L
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III. Results

We present results of analysis of modulation experiments in which
the antenna radiated power was square wave modulated at 5 Hz. The
electron cyclotron emission (ECE) from the plasma was used as the T
diagnostic by detecting the signal by Michelson interferometer [T] and a
12 channel polychrometer [ﬂ} The correlation technique has been applied
to the two diagnostics and the signal amplitude and phase for the two is
plotted in Fig. 1 as a function of the major radius. The signal for the
same shot was also analysed by using the boxcar technique outlined above
and the peak amplitude of the temperature signal is plotted against the
major radius at different time interval in a 3-D plot shown in Fig. 2.

Using the formulation presented in Section 2, the estimated e-power
deposition profile points deduced from the correlation technique are shown
in Fig. 3 for the two processing of the ECE signals. The power density
points were obtained by estimating the value of the ¢, (from eq. 5) in
which <R> and D, were taken to be O. 25 mand 1 m?*/s respectlvely) which is
found to be nearly the same as 8, measured at the centre with its value

e 0.36 rad. The points derived from the change of slope of sawteeth at
a switch ON/OFF phase of the modulation are also shown. For the same shot
in which the power coupled by the antenna was 1.25 MW with He®-minority,
prediction of the p-d-profile from ray-tracing are also shown where the
predominantly absorbed power by the minority species is redistributed to
electrons and background ions based on the Stix model [B]. In this case,
at the low He’-minority power density, a significant fraction of the power
is transferred to the ions. The correlation technique performed on the
neutron diagnostic signal gave the central ion-power density which has
relatively large error bars. The value of central ion diffusion coeffi-
cient is estimated to be 3 m?/s, Experimentally derived e-power
deposition profiles by several methods are found to be in good agreement
‘among each other as well as with ray tracing.

IV. Summary and Conclusions

ICRH power-deposition profiles determined by (a) Ray tracing, (b)
Change of slopes of a sawtooth of an ECE signal and (c¢) Modulation experi-
ments analysed by correlatiocn technique and Boxcar technique, have been
compared for a JET deuterium plasma in the minority heating scheme. The
results of power densities obtained by different methods are found to be
in good agreement . The RF power-deposition profile are found to be well
localized and are relatively narrow with respect to the size of the
plasma. When the modulation frequency is increased from 5 to 25 Hz, the
plasma temperature response goes down and the signal to noise ratio is
worse. The presence of the strong sawteeth complicates the data analysis.
The power-deposition profile presented have been obtained from the data
when the modulation frequency was 5 Hz. These results suffer from the
effect of energy diffusion which broadens the deposition profile. The
effect of sawteething, equipartition etc have been ignored.
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Fig. 3 Profiles of the RF power delivered to electrons as measured from
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estimated value for the RF central power density to the ions deduced from
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are computed by the ray-tracing code.

NH /Ny = 0.18, B, = 3.08 T, I, = 2.THMA, £ = 25.9 Miz, T, = 3.2 keV,

Tig = 2.2 keV, N, = 2.15 x 10*? em™?, Pgr = 1.25, Po = 0.21, Pp = 0.79 MW,
0.35 MW is assumeg not to be absorbed in the centre of the plasma.




197

EFFECT OF OFF AXIS ICRF POWER DEPOSITION IN JET

F. Sand, ¥**B. Beaumont, *V.P. Bhatnagar, M. Bures, S. Corti
d. Jacquinot, P.P, Lallia, A. Tanga

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK
%% From EUR-CEA, Fontenay-aux-Roses, France
* From LPP-ERM/KMS; EUR-EB Association, 1040 Brussels, Belgium

15 Introduction

First tests were made in JET to assess off axis power effects on:
- confinement (including possible heating optimization q = 2
stabilization) |
- sawteeth behaviour |
- profile control.

The large dimension of the plasma cross section (2,50 m x 4 m)
compared to the antennae dimensions and to the perpendicular wavelength of
the wave together with a significant focalisation provide good
localisation of the power deposition. The parameter range provided single
pass absorption and little reflection.

|

|

|

i
2. Description of the Method

|

|

g.
]

The JET RF system can cover a
broad band in frequency

(25-55 MHz) but in discrete
steps requiring time consuming
adjustments. It was therefore
decided to alterna tively fix
the frequency at a given value
(-33 MHz) and to slip the
resonant layer through the
plasma cross section by a conti-
nuous change of the main RF windows
toroidal magnetic field. The rme——
ramp duration is 10s and the 1
magnetic value decreases either Limiter
from 3.4 T to 2.1T (Case A, He?
minority, 3 MA) or from 2.6 to
1.4T (Case B, H minority, 2 MA).
The Us RF pulse is superimposed
at various times (45-49 or 48-52
or 51-55) to cover the full
plasma cross section (Fig. 1).
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3. Localisation expected

The elements playing a role in the broadening of the power deposition
are mainly

(a) the natural thickness of the absorption zone.

(b) the difference in frequeney at which each antenna is tuned (32.4
to 33.5 MHz) which scatter the resonant layers over 10 cm approximately.

(e) the vertical spread which, despite the focalisation, distribute
the power on several successive magnetic surfaces.

The final distribution extends therefore over a domain whose thick-
ness along R is typically between 30 and 50 cm and the expected effects
are smoothed accordingly.

y, Experimental results

4.1 We have already reported /1/ that the dimensions of the sawteeth are
dramatically increased when we heat the plasma inside the q = 1 cross
section. This effect disappears when the resonant layer is moved outside
q= 1.

4.2 Fig. 2 gives the AT/AP plotted versus the position of the resonance
layer.
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Fig. 2 : Ion and Electron- temperature variation versus
2B &
the position of the resonance layer

When plotting the total energy content of the plasma versus total
power PTOT = Ponmie * PRF we find a linear dependence which could be
described by : hﬂTOT = Tgo Pgo * Ta(PTaT = Pn). We have reported (Fig, 3)
for different conditions the Ty~ value versus the position of the resonance
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layer. The resulting distribution exhibits a broad maximum in the central
region ( ~ q < 1) and decreases outwards significantly. When moving from
condition A (3.4 + 2.1 T, He® minority and I_ = 3 MA) to condition B (2.6
+ 1.4 T, H minority and I_ = 2 MA), it is a striking result to find all
the values merging in the same general curve.

Fig.3 T g versus position of lhe resonnanl layer
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Several factors complicate the interpretation namely:

(a) The minimum mean hydrogen content in JET is around 5% of the Deuterium
majority. Accordingly when the He® heating takes place at radius smaller
than 2.8 m a second minority heating zone (H minority) enters the plasma
from the LFS. Consequenly, when the magnetic field decreases an
increasing heating efficiency on (H) competes with the decreasing heating
efficiency on He®.

(b) An adverse consequence of the RF heating is a moderate release of
impurities increasing the radiated power which is thus more pronounced at
the end of the RF pulse. Together with the density increase, this results
in a decrease on T, at the later times and complicates the interpretation.
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4.3 Significant effect on off axis heating on Ti -profile have been
identified (Fig. 4). On the other hand, no change in Tg-profile outside
q = 1 could be attributed to off axis heating despite the obvious mean
increase observed in this case. This is in agreement with the so-called
"profile consistency" observed on JET,

. No evidence of any beneficial effects can yet be reported when
heating around q = 2 surface. One could even discern an increased
sensitivity to disruption possibly connected to impurity release when
heating on the HFS q = 2 surface. This should however be reconsidered

carefully with steady state condition before definite conclusions could be

drawn.

Conclusion

So far, off axis heating did not achieve any major favourable results.
The best heating efficiency has been cbtained when the resonance zone is
located close to the magnetic axis.

Reference:

/1/ ICRF Studies on JET - J. Jacquinct et al. 12th Eur. Conf. on
Controlled Fusion and Plasma Physics, Budapest Sept. 1985
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A SHORTWAVE FIR-TREE ANTENNA FOR ICRF HEATING OF PLASMA IN
THE T-10 TOKAMAK

A.V.Longinov, E.I.Kolosenko, G.A.Miroshnichenko, G.Ya.Nizhnik,
V.A,Tsurikov, A.A.Chmyga

Institute of Physics and Technology, the Ukrainian Academy of
Sciences, Kharkov 310108, USSR

A fir-tree type of an antenna has been used in ICRT plasma
heating experiments in the T-10 tokamak b,z]. The peculiar
feature of this antenna is its low impedance and a large radi-
ating surface, which makes feasible high RF power regimes. The
unipolar distribution of the exciting current on the radiating
surface ensures a wide K spectrum., As shown in [3,4] , the em-
ployment of the antenna with this spectrum enhances the role
of the conversion of fast waves into slow ones when fast mag-
netosonic waves (PMSW) are excited on the low magnetic field
side (LPS), and also causes an essential radial electric field
increase at the chamber walls which may lead to an enhanced
impurity influx in the discharge.

This report is concerned with the main characteristics of
a new fir-tree antenna that differs from the previous one in
a narrower and, which is very essential, a shorter K spectrum.
The antenna with a partially removed electrostatic screen lo-
cated in the T-10 vacuum chamber dummy is shown in Fig. 1, and
its arrengement (as viewed from the plasma side) is shown sche-
metically in Fig. 2. The antenna consists of the basgic 1 and
additional 2 radiating surfaces and an electrostatic screen 3,
the screen conductors being parallel to the magnetic field ﬁl.
The conductors of the surfaces 1 and 2 are inclined at ~20° %o
the chamber axis. The shortwave K, spectrum results from the
variation of this angle of inclination along the chamber axis.
For the bipolar distribution the amplitudes of the harmonics
with low toroidal numbers 8=K"R are small, This results in
the decrease of the radial electric field near the chamber
wall by a factor of 15 [4] as compared with a unipolar current
distribution in the antenna [1].

Because of a relatively small width of the entenna (~50cm),
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the K, spectrum of the exciting current I% appears to be ex-
cessively shifted to the region of larger K; (Fig. 3). There-
fore the intense harmonics lie in the region where the active
impedance Zq(€)=Z Zg(m,f) (m is the poloidal number) is essen-
tially decreased. As calculations show, this causes the active
impedance decrease, especiazlly for low plasma densities. This
is seen from Fig. 4 which shows the average local impedancei;
as a function of the plasma density for the unipolar (curve 1)
end bipolar (curve 2) antennas, Therefore, to keep a high effi-
ciency of the antenna, we have used a new design of the redi-
ating surface, namely, a double current-carrying surface (Figs,
1,2). The main (1) and additionel (2) surfaces are formed by
a set of inclined conductors. Now that the current components
Iv responsible for FMSW excitation are directed in a consist-
ent manner on each surface, it is possible to increase the ex-
citation efficiency by a factor of 4.

Distributions of the local active impedance Z4 on the an-
tenna surface have been studied for the conductor shape shown
in Fig. 2. FPigure 5a shows the unfolded current surface with
the local impedance isolines. The variation of the radiating
surface conductor inclination illustrated in Fig, 2 is not
optimum because the contribution to the impedance of some part
of the current surface, where the direction of the conductors
changes, is low and can even be negative. The optimization of
the current distribution has allowed us to eliminate the re-
gions with #g<0 and to increase the antenna efficiency by»25%
(Fig. 5b). The current distribution has been optimized by
changing the shape of the conductors (Fig. 6).

Other elements of the new antenna (the transmission line,
matching circuit, etc.) remained the same as in [ﬂ s frequency
and power characteristics also being similar to those of the
previous antenna. Thus, the employment of the new shortwave
antenna allows one:

a) to suppress the excitation of agymmetric modes with a low
toroidal number € which are responsible for the radial elec-
tric field increaqe at the chamber wall;

b) to eliminate or essentially diminish the fast-to-slow wave
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convergion effects which lead to heating efficiency reduction
and to the enhanced influx of impurities due to the arrival of
the slow wave to the chamber surface on the inner side of the
torus [2,3] (this conclusion follows from Fig. 3 which gives

a plot of the ratio of the RF slow wave power Ff5 (&) generated
in the conversion region to the RF power Fﬁn () rediated by
the antenna ([3]; es is seen from the figure, the conversion
effects are essential both for D and D+H plasmas only for the
antenna ﬁ] with a long wavelength spectrum);

c¢) to confirm or to reject the theoretically predicted import-
ant role of conversion effects in the wave excitation on the
low magnetic field side basing on the analysis of experimental
results obtained with different antennas.

It should be noted that for the antenna presented the heat-
ing method with heavy-ion admixtures p,3] becomes, eccording
to theory, inefficient because of the suppression of the con-
version effects in the LFS case.
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ABSTRACT

We present the results of the ECR experiment with emphasis on
electron heating. Up to 500 kW were coupled to the plasma at 60 GHz. Scans
in electron density, plasma current and toroidal field are presented along
with energy balance and transport analysis. The effect on sawtooth
behaviour is also presented.

INTRODUCTION

The full ECRH power, 3 x 200 kW at 60 GHz, 100 ms pulses has been
routinely injected into TFR ( R=98 cm, a=18 to 20 c¢m, carbon limiters)
from september 1985, Microwave power is launched in O-mode from the
outside; one of the antennas has an 84" toroidal angle, the two others
face a twist reflector which converts the transmitted power into X-mode
¢1a, 1b>. Although MHD control and suprathermal behaviour have been studied
{(1b,2>, we will present here only heating and transport studies. As will
be discussed later, technical modifications inside the vacuum vessel have
led to a different behaviour, even in the ohmic regime, since the end of
1985.

CENTRAL HEATING

With a toroidal field on the axis equal to 21.4 kG, the central
electron temperature is sharply peaked inside g=1, Fig 1 shows the
dependance with central electron density of Te. The lower values given by
the Si-Li detector and the superheterodyne 2wce measurements can be linked
to the fact that they measure one point which, due to the large plasma
displacements, is not necessarily the maximum, whereas the Michelson gives
the whole profile . Below Ne(0)=1.7 10'? cm? the electron distribution
function becomes non maxwellian and 2wce temperature measurements are
therefore uncertain, At high density diffraction becomes important, and
heating is less localised.

Fig 2 shows the variation of the global energy confinement time with
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average density at full power., The weight of the central temperature peak
is negligible. An increase of ve with Ne is observed, although smaller
with ECRH than in the ohmic regime. Results with one or two gyrotrons only
are close to this curve Energy balance and transport studies have been
done routinely using a simple NxOD code and, for a few shots, the more
elaborate MAKOKOT simulation code., The power deposition profile calculated
at the first pass <3> has been used in the simulation to study the profile
evolution. The main result is that the anomalous electron conductivity Xe
which in ohmic regime scales as XeaUNe.q.TeM <4> has a different
temperature dependance in ECRH namely Xe¥r.TeV2/R.Ne.q <5> : see Fig 3.
The simulations also show that the central density pump-out is explained
by the decrease of the neo-classical pinch velocity as mentionned
previously <6> and by the Te? dependance of the particle diffusion
coefficient ( D=2.Xe/3 ). However enhanced recycling due to power losses
on the vessel partially cancels this effect, leading to quasi constant
average density.

Dependance with plasma current was striking in 1985 (before the
installation of a stainless steel calorimeter on the inner wall) and much
less obvious since then. Previously two regimes were observed in ohmic
plasmas at 21.4 kG: below 105 kA, no MHD activity was observed, and the
confinement time was =~ 8 ms, whereas strong saturated m=2, n=1 and m=3,
n=1 MHD activity appeared above this limit, leading to confinement times
of the order of 4 ms. With ECRH, confinement times fell even with 100 kW
in the low current case, whereas they stood essentially unchanged in the
MHD regime. Since the beginning of 1986, the good ohmic confinement regime
has disappeared, as well as the high current regime with saturated MHD:
modes tend to be either absent or explosively growing, the ohmic as well
the ECRH confinement time are roughly independent from the plasma current
between 80 and 130 kA, respectively re = 6 ms and ve = 3 ms for an average
density of 1.5 10'° cm™®

11 L i | )

0 T JAVIOL

Although central temperature is sharply maximum for precisely central
heating, ve dependance is much weaker as has been previously found in T10
<7> although the "flat top" reaches only r=a/4. Fig 4 shows rte as a
function of By, made with central density of 2. 10"? cn", and Ip=87 kA.
The low density insures that the dependance is not mainly due to
absorption and refraction problems. Moreover at this values of plasma
current, MHD activity is negligible and an extended stochastic edge region
is unlikely to explain the sharp drop observed when heating is applied off
center by more than 6 cm.
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Sawtooth behaviour has been studied in detail for ohmic plasmas, with
Ne=1.5 10'? cm™®, the period is typically 0.7 ms with an m=1, n=1
precursor at 10 kHz growing during 0.3 ms. When the power deposition is
away from the gq=1 surface, either inside (central heating ) or outside, no
modification of the sawtooth behaviour is observed, in sharp contrast with
T10 and PDX observations. Conversely, when the power is deposited at the
g=1 radius, strong changes are seen: with one gyrotron ( 200 kW ) the g=1
island grows more slowly; with three gyrotrons, the m=1 oscillation
reaches a nearly saturated state, and the sawtooth lengthens to about 2
ms, with an erratic behaviour reminiscent of complex sawteeth observed in
larger Tokamaks <8> ( see Fig. 5 ). It seems that triggering of the
internal disruptions is strongly affected by local modifications of
profiles near the q=1 surface.

CONCLUSION

It is striking to note that the degradation of confinement time with
ECRH is nearly maximum already at low power. Subsequent increases of ECRH
power do not degrade te much further. The R.grad(Te) < 13 keV limit <9> is
fulfilled outside the g=1 surface, although much larger gradients are
observed inside.
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1. Introduction

During a three year period, extensive ECRH investigations were performed on
the Garching W VII-A stellarator. The experiments were started in 1983 using
a single 28 GHz/200 kW/40 ms pulse gyrotron and were continued with a 70 GHz/
200 KW/100 ms system until November 1985. In both cases, initial experiments
were started by radiating the unpolarized gyrotron waves (mainly the TEO02
mode) through an oversized circular waveguide (length almost 30m, including
one 90°-bend) directly into the torus. In further steps, the TE02 wave was
transformed into the almost perfectly linearly polarized HE11 hybrid mode in
the conversion sequence TE02+TEO1+TE11+HE11 [1,2]. The resulting narrow mil—
limetre—wave beam was launched perpendicularly to the magnetic field from the
low=field side in O-mode orientation (E|l B) for heating at the fundamental
frequency and in X-mode polarization (EJ_ B) for harmonic heating [3]. Almost
20,000 plasma discharges (approximately §,000 at 28 GHz and about 11,000 at
70 GHz) resulted in a lot of information concerning physics and techniques
of ECRH applications. A summary of the recent physical results is given at
this conference*, while the following sections describe the technical fea—
tures and the performance of the T0 GHz system.

2. Microwave Source

At either frequencies (28 GHz, 70 GHz) commercial pulse gyrotrons were used.
Careful control of the various parameters (magnetic field geometry, gun anode
voltage, collector voltage and current of the electron beam) turned out to be
the basiec requirement for stable tube operation at the ultimate parameter set
for maximum output power at highest achievable mode pur'ity The instability
of the parameter settings has to be in the range of £ 3 High precision
high voltage supplies for the collector voltage (80 kv) (developed at IPP
Garching) and the gun anode voltage (developed by IPF Stuttgart) were used
[4]. Programming the gun anode voltage allows a fast modulation of the gyro—
tron microwave power (0-10 kHz). Square wave modulation of the gyrotron out—
put power (frequency range 100 to 600 Hz at 10-30% modulation degree) allowed
heat wave experiments on the plasma to analyze thermal transport [5].

3. Transmission Line Components

Low=loss power transmission from the microwave source to the plasma device
and mode transformation to achieve a narrow and linearly polarized beam are
basic requests for optimum ECRH applications. For this purpose various wave—
guide components are required, which were developed and systematically im—
proved by the IPF Stuttgart. The following table gives an overview of the

*) see V. Erckmann et al.: "ECHH in the Wendelstein VII-A Stellarator",
invited paper at this conference.
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basic components in the 70 GHz transmission line and their purpose.

component waveguide mode| purpose typical losses
(gyrotron) = 95% TEO2 (power source) $ 5% TE03,TE13
down—taper TE02 reduction of gyrotron out— | < 0.1%

put waveguide diameter
from 63.5 mm to 27.8 mm

corrugated bend TEO2 gradual 90°-bend with £ 1.5%
sinusoidal curvature

mode converter TE02+TEO1 transformation into low— 0.5%
loss transmission mode

mode filter TEO1 attenuation of spurious s 2%
TEmn (m#0) modes by 90-99%

mode converter | TEO1=TE11 transf. into almost < 6%
linearly polarized mode

mode converter TE11=HE11 transf. into optimum 1.7%
1lin. pol. hybrid mode

corrugated HE11 enlargement of waveguide < 0.3%
up—taper diam. from 27.8 to 63.5 mm

(barrier window) HE11 (torus window)

antenna wave— HE11 corrugated stainless steel < 0.1%
guide Ww.guide for HE11 launching

The losses indicated in the table were determined experimentally for the in—
dividual components in specific low—power tests. All experimental values were
found to be in very good agreement with the theoretical ealeculations [1,2].

According to the table there are still two major contributions to the overall
power loss: the content of spurious modes of the gyrotron (which can not be
reconverted) and the losses of the TEO1+TE11 mode converter. With respect to
the first point, improvements can be expected for future gyrotrons. The most
critical converter, on the other hand, has been remarkably improved by a new
computer—aided design [6]. The measured losses of 2.7% essentially result
from the ohmic attenuation in the transducer. Besides a further conservation
of microwave power the reduction of the spurious—modes level in the most cri-—
tical last section of the transmission line will be the main advantage of the
new component. This novel TEO1+TE11 mode transformer will be used in the
transmission lines of the 70 GHz/1 MW ECRH system on the future W VII-AS
stellarator.

4, Mode Measurements and Power Calibration

Fast real time power measurements in the various waveguide modes are indis—
pensable for gyrotron tuning (with respect to maximum power at highest obtai-—
nable mode purity) and for ECRH experiments. This open problem was solved by
a novel instrument ("k-spectrometer" [7]), which indicates the different
modes and their direction of propagation in the form of an optical spectrum.
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As an example Fig. 1 shows the wavenumber spectrum of the first three axisym—
metric modes TEO1 to TEO3 produced in a low—power component test line. The
logarithmic plot simultaneously demonstrates the high resolution of thespec—
trometer as well as the high quality of the inserted mode converters.
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reflected modes =—}—— forward modes Fig.2: Multi-mode spectrum (dashed

| curve) of both forward and backward
Fig.1: Spectra of TEO1, TEO2 and TE0O3 travelling waves produced by reflec—
modes measured with the k—spectrome— tion of a TEQ1 wave from a crumpled
ter at 70 GHz (low—power measurement). aluminium foil. Attenuation of asym—
metric modes by insertion of a corru—
gated—wall mode filter (solid curve).

Further applications of the instrument are shown in Fig. 2: Reflections of a
low power TEO1 wave incident on a crumpled aluminium foil in the waveguide
generate a dense spectrum of forward and backward travelling waves (dashed
curve). These waves — except the one in the original TEQ!1 mode — are strongly
damped after insertion of a mode selective filter as used in the high—power
transmission line (solid curve). During the high power ECRH experiments a k—
spectrometer was inserted in the TEO1 section of the transmission line. This
instrument served as a TEO1 power monitor in the forward direction and
allowed the optimization of the gyrotron operational parameters. A second
receiver horn mounted to the spectrometer was positioned to measure reflec—
ted high order modes giving a safety switch—off signal in cases of too strong
plasma reflecticns and/or waveguide arcing.
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Fig.3: Thermographic burn patterns Fig.d: High-power measurement (1T70kW)
produced by the TEO1 and TE11 modes of the HE11 mode H-plane near—field
which were successively generated from pattern at 70 GHz compared with the
the TEO2 gyrotron output mode (mode theoretical Gaussian mode.
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During high—power operation the rather pure mode composition can be deduced
from burn patterns of thermographic paper. Fig. 3 shows patterns obtained
after the TE02+TEO1 converter and at the ocutput of the TEO1+TE11 transducer,
respectively. Besides the characteristic shapes of the main modes the presen—
ce of small fractions of asymmetric modes can be seen in both cases. Measure—
ments with the k—spektrometer and with stacked thermographic papers revealed
some content (=5%) of TEO3 and TE13 modes at the gyrotron output. Neverthe—
less, the resulting microwave beam radiated into the torus is of high quality
as verified by direct measurements inside the torus vessel. The incident po—
wer was measured by 5 pick—up antennas mounted to the inner torus wall oppo-—
site to the incoming waveguide. Fig.l gives a comparison of experimental va—
lues with the corresponding theoretical TEMOO wave power distribution indi-—
cating the very good agreement. The measurements also show the small spread
of the polarized HE11 beam at a distance of 360 mm from the aperture.

Absolute power calibration was performed using newly developed calorimetric
loads [8]. In these loads an organic absorber fluid (octanol) is used, which
has an appropriate power absorption length in the em-range (compared to only
0.15 mm at 70 GHz for water). Combining this with an optimized geometry power
reflections could be reduced to about —30 dB, This new absorber also allowed
for the first time absorption and calibration of the concentrated HE11 output
beam. In very good agreement with the previous low—power calibrations of the
individual waveguide components (table in section 2) an overall efficiency of
almost 90% was measured for the entire transmission system.

5. Conclusions

Safe and reliable operation of a 70 GHz ECRH system has been demonstrated in
a large number of plasma discharges. The optimized high—-power microwave com—
ponents (tapers, bend, mode transformers, mode selective filters) allow a
highly efficient mode transmission and plasma irradiation with a narrow, li—
nearly polarized beam. The overall efficiency was almost 90%. The available
power at the antenna mouth in the HE11 mode was 170 kW (at approx. 190 kW
gyrotron output). Specific microwave diagnostic instruments (k—spectrometer,
calorimetric loads) turned out to be indispensable tools for test purposes
and ECRH experiments as well. The present 70 GHz/100 ms system is now being
upgraded by another four long-pulse transmission lines, each containing two
further corrugated bends with a total of approximately 3% additional conver—
sion losses. The new system with 1 MW total microwave power is expected to
have a similar efficiency as the described W VII-A transmission line due to
the improvement of the efficiency of the TEQO1+TE11 mode converters,
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NUMERICAL AND EXPERIMENTAL STUDY OF THE ELECTRON DISTRIBUTION FUNCTION
IN T.F.R WITH AND WITHOUT E.C.R.H.

TFR - Group
FOM ECRH Group

Presented by L. JACQUET and M. PAIN

The suprathermal part of the electron distribution function in Toka-
mak discharges with and without ECRH is analysed. The experimental spectra
of the electron distribution function measured from a S -Li detector are
compared to that deduced from a numerical computation | 1i| .

The code which is Monte-Carlo like, simulates the evolution of a set
of particles in velocity space (v“ ,V1). Computation is carried out between
the initial velocity v = vy and the Dreicer velocity v = v_ (fig. 1). The
initial velocity is determined by the energy interval to be studied. At
each time step, a test particle is submitted to :

- the electric acceleration q%/me, where E is the electrical toroidal
field.

- an average drag - < v, > ¥/| V|| with v = Anjzvz

- an average randomly directed acceleration given by

+ A
<% - € D
1 "2

. 2, 2 _
ficients ] tey = i

Ap
2 2 where €1 and e, are random coef-

Vo-l-g
and

4 2
AD =8 Nee Ze Zi logn/rne

- with ECRH, a perpendicular acceleration given by :

2 2 ™
d Vi _ _me 2 kv [2]
s (m S ) = an, IEJ] r; T ( 5 ].5(w-mce—k“v")
In each element of the velocity space grid, the distributigﬁ function
is proportional to v, where 1 . is the time spent by the i~ particle

in that element. From this distribution function, the code computes the
continuum part of the soft X-ray spectrum emitted by the plasma.

Taking impurities into account, the bremmstrahlung emission in 4
sterradian in the (w,s+ duw) range,

daw ® 6
167 e~ Zeff 1
- n v
dt dv dw j avad m e y £iv) dy

Vi e

16me? Zeff ng

where
33mec

is the total power radiated by the electrons
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with velocity v [3] , £ (v) is the electron distribution function and

I 2
2 "e Ymin = hu

We obtain the X ray sepctrum as

)
Ead N 3213’ zerr ’/ i
= ) cos 8 f (E,8) dE df[cm ~,s |
dE 4V dt 3 V3 mg c?h min—1/2
withE . = —=m_v?
min 2 e min

If we assume that radiative recombination rates are close of those we
would find if f (v) was maxwellian distribution, the continuum spectrum
can be written

3 3
Ed N a2 &8 (Zeff+E) )J
- = 2/ cosaf(EB]de[cma,l]
dE dV dt 3V3cimgh eEm]_n Z

where E is a numerical factor taking into account the radiative recombi-
nation.

The experimental apparatus consists of a 5,-Li detector with a multi-
channel analyser. It measures the X-ray spectra in the energy interval
of [1.5,30 ) keV. It has a spatial resolution of 1 cm and temporal
resolution of 20 ms. An in-situ calibration is done with an Al'n souce in
iron substrate.

The plasma studied has the following parameters :

- central density : 1.5 10*% o3
- Plasma current : 100 - 110 kA
- Toroidal field : 21.4 - 27 kG

an experimental spectrum is shown in (fig.2). Both the simulated and
the experimental spectra are shown in logarithmic scale. We note the
spectra can be fitted by two straight lines appropriate for the energy
intervals [1.5,10] keV and [ 10,30] keV. For ohmic discharges (fig.3)
there exists a good agreement between the measured and the computed slopes
of the suprathermal ([10,30] keV) part of the distribution function.

il BT (kG) alopix?lec:mfntal slopeco?i‘;:eg }
i 21.4 NTE -3 1072 }
f 24 - B3 0 -3 e i
E 27 - 3.2 1072 -2 W i

In the presence of ECRH, the code predicts a depletion of the supra-
thermal part (i.e a decrease of the slope in the [ 10,30] keV interval).
The depletion is stronger for a central haatﬁng ( = 21.4 kG with rECRH =
60 GHz). Computation gives a slope of 3.8 10 keV
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This prediction is confirmed by the experiment

°r i :ﬁsziiﬁlxﬂ) I s lopecom?izsgl ) —|r
A -5 107 ~EE W I
24 - EH -3 15" I
27 -3.4 107 = B 1072 i

For ECRH - heated discharges, both the code and the experimental
spectra show a depletion effect of the suprathermal part of the
distribution function. We believe that the depletion is a consequence of
the particle "shift" in the energy diagram caused by ECRH. In fact, this
shift is less efficient when collisions dominate, because shifted
particles are thermalised. But collisions become rare at high energy,
making the ECRH energy shift more efficient. ECRH increases the suprather-
mal population close to the bulk. But for high energies ECRH allows many
particles to run across the Dreicer limit and become runaway depleting the
high energy portion of the distribution function.

In summary, our simple numerical model gives good predictions. The
representation of the distribution functions by two maxwellian is satis-
factory as indicated by the experimental and the numerical results.
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ELECTRON CYCLOTRON RESONANCE HEATING
AND CURRENT DRIVE EXPERIMENTS ON THE CLEO DEVICE.

T Edlington, M W Alcock, D Atkinson, S G Blewett, B J Parham, P R Collins,
A N Dellis, B Lloyd, M 0'Brien, J Riley, A C Riviere, D C Robinson,
D F H Start and T N Todd

Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(Euratom/UKAEA Fusion Association)
1. INTRODUCTION

The CLEO experiment has been used to study electron cyclotron resonance
heating utilising both fundamental and second harmonic resonances. Two
high-power gyrotrons are installed, each providing 200 kW of RF power at 28
GHz and 60 GHz respectively. The machine can be operated either as a
conventional tokamak with a relatively high aspect ratio (R/a ~7), as a pure
stellarator with an 2=3 m=7 helical winding or in a variety of hybrid
configurations.

For 60 GHz heating experiments, the TE;, circular mode was radiated
from the Tow field side of the torus through open-ended, oversized waveguide
aligned along a major radius 1in the horizontal mid-plane. For 28 GHz
experiments both circular and 1inear polarisation have been studied. The
circularly polarised launch is comparable with that of the 60 GHz whilst for
the Tinearly polarised launch a TE;; to TE;, mode converter is introduced
into the transmission line close to the torus. MWith this arrangement both X
mode second harmonic and 0 mode fundamental heating have been studied. In
the case of second harmonic, the heating efficiency was independent of the
Taunch polarisation which may indicate that single path absorption is not
necessary for good heating efficiency.

By removing sections of the TE;, to TE,; mode converter to obtain
incomplete conversion and varying the position of the converter with respect
to the end of the launch antenna, the angle at which the power is launched
can be varied. High power tests in which microwaves were launched into free
space and the antenna pattern recorded on heat sensitive paper demonstrate
that asymmetric launch with an angle up to 11° from the waveguide axis is
possible. By rotating the antenna through 180° the rf power can be launched
with k, in the same direction as the plasma current or in the opposite
direction. This technique has been used to look for evidence of ECRH driven
current. Preliminary experiments in tokamak geometry with 28 GHz second
harmonic heating have been completed and indicate very low efficiency.
Numerical calculations of the expected current drive for the CLEO
experimental conditions are compared with the experimental results.

2. 60 GHz HEATING

Efficient, bulk electron heating of tokamak discharges using high power
microwaves at the 2nd harmonic of the electron cyclotron resonance has been
previously demonstrated in the CLEO experiment [1]. 1In CLEO 140 kW of rf at
60 GHz injected from the lTow field side of the torus with mixed polarisation
increased the central electron temperature from 0.43 keV to 1.25 keV. In
contrast to similar experiments at lower densities using 28 GHz microwaves,




no high energy non-
Maxwellian tail is
produced by the rf
heating. It is there-
fore particularly
interesting to study
the effect of this
form of heating on
tokamak confinement
and to compare it with
scaling laws derived
from other heating
methods. Figure 1
shows how the global
energy confinement
time varies with line
averaged electron
density along a
central vertical chord
through the plasma.
Values are plotted for
both the ohmic and
ECRH phases of the
discharge. In CLED
for both fundamental
and second harmonic,
the heating is invari-
ably accompanied by a
fall in ﬁe for
constant gas flux
becoming more pro-
nounced as the cut-off
density is approached.
As a result the range
of densities covered
in Fig.l is greater
for the ohmic data
than for the ECRH
data. In calculating
tg during heating we
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Fig.l Scaling of energy confinement
time with line-averaged electron density
for 60 GHz 2nd harmonic ECRH.

160+- B.=10 TkG
AE P,-100kW
{joutes) B,-0-4.10%27
120+ .
B0+ - . 3
w2
4o- AT
-'}.
-/'.-
(] 1 1 1 1 1
0 06 12 18 2 30 h

Fig.2 Increase in plasma stored energy
as a function of plasma current for 60
GHz 2nd harmonic heating.

have taken the rf optical depth for each density from a ray tracing code in
toroidal geometry which includes a realistic model of the antenna pattern and
the effect of multiple reflections from the torus wall, For the range of
densities covered the absorption coefficient varies from ~0.5 to 0.9. Based
on these values there is a fall in confinement comparing the two phases of
the same discharge and a somewhat smaller drop when the comparison is made at

the same Mg«

Figure 1 also shows the so-called neo-Alcator and L mode

confinement scaling laws as formulated by Goldston in [2]. The L mode line
is plotted for a constant input power which is approximately valid here when
Potmic Ts included. For CLEQ parameters, in this low density regime, the
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predicted L mode confinement is higher than the ohmic confinement based on the
neo-Alcator scaling. The more recent Kaye-Goldston scaling [3] is numerically
closer to the data than the L mode but is a no more accurate description of
the experimental scaling than the neo-Alcator scaling.

Figure 2 shows the scaling of the stored energy increase during ECRH
with plasma current and suggests a possible saturation in the plasma current
scaling of confinement at low q,. Energy confinement time is not plotted for
this data since neither the ohmic stored energy nor the variation of the
optical depth of the microwaves with plasma current are known to sufficient
accuracy. Calculating the ohmic stored energy from conductivity suggests that
AE/Egpmic 15 relatively constant for this data and in the range 2+3.

3. 28GHz HEATING

The effect of varying the axial toroidal field in 2nd harmonic heating
experiments with 28 GHz ECRH is shown in Fig.3. For these experiments and for

Tostsna similar ones at the
ool fie = 2610"m-3 — e s fundamental resonance a
1z 2BGHa 1 1%L = T 3
P ! ——— 4fp (gic) significant asymmetry in

heating efficiency with
respect to resonance
position is observed which
is not predicted by ray
tracing studies. With the
resonance on the high
field side of the axis the
heating is rather

| insensitive to resonance
pd P position and some increase
01 v g in stored energy is

01 A S R S 3 observed even with the
S ) s A5 46 AT 1] A 3 81 57 -5 56 55 Béo(T)
-BE -0 .80 33 -S54 36 -1 0 ] 38 s¢ 1z 20 nekem MESONance less than 1 cm

from the limiter. When

Fig.3 Poloidal beta increase and

relative loop voltage change as a the resonance is moved to
function of resonance position for 2nd the low field side of the
harmonic heating at 28 GHz. axis, the heating

efficiency falls off more rapidly. The change in loop voltage associated with
the heating reverses sign for X .. 2 5.4 cm even though AB, remains positive.
This suggests that part of the rf power produces an increase in the trapped
electron population in this region, resulting in an enhanced plasma
resistivity via neo-classical effects.
4, CURRENT DRIVE

The creation of an asymmetric resistivity with rf waves was proposed by
Fisch and Boozer [4] as a possible mechanism for non-inductive current drive
and an experimental verification of the theory was provided in [5].
Numerical calculations of Cordey et al [6] show that ECRH should be almost as
efficient as lower hybrid waves in driving current.

The open end of a circular waveguide excited in the TE,, mode radiates
a linearly polarised beam with its peak intensity on the waveguide axis. For
28 GHz and a waveguide diameter of 40 mm the H-plane antenna pattern has 10dB
points at + 17°. When the same waveguide is excited in the TE01 mode the
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antenna pattern is a hollow cone with its maximum at 13° from the axis. The
polarisation is azimuthal and therefore the electric fields have opposite
signs on either side of the axis. If the two modes are combined, the TE,,
wave will increase the TE,, field on one side of the axis and decrease f% on
the other side. A mixture of TE,; and TE11 was produced by removing one
period from a 4 period mode converter designed for complete TE,,+TE,, con-
version. The relative phase of the two modes varies continuousfy in the
plain waveguide following the converter. The deflection of the wavefront was
optimised empirically by varying the length of plain 40 mm diameter waveguide
between the converter and the plasma. The angle of deflection was measured
by launching the wave at high power into free space and measuring the antenna
pattern with heat sensitive paper. The beam can then be directed either
parallel or anti-parallel to the plasma current by rotating the converter by
180°. In the best case angles of +11.3° and -8.0° with respect to the wave-
guide axis in the horizontal plane were achieved, the asymmetry being due to
residual spurious modes. The numerical results described in [6] have been
included in a ray tracing code. For CLEQ parameters the predicted ECRH
current drive is optimised for a lTaunch angle of 15°. Figure 4 shows the

150 C voltage and current
LAUNCH ANGLE +113° LAUNCH ANGLE ~8.0° waveforms for two
tokamak discharges in
CLEO into which 135 kW
of 28GHz was injected.
In one case the wave
was launched pre-
dominantly in the

8o direction of the

! ! Lo electron drift and in
the other case in the
opposite direction.
If the plasma para-
meters for these
shots and the real
antenna geometry are
1 L ) ; i 1 included in the ray

1 1 I ]
60 80 100 10 W0 40 B0 100 120 1o tracing code the pre-
Eims)

TIME (ms) TIM 3 i
: dicted current drive
Fig.4 Plasma current and loop voltage efficiencies are
waveforms during rf injection with angled approximately 12 A/kW
launch antenna. (incident) for the

parameters of the ohmic target and 90 A/kW for the parameters of the heated
discharges. These figures suggest that a substantial proportion of the total
current should be replaced by rf driven current, however within the experi-
mental errors there is no systematic difference hetween discharges with co-
and counter-injection . Analysis of this type of discharge with a non-linear
Fokker Planck code suggests that the electron distribution function is
strongly distorted with the electric field calculated to be approximately 1/8
of the Dreicer critical field. The current density calculated with this code
is dominated by the DC electric field and the difference between calculated
driven current densities for the two cases in Fig.4 is small.
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Longitudinal Launching of BEC and LH Waves in
Toroidal and in Mirrors Devices
T.Congoli
C.E.C.

Abmtract:
It has been shown that denge and energetic plasma beams

‘ can be accelerated by the combine act?on of EC and LH waves,laun-

ched with a "special multicoaxial grill"/l/.The first wave genera-
\ tes or/and heats any plasma target whose electron density and tem-
\ perature are controlled by means of the power and frequency—ofljgg
RF sources.Thus the conditions for converting WLein'ﬂgeby the pV?
force or/and by electron Landau damping(when vy of the travelling

| LHV ie equal to vj )are satisfied.The two phemomenon have been se-
| parately and already demonstrated experimentally,/2/.

| This paper is concerned with two apvlications of the simulta-
neous launching of EC and LH waves with a special launcher: |
a-The first apolication is the control of the "border plasma "cha- |
racteristics and of the toroidally driven ecurrent,by the RF fields f
in view to improve the Tﬁ energy confinement time. .
b-The second application is a new approach for filling with a hot |
and denee plasma a mirror device and for suppressing its losses.
Concerning the firet application ,the Tokamak results on the |
degradation of Ti,have focalized the attention on the role played !
by the plasma edge on the transport coefficients.A solution for

| reducing this degradation may be the control of the plarma edge pa
rameters by RF fields or also and rather preferably by the genera-
tion of a controllable and protecting "plasma mantle".On fig 1,a

pchematic view of the proposed system and applied on JET is shown.
The EC and LH travelling waves are launched tangentially to the I
toroidal field with a multicoaxial grill.Bere contrarily to the

conventional grill launching case,the waves propagate in one direc

tion with the required N,;they heat the electrons and induce current
When in addition a gas is fed in the central guide ,a hot and den
se plasma mantle is generated.Its parameters ne,Te, can be control
led in the range of 101240 10 cnana 0,1 to 10 keV and above .

A o £
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Concerning the second application ,the coaxial grill appears to be
more suitable to axisymetric open devices,as for example a magne-
tic cuspide field with RF grills located at the cuspe fig 2./3/.1In
this case the grills at the svindle cusps are of the multicoaxial
type and thos2 around the circular mirror are conventional grills
set toroidally.Thus EC and LH waves are launched on the axis and
LH waves along the circular cusp.The launchers on the axis drive
dense and hot plasma jets in opposite directions and those in the
middle plane radial jets.The converging axial and radial plasma
flows are thermalized in the center of the device where a hot

and dense plasma is accumulated and confined.The confinement is
therefore resulting from the combine effects of the magnetic field
and of the "kinetic pressure"exerced by the convergent plasma jets.
The launchers acting as"injector and stoppers"when they are cor-
rectly phased,matched and loaded,convert the RF energy into kine-
tic energy with an efficiency higher than in resonant adiabatic
plugs/4/.Finally as an example of thi$ second application,a thermo-
nuclear plasma core with nan 1Ol4cm_?Te=Tih110 keV,might be obtai-
ned in the following conditions :Pl=1 Mw.Fl=140 GHz,F2=4 GHz,P
5 Mw,vcore=30 1l,magnetic field at the mirrors Bmax=5 T
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PLASMA BEAM ACCELERATION BY EC AND IC SLOW WAVES OR BY LH FAST WAVES

T. Consoli

Expert with the Commission of the European Communities
DG XII - Fusion Programme, 1049 Brussels, Belgium

Abstract : The combination of ECW and LHW launched by a "special" coaxial
guide improves the performance of ECR plasma beam accelerators and opens a
wide domain of thermonuclear applications.

It has been shown that, in a longitudinal magnetic field gradient, the —6;12
force magnified by ECR accelerates a plasma beam /l/, which is confined and
stabilized by an additional radial magnetic field produced by a multipolar
coil. The energy gained by the electrons Wi, is converted into parallel
energy w/le /2/. The ions when Qei< &?ce are mainly dragged along by the
space charge electrostatic potential Vs. Experimentally it has been proved
that when the conditions assumed by the theory /3/,/4/ are satisfied, the
characteristics of the accelerated beam are ‘(QPR bméo"f = CJDCEJ
{Wie) = Qi) s {yped & Ly M = FPream/ Prg ~ 50%.
The equivalent current density Je’ which is a function of Wd-e’ prf' and Erf’
is limited by the feasible VBZ. This limitation can be overcome by using two

waves - ECW and LHW - the former for the production of the required (ne, T

e

WJ-e.) hot electron plasma target. The second wave drives when (v’ib)wave
__Z_(vNe) or N//>l by Cherenkov-Landau damping an intense electronic current

if the necessary fr and P . are chosen /5/, /6/. The same waves according

£ £

to their nature (stationary or travelling) their fr and N//’ can heat the

ions or the electrons or drive a current. ) f
This paper is concerned with this last application. For this purpose the
special launching structures described hereafter can be used. A first
solution consists in a coaxial guide (Fig.l), whose central hollow cylinder
is used as an oversize guide for launching circularly polarized right hand
waves. The external guide contains a number p of metal irises, periodically
distributed each d cm along its length. Tn this guide, the wave's Vg s

slowed down by the outphasing(}) due to the iris and accordinglv == :\m_jf_

vg 2d T’
whereq)- f (frf’ Ty = rz,e,p), By =2, =l ia the vadial dimers:_y and e

the thickness of the iris. The equivalent electrical circuit of this struc-

ture behaves as a transmission line without a cut off /7/. A better solution

is a multicoaxial guide formed by a set of p superposed metal cylinders as
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shown in Fig.2 (3-puide case) and Fig.3 (5-guide case). In both, the inner
guide is used for launching the ECW and the outers for the TEM propagation
mode of LHW. The ratio ap/b of the guides' radii ( p = 1,2,3...), is chosen
s0 as to minimize the resistive losses. These guides are connected to one or
more klystrons emitting waves at the same frequency but with different
phases 4&,(@2, 4’)1) The phasers are an integral part of each guide or a
separate component. The launcher as a whole behaves as a '"coaxial grill" and
launches, according to the applied frequencies and phases, a travelling wave
with the necessary N// spectrum, Exact solution of this multicoaxial laun-
cher calls for theoretical treatment, not included in this paper. Never-
theless, its behaviour as a conventional grill is obvious and can be under-
stood from Fig. 3. Indeed in the case of a rectangular guide array, the
Brambilla grill theory /8/ assumes infinite and parallel faces, that is hpe
(height>> aperture). In our case, in a first approximation, we can assume
that N, is not appreciably changed if b > h2>h3) hz,) e, the faces remaining
parallel as shown in Fig. 3A. Some change occurs if the facing walls are
curved but equidistant (Fig. 3B). Thus the multicoaxial grill can be con-
sidered as a succession of a large number of "canted grills" (5 in Fig. 3C).
Finally, as the radial metal dividing walls in Fig. 3C are parallel to the
radial electric field E:, they can be suppressed; we thus come back to a
superposition of coaxial guides. These considerations allow us to write, in
a first approximation, N// = ﬂ? where (f)and d are respectively the
phase and the gap between two adjacent guides (d = ap - ap_]-—S) (here 5 is
the thickness of the walls). The propagation of the LHW launched by a
coaxial grill lies in the field of wave propagation in the cylindrical
non-homogeneous magnetoplasma which was treated in detail particularly by
Rebut /9/.1f we also assume that the density gradient dne/dz just behind the
microwave window satisfies Brambilla's conditions for LH slow waves at the
plasma edge (see Ref. /8/), we can improve the ECRW plasma accelerators as
follows .

Proposed experimental device: It is schematized in Fig. 4, where the laun-

ching structure is of the first type. It is obvious that the second solution
is more appropriate. The ionization of the gas and the perpendicular energy
gain by the electrons occur just behind the microwave window, where the
neutral gas is injected. The density n, and the perpendicular energy w-l-e of
the ECR generated hot electron plasma target are controlled through the
neutral gas pressure and the rf power level, so as to reach the required

experimental conditions for coupling LH travelling waves to the electrons
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2 keV. The charac-

teristic parameters are : B, = | tesla (produced by circular coils), B =

and thus drive a current. This needs an NH o 6'3”31

0.3 tesla (produced by a permanent magnet hexapol). In the case of 5 guides,
the multicoaxial grill's radial dimensions are: 3, 6, 9, 12, 15 cm. The
plasma column length is 200 cm. The central guide is fed by two gyrotroms
f = 28 GHz, Prf = 250 kW for 10 msec. The 4 external guides are supplied by
an f = 2.45 GHz, P]__f = 500 kW klystron. The N// can be varied from 1.5 to 6
by changing thed)p phases. The expected plasma beam characteristies will be
analyzed with the diagnostics already used currently /4/ and shown in Fig.4.

; i o P y 12
The plasma density in these conditions must be maintained around 10 e:/::rn3

so as to get an fge/fie ratio of the order of 10"' which favours a high
efficiency = Pbeam/Prf of the current drive mechani;rzn. The expected
values foroz(from 20 to 30%) allow a plasma flow of 107" p/sec, corres—
ponding to energies WJ'EQ W”.l of the order of 10 keV.

Conclusions : Improvement of the ECR plasma beam accelerator device des-—
cribed in this paper is realistic and feasible when EC and IC waves are
launched. As an application, it is possible to build another device in which
two similar systems are opposed. The collision of the two opposed hot plasma
beams produces a thermalized plasma which is trapped and confined in the
magnetic well formed at the junction of the two inverse linear magnetic
fields. When deuterium is the gas used for the beams, 1013 neutrons can be
obtained. The multicoaxial structure can also be used for longitudinal
launching of EC and IC waves in Tokamaks. As far as LH waves are concerned
the resulting situation is unfavourable : only LH fast waves can be coupled

to the plasma.
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ELECTRON CYCLOTRON HEATING BY THE EXTRAORDINARY MODE IN THE T-15 TOKAMAK

H. Capes, I. Fidone, G. Giruzzi and V. Krivenski
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Abstract

Electron Cyclotron Heating by the extraordinary mode for oblique
propagation at down-shifted frequency and external launching is investiga-
ted using the relativistic theory of wave absorption. For this purpose, the
transport code Makokot has been coupled to a ray-tracing code which
evaluates the power deposition along the wave-packet trajectories, It is
shown that, for a toroidal magnetic field B(0) = 43 kG, frequency f = 83
GHz, and nearly top launching, efficient plasma heating and control of
temperature profiles may be achieved.

| Auxiliary heating by EC wave absorption is planned in the T-15 toka-
| mak. In view of the promising results obtained with the O-mode /1/ for
normal propagation from the low-magnetic-field-side, it is natural to
consider this method as the most attractive candidate for electron heating
However, the use of E-mode at down-shifted frequencies for low-magnetic—
field-side launching and large oblique propagation /2,3,4/, presents seve-
ral attractive features. The value of the magnetic field can be significan-
tly higher than the maximum value allowed by the O-mode wave, which for a
frequency f = B3 GHz is B(0) = 33 kG. The E-mode cut-off density is higher.
Superthermal electrons may be produced.

In the present paper we wish to show the potential of the E-mode

heating method by investigating the electron temperature evolution in the

|

! T-15 device. A ray-tracing code, which follows the trajectories of a finite
i wave-packet and evaluates the relativistic wave damping, is coupled to the
| transport code Makokot /5/. The Mercier scaling /6/ has been used to obtain
' an ohmic stationary plasma. However to take into account the numerical
simulation of TFR and T-10 experiments, the Kadomsev-Potguse scaling /7/

has been choosen to study the EC heated plasma, I

E e
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¥ = 1.58 x 102O (r/R}Tel/Z/nq. where the numerical constant is adjusted in
order to recover in a purely ohmic plasma the central electron temperature
profile calculated according to /5/. The electrical resistivity includes
neoclassical corrections, the ion heat flux is assumed to be neoclassical
and Zeff = 1.
ECH is applied to the plasma after reaching an ohmic steady-state. The
19 -3
m o,

The density has a parabolic like profile with n, (0) = 6 x 1019 m—3_ The

basic plasma parameters are B(0) = 43 kG, I = 1.5 MA, < ng> = 4 x 10
electron temperature at the end of the ohmic phase is shown in Fig.1
(t = 0). The wave launching direction is given by the parameters
(6,00, ¢), where o is the poloidal angle at the launching position, A is
the angle between the wave direction in the poloidal section and the inner
normal, ¢ is the injection angle in the toroidal section with respect to
the normal of the magnetic field.

In Fig. 1 we show the time evolution of the electron temperature
profile vs the normalized radial position. The initial launching conditions
(t =0) are 8 = 70°, 48 =5°, § = - 85°, the wave power PO =5MWi. In
order to model the temperature profile the injection angles have been
changed in the course of the time : the two temperatures profiles at time
t = 175 ms correspond to the same state at time t = 75 ms (with angles
46=0°, 8 == 55°) but 8 = - 45° for t > 125 ms (full) while A8 = 10°,
8 = — B85° (dotted). The further evolution passing at t = 175 ms from 6 =
-45° to & = - 35° is shown at t = 250 ms. In Fig. 2 we show the central
electron temperature Te(o) and the mean electron energy <T> vs the time for
the same initial conditions as in Fig.l, but keeping the injection
angles A= 0°, 8 = - 55° constant for t > 25 ms. Two powera are considered
Po =5 MW (full) and Pc = 10 MW (dashed). We observe that the central
electron temperature saturates at a value independent of the injected
power, the increasing power affecting only the profile broadening. Energy
confinement time deteriorates passing from 230 ms (Po =5 MW) to 160 ms (Po

1/2 heat conduction

= 10 MW). The broadening may be explained by the Te
coefficient scaling and by the low-magnetic- field-side launching position.
More peaked profiles can be obtained, changing slightly the antenna
position as shown in Fig.3, where 6 = 110° and the other parameters are
similar to those of Fig.l., In Fig. 4, we present for comparison the

temperature profile evolution in the case of standard O-mode heating, with
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B(o) = 32.5 kG and P, = 5 M. Note that this scheme does not allow to model
the temperature profile and to adjust power deposition region during the
heating phase.

We have shown the potential interest of E-mode heating scheme, which
is an alternative to the usual O-mode method for high density, high magne-
tic field tokamak plasmas.
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Quang for coupling the ECH code to the Makokot transport code.
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ELECTRON CYCLOTRON DAMPING FOR LARGE WAVE POWER IN TOKAMAK PLASMAS

a) b)
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Abstract

The power dependence of the wave damping in a tokamak plasma for
arbitrary direction of propagation, mode of polarization, and wave frequen-—
cy is investigated. Using a 2-D Fokker-Planck code, it is shown that the
wave damping increases or decreases with the rf power. depending on the

velocity range of the absorbing electrons.

Several experiments have demonstrated the attractiveness of ECH in
tokamak plasmas. Up to now relatively modest powers (Po & 1 MW) have been
employed and only the next stage, high power, experiments will show if ECH
method is a good candidate for heating a tokamak reactor. In this kind of
tests a large modification of the plasma absorption properties may be
expected, due to the strong deformation of the electron distribution
function, and a crucial problem will be the determination of the optimal
experimental conditions.

In this paper we examine the role that wave parameters such as
power Po' frequency w, mean value of the parallel refractives index ﬁ" and
parallel half-width of the wave packed AN; , play in the quasilinear evo-
lution of the wave damping. This problem, in contrast with the linear
problem of EC wave absorption in a tokamak, has received little attention.
To our best knowledge, the only case considered is the ordinary mode for
propagation normal to the tokamak magnetic field i In this case the result
obtained shows 1 that the maximum value of the wave damping decreases for
increasing values of the wave power. This result is not however generally
valid for arbitrary mode of polarization, direction of propagation and
resonant frequency. As shown below, for resonant velocities above the
thermal speed, the wave damping can significantly increase or at least not

deteriorate for wave powers of interest for plasma heating.
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Some remarks on the method used :the wave amplitude is evaluated at
any instant and any point in space according to the actual damping. The
electron distribution function f is obtained from the solution of the
kinetic equation including both the relativistic EC diffusion term 2 and
the high velocity form of the Fokker-Planck collision operator, which
describes the velocity slow-down and the pitch-angle scattering of the
resonant electrons. A Gaussian parallel wave packet is assumed at the
antenna location.

We first consider the ordinary mode damping. For Nuz 0 the initial

change of the wave damping k‘; is given by

2
3 Ky Te lw/ug) 3
(_.._.C’_) o P —L—l— ] 4% exp (-9),
7t b=0%T |2 mc? (aly 12

where ¢ = mc2 (u}i -mz),/aTe mz, W, is the cyclotron fregquency, ¢ the speed

of the light, me and TE the electron mass and temperature. In particular
this relation shows that initially, for w such that k‘:: is near its maximum

( ¢ =5/2), the wave damping always decreases. For different values of u
/ w and aN; however (for example those of Fig.l), the ordinary wave
damping may increase with time.

This initial condition is not sufficient for asserting that at steady
state the damping will be larger than the Maxwellian one. As known, in the
absence of collisions the wave damping tends to zero asymptotically. The
possibility of a wave absorption enhancement at steady state is demons-
trated by Figs. 1 and 2. T-10 parameters and typical temperature and densi-
ty profiles are used, with central density ne(O) =5 x 1013 cm_a, equal ion
and electron temperatures, Zeff = 2, Po =1 MW. In Fig. 1 we show kg, the
wave damping corresponding to Ny =Nj , for a Maxwellian distribution
function (t = 0) and at steady-state. The case of ordinary mode, vertically
injected, is considered for Nj = 0, aANy= 0.1, mcfm = 1.017, T, (o) = 1
keV. The total power absorbed in the transit from the plasma edge to the
plasma axis passes from 50 % (t= 0) to 90 % (t==), i.e. quasilinear effects
make the plasma nearly black-body. In Fig.2 the interesting case of
extraordinary mode, injected from the low-magnetic-field-side at down-
shifted frequency c is presented. The fraction n (x) of the wave power
deposited between the plasma edge and the radial location x is plotted, for
propagation in the equatorial plane, ﬁ" = 0.66, A le 0.12, frequency
f = 83 GHz, B{o) = 39 kG, T_ (o) = 2.5 keV.
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The physical reasons of the variation of the wave damping may be
understood considering Fig.3, where the contours of constant f at steady—
state are plotted vs u = E / (mTe)l/z, for x = 20 cm and the conditions of
Fig.2. It appears that for large u] the distribution function is greater
1 than the initial Maxwellian. In this case, at steady-state, the overall
population of the resonant electrons is much greater than at t = 0 The
increased value of f can easily overcome the quasilinear perpendicular
flattening and explains the increase of k;. In contrast, for resonant
velocities in the thermal range, as it occurs for wave absorption atw =w &
the increase of the resonant electron population is negligible and the wave
E damping decreases.

The wave damping dependence on the parallel angular width Ay of the
wave spectrum and on the magnitude of the resonant velocity is examined in
Fig.4. The launching conditions and the other parameters are as in Fig.3,
but we assume the wave power to be P = 0.5 MW at x = 20 cm. The electrons,
resonating with the center of the spectrum, have a parallel momentum
near u, = - 3.4, - 3.7, - 4 (for B(o) = 38.5, 39, 39.5 kG respectively).
Fig.4 shows the importance of the down-shifted frequency 2 as a factor of

the wave damping enhancement over the Maxwellian value.
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TAIL MODE STABILIZATION BY ELECTRON CYCLOTRON WAVES IN A LOWER
HYBRID SUSTAINED PLASMA

(+)

D.Farina, M.Lontano, R. Pozzoli
Istituto di Fisica del Plasma, Associazione CNR/EURATOM
MILANO, Italy

(+)Dipartimento di Fisica, Universitd degli Studi di Milano,

MILANO, Italy

In Lower Hybrid (LH) sustained plasmas the occurrence of
tail mode activity has been shown to deteriorate the particle
and energy transport /1/. This mode can be stabilized by the
injection of Electron Cyclotron (EC) waves interacting with
suprathermal electrons /2,3/.

The aim of this paper is to provide a theoretical basis for
the understanding of this process. First, we compute the sta-
tionary electron distribution under the action cf LH and EC
waves; then, we analyze the stability condition of the tail
mode.

In the frame of the quasilinear approach, the electron dis-
tribution function f(uy,u;) in the stationary state satisfies
the following equation:

Dy (1) + D (f) + C(f) =0, (1)

with u“=vu/vt, uL=v1/vt, vt=VEE;7E' and To is the bulk tempe-
rature. Here Dlh is the g.l. diffusion term due to LH waves,
characterized by the spectrum knz(k"<k"1. This term, localized
in the resonant region uduydu,, writes:

Dy, = El_.[t> ar |. 2
1h — au"“ =] Du'“ 4 (2)

Dec represents the g.l. diffusion due to EC waves; for an ordi-

nary mode (OM) in perpendicular propagation it is given by

2
o W2 lu,d EiE- ; (3)
ec Wy UL uy 1/

C is the collisional term. For suprathermal electrons it writes

oSy +;f'_—D—-(u._|_ Sﬁ) -

Py wL 2u)
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where Sc. ( of DF) u(uuDF uy of P)

=03 M ou M u T Su t aauy

<__Wuf, OF af—) wa 2F L uy O }
. w? (MLQ-EJ_U‘HDLLJ. i L?-l-b 2ut DU ?,LE"DUL+}

Note that the terms D and D in Egs(2),(3) are normalized
to the thermal collision frequencyy(v )=4TCe nﬂ./m t

We follow here the method developed by D. Hewett et al./4/
for the analysis of the electron distribution in the presence
of LH waves.

With the assumption D3$>1, we put F:'?(Uﬂexpi'l}/(u",uj_) /Eg
Taking the leading order terms in Eq. (1), we obtain

o ULt :
o cu:f« (e ) - %i’x(’“f)?((um *
___.__. X(-F d(_lAu‘] (5)

u R E Uy ™
Uz Deru? “xa-u"f d(uu)= Sdbl: D,

Requiring that the parallel flux be continuous at the bounda-

where x=uL i (u-“,X).-_-&II.

ries ugz Fuq04y and retaining that on the boundary the function
f be Maxwellian with respect to Uyt 1D f/au = —2u f, we obtain
the follow1ng equation for L?

()( = (6)
LF') h’>(+ d te 3 u;
Wy Wa Wy 2
where d=d (u,),R :2"‘[0‘.4_“‘1 P (xru? Yh,] (:ﬂ-uz)”’- Oeru )iz’

From the numerical solution of Eq. (6) the distribution
can be computed. Here we use an analytical model of 'f, which
contains the essential behaviour of the numerical solution,
to analyze the tail instability in the presence of EC waves.

We assume, in the resonant region

\.P(x) = A exp (-d x) (7

J\=(_i__._.)/( o L2 +<l).

u‘\.z u-z
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The imaginary partE; of the scalar die%ﬁctﬁ&c permittivity
for the modes characterized by £y ~{ - e kK ~ o

is given by Bt i
.~ Q.Tr 22521; izﬂii w, + _i_ [Jii w 4.§L f&t:lii_1+
FT e kE U™ T gDl LT I uy(upeuy)
LI *Wt} v
L}- KII 0{ wc.e #

where ur=(OJ+CdEe)/k“Vt’ and only the leading contributions
in 1/¢, have been written. This expression is valid when both
b)/k“vt and (L)+Lt)ce}/k"vt belong to the interval ugeu,; ot-
herwise the distribution is stable.

From the Eq.(8) we obtain the marginal stability condition
for the perpendicular temperature of the tail T, :

i .5 b’-ig[z we wce]z/-?

& T e 2 Hida e

(9)

Taking into account the relation (7), between T, and D,
and that between the injected power Pin and the local electric
field Eec of the EC waves, with frequency Wy

’

rer foef o)LL
by G o mid we wo'l. Any YV (10)

(An“ is the n,-spread around the perpendicular propagation)
where, from the Poynting theorem,

Aopk. _o_JLei)“‘
= E_‘,,_cS(i P (11)

Pin L e /

we can correlate the stability condition to the required EC
power. S is the illumination surface.

A condition favourable to stabilization occurs when the non
relativistic EC resonance is outside the plasma and the whole
power of the EC waves can be absorbed by the electrons of the

tail. This is the case, for instance, of the FTU tokamak, su-
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stained by 8 Ghz LH waves, operating with a 7T magnetic field
on the axis, with a peak electron density a < 2x1014cm-3,
under the irradiation of 140 Ghz EC waves.
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WAVE DYNAMICAL ANALYSIS OF EC WAVES PROPAGATING IN A PLASMA
SLAB ACROSS BOTH EC AND UH RESONANCES
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A wave dynamical analysis is given of the propagation and
absorption of extraordinary waves in a plasma slab, across both
electron-cyclotron (EC ) ana upper-hybrid (UH) resonances.

The confining magnetic field is directed along the z-direction
with Bz(x) = B, (1+x/R.) (R is the tokamak major radius). The
density gradient is a?ong ghe x-direction.

The electric field components of an e.m. wave injected in the
equatorial plane with an arbitrary angle with respect to the ma-
gnetic fielad Bz’ satisfy the Maxwell system:

) _ $ B, iy 2 @
lkz Ez' 4 (kz w /e Ex i(damw/c”) Jx = 0 {d}
E "o+ (k.2 - w¥e?y B - iamw/cdy 3 =0 (2)
Y z ¥ v
= "
By & 4k B ' = Wilet)E. = S{dFafcY) 3. =10 (3)
Z X z Z

The current density is obtained from the linearized relati-
vistic Vlasov eguation /17 and the undisturbed electron distri-
bution is maxwellian,.

The Vlasov eguation is solved along the characteristics and,
for the current density one finds:

b v
M cosp e’ n(x")
J. = F am dg' — R(',x") (4)
N f f (1+n2)1m (x')
e &
¢ m, sing ew nix")
Jy = P fdg.[ dg’ R{G",x') (5]

(1+n2)%m {x*)
c

v

My e’ n(x')

a,=¢ [au[ ap . R(H*,x*) (6)
(1+mw %mctx')
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2.2 2
Fo= -uy /18T n(x)K,)
R($p',x') =

Ercos¢'3x{x')+ﬁ sin¢'Ey(x')+ﬂ"Ez(x')

2% . 2%
P = [=piEw) e ilwll+r) Ju (x) -k em /w (x)) x
xj; ap" exp(cﬁ (sin¢-sin¢“}/(ROmC(0))
x' = (R0+x)exp(s(sin¢—sin¢‘))—RO poEE e /(RDNC(OJ)
2, 2 B
H=c /vth pom o= g/moc

where ¢ is the azimutal angle of P. K (u)is the McDonald function.

By introducing (4),(5),{(6) respecti¥ely into (1), (2),(3) a
system of three coupled integrodifferential equations is obtai-
ned. This system is transformed into a differential one by

expanding x'= x+0(s) around s=0.
In order to simplify the final equations, one has to assume:
i)lD/R << 1, which is the usual WKB limit; ii)p»» |, which is

the weakly relativistic limit; iii)A.p %/R < 1, satisfied in
nearly all cases of practical interest, A_ is the vacuum wave length.
With these limitations the current vector is:

gex= ). g, (%) (@* E(x)/ax). (7)
k=0,..,4

In the construction of the elements of the generalized con-
ductivityztensors g (), only the terms 0(1), O(u), O(AOu/RO)
and O(A_ u /R.) are kept into account.

The matrix elements are expressed in terms of the Shkarowsky
functions. (/2/)

By inserting J into the propagation equations, a system of
the tenth order is found for Ex'Ey’Ez'

Numerical results

The boundary value problem associated to this system is sol-
ved by applying the numerical routine COLSYS(/3/), which is ba-
sed oh spline collocation method.

The solutions give a global-wave description of the conver-
sion of the incoming extraordinary wave into electron Bernstein
waves at the upper-hybrid layer as well as of the damping of
these waves in the region between the EC and UH layers.

Both purely relativistic (n,=0) and classical (n, »v_ /c)

p th
cases are examined in detail.

Fig. (1) shows the real part of the electric field x-component
and the Poynting vector<?® > for purely perpendicular injection
and M =1000 for various "~ density values.

At very low densities, the plasma is transparent and no
Bernstein waves are present.
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Increasing the density, shgrt wave-leggth oscillations begin
3 H59 25

to appear, and for X =W /w”P» 2.5 10 Bernstein waves

between the EC and UH reB8nances are clearly recognizable.

The cyclotron damping of these waves is located at the left
of the ECR.

Increasing the angle 0 between k and,the direction perpendi-
cular to B_ for fixed density (X = 10 °) the Bernstein waves
gradually disappear, because the density threshold for B-waves
generation raises with the angle (Fig. (2)).

For oblique propagation, the wave is strongly damped inside
the EC layer in the XM polarization.

Fig.(3) shows the absorption coefficient versus X for three
values of the injection angle.

These curves are totally independent upon the electron tem-
perature, while the electric field shape and the conversion
efficiency are very much sensitive to such parameter,

Fig. (4) shows the absorption and transmission coefficients
as a function of the injection angle.

A very simple analytical formula fits very well the transmis-
sion coefficient numerical values:

T = exp(-9¢) (8)
where: 5
¢ = (wamwRX)/(2cY”) for 8= 0° (9)
manxn(1+nf)erf({h/(n"a)) "
¢ = for 60 (to).
i i

For the high field side injection the reflection coefficient
is zero, and :

A = 1- exp(-¢). (11)
R is the aspect ratio, and Y= w_(x)/w.
The absorption coefficient (1 )accounts for the contribution
of both X and Bernstein modes.
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Fig.1 - Re(Ex), <P > in arbitrary units, for -0.2 € x £ 0.2 ;
]

H = 1000; 8 = O; BO = 5kG; R,

and X = 0.002 , 0.012 , 0.025 , 0.1 from top to bottom.

=51 cm; a = 17 cm; XM from inside

Fig,2 - Re(Exl, 1E| in arbitrary units, for -1 L x g1

i
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4 = 1000; X = 0.01; BO = 5 kG; XM from inside and
8 = 10°, 30°, 45° , 80° from top to bottom.
—_X ﬁ b
=" Mnﬂnm -\
s LA N
. |\
LA i . —
[\ \
' \/ v i

Fig.3 - Absorption factor vs
o o

X, for 8 = 60 , 30
00; p = 1000:B0=5kG.

The arrows show the
thresholds for Bern-

stein waves excita-

tion.

Al

Fig.4 - Transmission and absorption fact-
ors vs 6 , for X = 0.01;
B = 1000; B, = 5 kG.
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WAVE ABSORPTION NEAR THE SECOMD ELECTRON CYCLOTRON HARMONIC
IN NON-MAXWELLIAN PLASMAS

S.Pedic

Laboratory for Physics, Institute "B.Kidrig" - Vinéa,
P.0.Box 522, 11001 Belgrade,Yugoslavia

Previous theoretical studies of wave absorption near the second electron
cyclotron harmonic (SECH) have usually considered the case in which the
plasma is characterized by isotropic Maxwellian distribution /1-4/. In order
to gain an insight into the wave damping under nonequilibrium conditions
which frequently exist in real plasmas, in the present paper we extend our
earlier work /4/ and examine the linear wave propagation and spatial wave
damping around the SECH in presence of thermal anisotropy and Tongitudinal
drift motion.

We consider a high-temperature magnetically confined plasma in which the
electron distribution function is close to the model distribution,
1 (py=09)* P
F(p'].!p”) 2 “3/2 expi{- = o (1)

3 2 2 2 2 2
Mo Ver Viw My Vew Mo Ved

Starting from the general expression for the dielectric tensor and carrying

out the corresponding momentum space integration within the weakly relati- ‘ﬁ
vistic approximation (v = {1 + pzlm(]?-c"’-}V2 =1+ p“/2m02c2) one obtains, H[
|

o B e W exp(-A)T_(A) il

= 8., -1 L I e e ——

i U//nz—w 0 T 1] {1'1T)1/2(1-in1) LI
|
|
|

X exp{iT[Ji1—i1)_!+u”(1-nY} - Nyicive 1 (2)

where X =mpz/m2 » Y= mc/m oy and w_ being, respectively, the electron I
2 i

tyn * Yt !

mal velocity, A = A/(1-jat) , A = NLI/ULY? , N = kc/w 1is the wave refracti- [

ve index, u = IL/B s V=1(u- N”c)/vt” , U is the electron drift velocity i‘

plasma and cyclotron frequency, W T 2c?/v is the electron ther-

and the indices L and # refer to the direction respectively, perpendicular
and parallel to the applied magnetic field. The complete expressions for the |
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elements of the matrix Mij are given in /5/. In evaluating the dielectric
tensor €44 the ion dynamics is ignored since it is negligible in the fre-
quency range of interest (w = ZmC}. Furthermore,in the integration over p;
and p, the relativistic factor y 1is retained only in the exponential part
of the integrand /5/. It should be pointed out here that the previous ap-
proximation is justified only when the short-time (wt < u”) behaviour of the
phase is dominant or more precisely, for w,N,* >>1. This conclusion is fur-
ther verified by comparing the calculated values of the complete weakly-
relativistic dispersion function of Shkarofsky /6/ with the corresponding
integral in (2) for an isotropic plasma without drift.

The wave propagation and spatial damping in the considered plasma are
analysed within the local wave dispersion description. The complete disper-
sion equation governing electromagnetic waves in a plasma confined by a mag-
netic field whose direction is perpendicular to that of the gradients (see,
for instance /4/) is solved numerically for a wide range of plasma parame-
ters and wave propagation conditions. In the numerical analysis of this
equation the finite Larmor radius effects are retained up to the second or-
der in ), The parallel component of the wave refractive index is assumed to
be real and determined by the direction of the wave vector of the incident
electromagnetic waves at the plasma-vacuum interface, Ny = cosd; . In order
to simulate the toroidal discharge conditions we took B = B(O)EZ/(1 + x/A)
with x = rcos¢/a , ¢ = 0 or ¢=n and an aspect ratio A = 3. Furthermore, the
electron density and temperature are zllowed to have a parabolic radial pro-
file.

First we present the results concerning the propagation and spatial dam-
ping of the extraordinary (X) mode in the considered nonthermal plasma. We
recall that at large propagation angles mode splitting and coupling of the
extraordinary and fast quasi-longitudinal modes occurs /4/. The thermal ani-
sotropy enhances the mode coupling. Namely, the range in the parameter plane
{(mp/mc)z,C/V i in which mode coupling occurs,enlarges significantly for in-
creasing the temperature-anisotropy ratio «. In general, the thermal aniso-
tropy causes a pronounced deviation of ReNLx from the corresponding cold
plasma values and a strong assymetry of the absorption line profiles about
the resonance. To illustrate the wave behaviour around the SECH we present
in Fig. 1. the variation of the real and imaginary part of NLX with the
dimensionless space coordinate x for mpﬂ(ﬂ)ﬁucz(ﬂ) = .85 04 = 60° ,c/v

£t 0)=
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Fig. 2. The normalized optical depth vs x.

= 16 and several values of a. Here and in Figs. 2.-3. we took a driving fre-
quency equal to the second harmonic of the "central" electron cyclotron fre-
quency. We see that the increase of « leads to an important enlargement of

the wave damping region towards
the high-magnetic field side.
This suggests the use of wave
Taunching at downshifted fre-
quencies (f < fc(G)) in small
size plasmas with a strong thee
mal anisotropy. Besides, in the
considered parameters range
(81250°,c/vt”(ﬁ)as,u=0.5—8.) ik
is found that Max(ImNLx) scales
with (mp/mc)zuC/Vt” while the
dependence on N, is stronger
than N,”'. The spatial deposi-
tion of the wave energy for
Taunching from the low magnetic
field side is presented in Fig.
2. where we plot the variation
with x of the normalized opti-
cal depth n /kga= Fdet Int, (x!)
for mp?(ﬂ)/mé(ﬂ)=1.4, E]_.I=7l]",
c/vt”(0)=15 and several values
of a. As one can see,for «>0.1
complete absorption in a single
pass takes place. Large values
of the normalized optical depth
of the X-mode (nx/kua=0110'3})
are reached only in the vicini-
ty of the resonance position.
Therefrom,for wave launching
from the Tow magnetic field si-
de in large size plasmas (knaz
=10%) ,the interaction between
the X-mode and energetic elec-
trons on the far tail of the
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:: I I I I ] absorption Tine profile is
10
05 | wiloluio)~14 Hiia e 4 veak.

The presence of longitu-
dinal drift motion displaces

6,-60" —— T /T2 T
| chul0)-18 ———T/T=05 |

-3 the absorption Tine profiles

* X towards the Tow magnetic
\\ T field side (for k,>0). The
*,\ assymetry of the absorption
\-\ 7] line profiles reduces and the
&' \;I\ maximum of ImN _somewhat in-
-0.2 -01 00 % 4%

creases for increasing u/vt”.
For u/vt”gE the total optical
depth of the X-mode is slightly affected by the electron drift motion. How-
ever, the region of maximum absorption shifts towards the plasma edge.

Fig. 3. ReN § and ImN o' Versus X.

Let us now discuss briefly the spatial damping of the ordinary (0) mode
around the SECH. In Fig. 3. we show the variation of the real and imaginary
part of i‘vl-l_U with the dimensionless space coordinate x for m;(o)/mé(0}=1.4 3
ei=60",c/vtﬂ(0)=16 and several values of «. As one might guess the spatial
damping of the O-mode is much weaker than the X-mode damping. In the consi-
dered parameters range the maximum value of the normalized optical depth is
nolkua=(‘f(10"'). One concludes that in spite of the enhancement of the spati-
al damping caused by the increase of the perpendicular temperature, the 0-
mode is absorbed completely in one pass through the resonance only in very
large size plasmas.
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PARAMETRIC INSTABILITIES OF ELECTRON CYCLOTRON WAVES

P.K. Shukla and M.Y. Yu
Institut fiir Theoretische Physik, Ruhr-Universitdt Bochum,
D-4630 Bochum, FRG

L. Stenflo
Department of Plasma Physics, Umea University,
5-90187 Umea, Sweden

During high frequency wave heating experiments, intense elec—
tron cyclotron waves may be generated in the plasma. It is thus
of interest to understand the behavior of such waves. In this
paper, a set of nonlinear equations describing the interaction
of large amplitude electron cyclotron waves with low-frequency
electrostatic fluctuations in a non-uniform magnetized plasma
is derived. The ponderomotive force as well as differential
Ohmic heating nonlinearities are included. General dispersion
relations describing parametric processes are discussed, and
modulational as well as filamentational instabilities are
studied. Application of our results to electron cyclotron reso-
nance heating of fusion plasmas shall be discussed.

We consider weakly damped right-hand circularly polarized
electromagnetic waves propagating along the ambient magnetic
field ByZ. The frequency w and wave number k, satisfy the dis-—
persion relation

-1

S 2 &
e = kje” # mmpe(m mEE)‘ (1)
3 . 5 y
which is v§11d for |w=uweel® k,viq, kzvdez» and w > (wciwce)k.
Here, vy, is the electron thermal velocity, Viez is the elec-
tron drift velocity along =z, w5 (= quOImi) 18 the ion gyro-
frequency, w.. is the electron gyrofrequency, and w,, =

(mc'qe,ufl-:o::n‘_l)l"2 is the electron plasma frequency. The unperturbed
average plasma density is denoted by ng.

The nonlinear interaction of the electromagnetic waves with
the background slow plasma motion gives rise to an envelope of
high-frequency waves whose amplitude E obeys the equation [1,2]

1

v v
L3, + v vy, 2,08 + -BE 2p + B v2E - aE -0, 2)
where v, = 2u/dk, = 2k, /[2u +ueupe/ (w = wce)’ ],

2 z e g R s 2 g 3

Wip azm/akg = {1 =telle z[l ?Cempil(m weed?1lvg,/k,,
1 = - - -

Wy ™ o w/ak] k=0 = [1 mpe/2(mpe w*) (1 m/mce)]vgz/kz,

Y = (velz)[w;e/(m-mce)z]mvgzszcz, and v, is the electron

collision frequency. The nonlinear frequency shift A is [1,2]
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2

W w v w kv w_ b

A= pe gz [F il I ce ]’ (3)
2(w-wce) kzcz wlw =) [CR P

whereN=n,/n, and b = B_/B_ are the normalized slowly varying den-
sity and parallel magnetic fields, and v is the parallel com-
ponent of the electron flowvelocity assoclated with the slow
motion.

In order to derive the equations governlng the dynamics of
the 10w~frequency fluctuations (@, K), we start with the con-
tinuity, momentum, and energy equations for each particle
species, together with the Maxwell equations. These equations
are given in, for example, Stenflo [3]

We shall consider here low—frequency electrostatic modul-
ations. By llnearlzlng the basic equations [3] but keeping the
ponderomotive force (- F ) in the electron momentum equat1on as
well as the differential Ohmic heating nonlinearity in the elec-
tron energy equation, and following closely the derivation of
Stenflo [3] , one can derive the electron density perturbation
which in Fourier analyzed form is given by

- > _+ . =+ ‘ -> -+
- iep B (R EIR/(I+x5) = K * X (R,K) ¢ (F, +Fy), (%)

where € = 1 + X3 * Aov Ko is the susceptibility tensor for the
> = - -+
X K/K*® and Xg - xi(ﬂ,K) are the

scalar susceptibilities for the electrons and ions, respectively.
The latter are given by

electrons, and Xg = K

s RS i B _ o2 e 5
Xj =K {:\Dj A R A O A CEL S v}
- q;K- (B, x9n ) o} (K3 )

where (w;jAJ = K2+ —d e - -
mjno(m—l(-vdj-'-lvj) m (m-K'vdj-'-l\)j)

and ADj is the Debye length.

The ponderomotive force. - fp is given by [1]

2 i
* . Vh o= l(m“wce) u’c:em‘z -
Fp =T W K ® wlw=w, ) VB (%)

where vﬁ/z = (qe/mE)2|E]z/(m-wce)2.

The nonlinear heating force is

F o= ZveviEIBE , (6)
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vhere f = @ = ReVg, + i/T + (2i/3ng) (KER, + KIR|), and T is the

electron energy relaxation time, R, and R) are the heat diffu-
sion coefficients along and across the extermal magnetic field,
respectively. We have assumed that the density gradient scale-
length is larger than the wavelength of the perturbations. In
an analogous manner, we obtain
-+
g (§e'K)z + e o = %
vez=_Nvdez__2__N+TQ[§E'(F1:+FH)]: . (7)
E® (1 #xs) w
1 PE
Equation (2) combined with (3) and (7), and Eq. (4) combined
with (5) and (6), form two coupled equations for the interaction
between the high-frequency electromagnetic waves and the low-
frequency collisional modes. The linear properties of these low-
frequency electrostatic modes have been considered in detail by
many authors. It is, however, of interest to note that the non-
linear heating force y can be much larger than the usual pon-
deromotive force p*

Eliminating Ve, and N in (3) by means of (7) and (4), we ob-
tain A in terms of |E|2. Since the Fourier transformed version
of the nonlinear frequency shift A has now been represented as
o (2,K)|E|?, Eq. (2) can be cast in the form of the cubic non-
linear Schrddinger equation. Following standard techniques [1],
one can analyze the latter in order to derive the dispersion re-
lation for the modulational instability of a whistler pump with
amplitude Ej . The growth rate Y is then proportional to
[a(K_ v .§)|Eo|2]1k. Clearly, Y involves the coupling factor a
whic depends on the dielectric susceptibilities (Xis:%e) of the
low-frequency electrostatic fluctuations. It is thus possible
that the electron cyclotron waves can be modulationally unstable
against long wavelength electrostatic perturbations whose spec-
tra may depend on the choice of the frequency regime. As an il-

lustration, we mention that in the frequency regimes Q >> Wegs

5 i ]
o - K'vdel «V, €, ome encounters collisional gradient

ce
drift modes which are essentially supported by unmagnetized ions
and magnetized electrons. Our result shows that these convective
plasma fluid modes could be excited by the electron cyclotron
heater waves, It is then natural to expect an enhanced level of
electrostatic fluctuations which may affect the plasma proper-
ties, as well as the propagation of electromagnetic waves in the
magnetic fusion devices.

This work was supported by the Sonderforschungsbereich
Plasmaphysik Bochum/Jitilich.
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ELECTRON CYCLOTRON EMISSION FOR A RELATIVISTIC LOSS-CONE TYPE DISTRIBUTION
FOR ARBITRARY PROPAGATION

M. Bornatici and U. Ruffina

Fhysics Department "A. Volta", University of Pavia, Pavia, Italy

Abstract. The fully relativistic electron cyclotron emission of both the ex-
traordinary and ordinary mode is calculated analytically for a relativistic
loss-cone type distribution for prepagation at an arbitrary angle with respect
to the magnetic field, accounting for both finite-density and finite Larmor
radius effects. Numerical results are shown and discussed for the extraordin-
ary mode.

The fully relativistic emissivity for arbitrary propagation. The electron
cyclotron emissivity for an arbitrary electron distribution fo{pJ_ ,p“), around
the n-th harmonic of the electron cyclotron frequency, j,,» n > 1, can be writ

ten as [1] i N, 5 N e 2
B = () eosp 238in 8§ _W_ i —2) =
.'io N 20 e NJ. w
.3 E -iE w By 2 ! nw,
jc_a W T S Pl Vo G S P TR LT T
Y E nw me E n n+l me W
c '
: 2 2 (i) (B -
where jo= w w m/8n“c; N=N and NP:NP , L = X,0, are, respectively, the

kold)refra:%ise and ray refractive index of the extraordinary (X) and ordi-
nary (0) mode, with N; = N siné and Nj=N cocs@,8 being the anglﬁ betwgen the
equilibrium magnetic field B,=B, z and the wave vector k = KLE + k”E: the an-
gle B Ls such that 8 =¥(E,§l, with S the electromagnetic power flux density,
which, in the cold plasma limit, reduces to the Paynting vector so that
An\g\/clEy|c= (N/cos8) (2p/(p *sin®6)), the plus (minus)_sign referring to the
X-mode (0O-mode), with DE(ﬁin49+ ﬂ(m/mcizll—(mp/wialzcos 0)1/2,
With reference to the integral over the momentum p = (p By ), it has to be i
noted that i) the Bessel functions J, of argument b=(w’wc) Ny (p ‘mec) account I
for finite Larmor radius (FLR) effects; ii) the coefficient of J, has to do
with the mode polarization, and ii) the A-function accounts for the fully re-
lativistic cyclotron resenance, with y=[1 + (p/mc\zllfz.

To carry out the integration in (1), we use vy, Py and the azimuthal an-
gle of p as coordinutes, the latter integration being readily carried out,
whereas the p”—lntegratlon is performed simply by using the &-function. For
the y-integration, it is convenient to change variable of integration [2,3],
namely Y=(1—Nﬁ)_1[(nmc/m)+!N“[(Nﬁ+ {nuc/m)g—l)l/ztlsy(t), with My < 1 and f
Nﬁ ¥ (nwc/u)z - 1 20. One thus obtains

1
3 o AW S RS 3 {res) (res)
!d*g H(,,J_,p”):2,.(1_Nﬁ)~1[mﬁ+(—m°)‘-tl (me) fldt H(p =p, (t).p”= B (t))
(2)
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(re (res) (res)

12
where p, => (£)2(1/8y) [¥(t)-nw Solne and g (£)=([y(t)] 2 (1+lpy"" mcf D),

We consider exu].xclt.ly a relativistic loss-cone dlstrlbutlon with
loss—cone index L.By making use of the series representation o the Bessel func

tions occurring in (1), the corresponding integration in (2) can be carried
out analytically term by term by noting that
1
2.m -xt 2 m+l/2
i A [

fdt: (1=t ) e YT m! (x. Im+1/2(3()

i
with I, the modified Bessel functions of the first kind. The resulting expres
sion for the emissivity (1) is

i (x,0) N, 2 tein? s gt o 42
AT s Y AR pemn EERID R [0 W G g a0 {tnn ) _Q.T x
Ja N 2p 2p KEH] 2" (n-1)! il me )
. o (n+k+2)! 2 i k _(X,0) : (3)
ki(} Cn’k (n+k)!e! [(1’11\{]_) 1r|<:;2 ] F"-k Py

where uEmcg/T; K“ is the modified Bessel function of the second kind; the
factor Cr‘l K originates from the series representation of the Bessel functions
'

€ = (=1) _F_____n![Q(n+k]]! {=1 for k=0)
n,k 2%k ! (2n+k) ! (n+k) !

(x,0)

The function F ' describes the contribution from the mode polarization as
well as the frequency dependence of the emissivity and is defined by

F(X'O)(u,a;l)z[(l+A)2 2K (14a) + 2k(k-1)(n+k) P
n,k n n°[2(n+k)-1] n+k-1,%
1 N2 Kk nuc 9 nluc
B”_zu' B +2(1+AT)] (T, Grnk,l!.+ B(T) n+k+1.¢.} (4)
—1E Ny N E 2 nw
GRSl el o s o, ety e iR (5)
. Nﬁ E we sinZg+tp w
y ¥
B 2 W2 N2 2 (%0
LW N, z w NN 1 . '
;__ﬂL_B___=2n(—) ———5“-——--—2—* (6)
i nw 1-Njj E na 1-Njj  sin"e%p e

the results (5) and (A) being obtained by taking the mode polarization in the
cold plasma limit (in particular, note that g(X)s o whereas B o 0).

Further‘mor‘eé t:e profile functlzn G digi;/é“ is defined by nmc/m-1+N2

q+ 1 1-N o

G .8 (23 (=Lt = ) 1 (z:)e = (7
9,2 nw (1-;«:2”)1;2 wNg " q+R+3/2° 0 i

with z,:= u'.N"](l—N )—1[N||+(nm Ju) -1]1/2. In (3)-(6), the plus (minus) sign
refers to the X mode (O mode)

With reference to the emissivity (3), it has to be noted that i) the sum
mation over k originates from the series representation of the Bessel funct-
ions occurring in (1) and fully accounts for FLR effects, which are measured
by the parameter [(nN_L)zT."mcgl; ii) the loss-cone feature of the distribution
affects both the profile and the strength of the emissivity, the former ef-
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fect is due tc the dependence of the profile function (7) on the loss-cone
index 2, whereas the latter one is described by the factor (n+ks2)!/[(n+k)!a!]
that is an increasing function of L.

Numerical Analysis and Discussion. Sample results of the numerical evaluation
of the (total) emissivity j = E jnof the (fast) X mode are shown én Fig.1 for
propagation at an angle 6=30°, and in Fig.2 for 8=60° for (wp/mc) =0.1,
T:lODkeV(=2(mp/mc) mc”) and loss-ccne index %=0;1;2, and 2. The emission pro-
file is the result of the overlap of (single peaked) contributions from dif-
ferent harmonics and, for the parameters considered, tends to pile up near
the (cold) right-hand cutoff (m/mczl.l) of the X mode. More specifically, the
dominant contribution to the emissivity is due te the 2.nd harmonic, the
weight of the n 2 3-harmonics tending to increase as either the loss-cone
index & increases or 8 tends to 90°, so that FLR effects are enhanced in
either case, Furthermore, as & increases and/or the propagation tends to per-
pendicular, the n-th harmonic contribution is such that its peak shifts to
lwwfm@mﬂm,hm,WMMSmeﬁmbMMGMﬂnmeutMcwmm@
ding height increases in so far as the (opposite) effect arising as one ap-
proaches the right-hand cutoff does not prevail. These two effects are
displayed for the 2.nd harmonic in Fig. 3, where the non-monotonous dependen—
ce of the maximum (with respect to frequency) of j with respect to both the
loss-cone index % and the propagation angle 8 is sgown together with the cor-
responding dependence of the frequency connected with the peak itself.

With respect to the value corresponding to the Maxwellian distribution,
L.e., for 2=0, the emissivity is enhanced by the loss-cone, except for pro-
pagation at small angles as in Fig. 1, for which there is a sharply peaked
contribution from the 1.st harmonic, brought about by both the significant
frequency upshift and the increase of the line width due to the longitudiral
Doppler effect; such a contribution decreases as either 8 or & increases.
Finally, with respect to the emission profile for perpendicular propagation
{41, the line structure becomes less pronounced with decreasing 8, and the
emissivity tends to be single peaked for propagation at small angles and for
moderately high values of &, as it appears from Fig.l for the curves corre-
sponding to %=2 and %=3.
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Fig.2. Same as Fig. 1 for 8=60°.

Fig.3. Peak value of the emissi-
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harmonic extraordinary mode as a
function of the propagation an-
gle for (mp/mc}2=0.1, T=100keV
and loss-cone index &=0;1;2, and
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THEORY OF LINEAR MODE CONVERSION

R.A.Cairns®) and c.N.Lashmore-pavies(P)

(a)Department of Applied Mathematics,
University of St.Andrews,St.Ardrews,Fife, Scotland
(b)UKAEA, Culham Laboratory, Abingdon, Oxon U.K.

(Euratom/UKAEA Fusion Association)

In a previous paper(”we described a method of treating a class of mode
conversion problems using a simple technique involving only algebraic man-
ipulations of the local dispersion relation. A number of examples showed
that existing results could be obtained in a very simple way. While there
is ample evidence that the technique works, a number of questions remain
concerning its derivation and the way in which the wave amplitudes which it
introduces are related to the electromagnetic field in the plasma. The aim
of the present paper is to resolve at least some of these questions by dev~-
eloping in more detall the theory for the case in which one of the modes is
a localized non-propagating disturbance. Many of the examples which we have
analyzed previously are of this type. 1

We begin with a very brief review of our earlier theory which deals
with systems whose dispersion relation is of the form shown in fig.1. Near
a point such as A the two branches of the dispersion relation become coupled
and the usual WKB approximation for an inhomogeneous system breaks down. In
the vicinity of A we approximate the disperslon relation by

(o= wMw=-w) = n (1)
where wltk,x), wy(k,x) are given by the dotted lines in fig.1 and are re-
quired to be slowly varying functions of k and x, asymptotic to the exact
dispersion curves far from the crossing point at A.

w
4

Fig. 1
Typical dispersion curves in a mode-coupling problem
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relation is then converted to two coupled first order differential equations
by associating a separate amplitu:le with each wave giving

a-E——.i.(k -—-§) éy = X ¢, (2)
do,
a'E—-i(k "E)@z—ih 'Pg (3)

where a and f are the group velocities of the two modes and b and g are
iv n by Bm’ Y E respectively. The quantity X\ is A = ('r]u/uf)l"z. 15
T"l and ¢2T2 are regarded as the energy fluxes in the two modes,
equations (2) and (3) give energy conservation. The asymptotic solution of
the equations ylelds the mode conversion information. However, the question
remains of what @1 and ¢2 are in terms of the electromagnetic fields in the
plasma. We shall now justify the use of equations (2) and (3) for the
special case where one of the modes is non-propagating i.e. the group velo-
city of one of the waves is zero (e.g. £ = 0). It can be seen from equa-
tions (2) and (3) that under these conditions the local dispersion relation
is gg[a{k-ku) + b&;] = mn. This situation occurs very often in practice.
We now begin from Maxwells equations applied to a uniform plasma

k x (kx E) = -imuJ-m—zE (4)

= - = 0= Cz =
where Ji = 0,.E., 0,. is the conductivity tensor and we have assumed fields
varying as upi?ﬁ.z—ut). We now suppose that Uij can be split into two
parts

e (2)
o1y ofy'+ off (5)
with, correspondingly,
g = ath 4+ gt2) (6)
We can now write (4) as 3
kx (k x E) =lwy, g”§+m§£ = =iupg at2 (7)

and if 1(2) is neglected we obtain an equation Ky E.— 0, with K. the appro=-
priate tensor constructed from og). This then leaAS to the dispersion

relation for the propagating mode e.g. a cold plasma mode. The current
J z)lllight then refer to a thermal mode which will eventually be identified

with the non=-propagating wave.
In an inhomogeneous system we write
E = Egtx)et [l (x)ax (8)
where k, is the wavenumber obtained from the dispersion relation ule(k X).
Assumhzg that k) is a smoothly varying function of x, we expand Kij Ej =0 to

S ax aE oK
1 i] g+_%§_[11]goj - 0 (9)

Using the fact that for a non-diss1pative system Ki is hermitian we

can easily obtain
- Oi-rlon) =0 (10)

which represents conservation of energy flux“” for wave 1 in a regime where
it is uncoupled to mode 2.
Now consider the effect of J¢2). we take
E(x) = ¢, x)_e(x)e‘fkl"‘""‘ (1)
where the vector e(x) is a (local) solution of Kij Ey = 0 normalized so that
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BK, ;
s;a——i-l - (12)

i.e. £ is the eigenvector of the local electric field of the propagating
mode. En:panding (7) as before, we obtain

i[ﬁ-}l $teey) + 3 & -ﬁil) 41g5] etfiqax o 05120 (19

Taking the scalar product of (13) with e*, the hermitlan property of

K. de
Kij' equation (12) and the fact that E.! ng- a”—(l may be taken as real we
eventually obtain

—1 ik L% 6 = wpgEl Jiz) (14) |

dx i
where ¢; = ¢ e ijk tx)dx Equation (14) descr%bes the coupling of the

propagating mode w) to the current component J, associated with the non-
propagating resonant mode.
We exhibit the resonant nature of mode 2 explicitly by writing
(e ol2)g o E (15)
X Sy [l | Zm-mzj 3
where w; is independent of k depending only on x. We suppose that w = w, at
x = 0 so that near this point

if? = A (16)

The singularity resulting from the resonant response of mode 2 can be
resclved in the usual way, either by introducing a little damping or by
treating the problem as an initial value problem. Using (16) in (14) we
finally obtain the equation for the propagating mode coupled to the resonant
mode

do e¥ dyiE
Tl ot 00 6 = ey S (17)

The solution of (17) is
¢1 = A mrp(ika + inlogx) (18)

where in = wig E‘ d and m is real since a:(l.zl is anti-hermitian.

On passing th.rough ti‘lﬂ resonance ¢, decreases by a factor exp(-un), the
argument of logx being prescribed, as already pointed out, by causality
arguments or the introduction of damping. This decrease is precisely what
is obtained from our previous theory in the case when the group velocity of
one of the waves 1s zero. We have therefore justified our previous theory
for this speclal, although commonly occurring, case.

We conclude by applying the above analysis to the coupling of the cold
extraordinary mode to a Bernstein mode at the second harmonic of the
electron cyclotron frequency. For propagation exactly perpendicular to the
magnetic field using the hot plasma dispersion relation we easily obtain the
splitting of the cold amd hot modes corresponding to equations (5) and (6).
Thus

w? w?g
1 - —2— 1 =B
mz_nz wl mz-QZ) Ex (2)
25 2 = =lwpyd (19)
o BT 1 RS oM E,
wl w2__92) w? we=p2
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2
2 S
-tupg 312 = w%?‘:-‘zm 2 [i 1] [%‘] (20)

where we have only included the warm plasma corrections in the n = 2 term to
lowest order in A(Z kzv,%lﬂz). Note the resonant response of E‘z at w = 2Q.
The polarization of the cold X-mode is obtained from equation (19) by
putting 1(2 = 0 giving E = -—imszEY/w(w:-Qz-ug) thus determining the
eigenvector E
£ _= (L)
= 2kc?

1721 ugca/mt w?-02-u2)
1

where the n ﬂla%é.zation condition, eqn.(12),has been used. Again assuming E
x)dx —

=U)(x)e e and expanding (19) in the way outlined above we obtain
S iny, = ., g(2)
T ~ikey = e gt - 3 (21)
Substituting for 32} from (20) into (21) gives
as 2
e - - EEG RA
B ke = 130052 P50 s

where a;; is the matrix appearing in (20) and we have put w = 2Q = 2(x/R
where R 18 the magnetic field gradient scale length. The solution of
equation (22) is again

= Rexplikx - i w?
L2 xp( w

fgzzzaij cjloqx) (23)

By the previous argument the wave amplitude decreases by the factor
exp(mngn?\:;_aij:jfeﬂz) in crossing the resonance. This is easily shown to
reduce to the” transmission coefficient obtained in our previous work.

In this paper we have provided a justification for our previous theory
of mode conversion for the case where one of the two coupled modes is non=-
propagating and have shown explicitly the relation of the amplitude of the
propagating wave to the fields in the plasma. From the viewpoint of the
incident wave it is immaterial whether the energy is dissipated locally, as
for a resonant mode, or carried away by a wave of small but finite group
velocity. Of course, from the viewpoint of the power deposition profile,
such a difference may be significant.
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ELECTRON CYCLOTRON EMISSION DURING PULSED CYCLOTRON HEATING IN
TOKAMAK PLASMAS
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Very often the tokamak plasma exhibits a strongly non-Maxwellian
electron distribution which affects the plasma discharge, especially in
low-density regimes. The momentum distribution of the electron tail is
determined by various kinetic processes as, for instance, the parallel
acceleration of the dc electric field, diffusion due to rf waves, the
collisional velocity slow-down and pitch-angle scattering, and eventually
other dissipation mechanisms. For a better understanding of the dynamics of
the electron population in plasma confinement and heating experiments, it
is of interest to investigate the relative roles of those processes in the
tail formation. A simple method is based on electron cyclotron emission. As
known, the fast electron tail copiously emits cyclotron radiation at
frequencies significantly smaller than the electron gyrofrequency g and
its harmonics. The frequency distribution and the magnitude of the emitted
spectrum are determined by the parallel and perpendicular momentum
distributions of the superthermal tail. The emitted radiation is then well
suited for accurate investigations of the transient phase of the tail
distribution. Using a 2D initial value Fokker-Planck numerical code, we
compute the electron distribution and the related second harmonic emission
before, during and after a pulse of electron cyclotron heating in the case
of a low density plasma with a strong dec electric field. The electron tail

distribution f (pl.p" ,t) is obtained from the solution of the kinetic

equation
3 f 3 f a.f a.-f
31_(at)cy+(31}coll+(31)E" (1)
where 1= \Jet, “e =27 e4 nen\ /Iil:l/2 TeS/E'_e is the electron charge, n. is

the electron density, m is the electron rest mass, Te is the body tempe-
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rature, A is the Coulomb logarithm, and the three terms at the right-hand-
side represent respectively the electron diffusion term = , the high
velocity limit of the Coulomb collision term and the parallel dc electric
field E|| term.

We consider a tokamak device with small radius a = 20 cm, major radius
R = 100 cm, medium magnetic field B = 25 kG, central electron density and
temperature n_ =2 x 1013 1::m_3 and Te = 1.5 keV, E = 2.7 x 10“:3 V/cm and
E) Te/2 Tn, e A= 0.1. We also consider an electron cyclotron wave-packet
polarized in the extraordinary mode propagating from the high magnetic
field side at an angle ¥= 70° with respect to the direction of B. The
wave-packet has a Gaussian Nj = sin yspectrum of bhalf-width ANy =ay = 10°,
and a frequency f = w/2n = 60 GHz.

We first solve Eq.(1) for (af/ar)cy = 0. A steady-state is attained
for t=400 in which a near flat parallel tail is established in a wide
region of space 2. This electron tail is a good absorber of cyclotron waves
and for the wave-packet in the extraordinary mode nearly total absorption
occurs in the first transit 2. We find that for a 70 kW pulse of electron
cyclotron energy, nearly 50 kW reach the plasma center. The pulse is
applied for 400 <r< 700, followed by a transient relaxation phase The tail
momentum distribution and the radiation temperature at the second harmonic
are shown in the following figures, which refer to the central region of
the plasma column., In Fig.l, we present f, = E"E“Lfd“.l_ versus uﬁ
at t = 400,700 and 870 (u = E/(m're)lfa). It appears that the effect of the
electron cyclotron wave energy (1< 700) is a raise of the parallel tail
population. This results from the combined effects of pitch-angle scatte-
ring and more efficient parallel acceleration due to the increase of the
perpendicular energy of the electrons in the low energy side of the tail.
This is also seen in Fig. 2 in which we show T_L(uﬁ) = 27 Te‘? du (f
uf/ZfH) versus u; . It appears that T, (u;) att= 700 (ECRH on) is greater
than T, (u;) attg400 (no ECRH). Furthermore, the perpendicular distribution
for T = 400 is very close to a Maxwellian distribution at temperature
T, (uy) whereas for r = 700 it deviates considerably from the Maxwellian
shape, as shown for uy = -6 in Fig.3. We now discuss the transient phase
for v > 700. After the pulse duration, the electron tail tends to the
initial configuration, i.e., the tail distribution for : = 400. The process
starts with a decrease of the perpendicular energy of the tail electrons

for parallel velocities near u, = -5 which resonate with the cyclotron




wave-packet (see Fig.2, t = 870). This increases the parallel velocity
slow-down and results in a depletion of the parallel distribution in the
low uj side of the tail (see Fig.l, 1 = 870). This slow-down is accompanied
by a redistribution of the tail energy and may result in a transient
increase of T)(uy) for large wuj due to the predominant effect of
pitch-angle scattering. In the long run, of course the final state
coincides with the initial one at 1 = 400.

The three phases of the tail distribution can be investigated by the
cyclotron emission near the second harmonic. In Fig.4, we present the
radiation temperature Tr(w), defined by the ratio of the emission and
absorption coefficients, versus w/Zu:c for 1t = 400, 700 and B70. For /2w &
= 1, the familiar thermal emission is found and T (w) = T,. The effect
of electron heating at v = 700 is shown by the sharp maximum near mlawc
=0,9. It is of interest to note ¢that in this case Tr differs
significantly form T (uj). This illustrates the difference between the mean
kinetic energy and the actual energy of the resonant electrons in the
perpendicular electron tail, i.e., the deviation from Kirchhoff's law for
non-Maxwellian distributions. For later times, we obtain a similar picture
with the maximum displaced towards lower values of m/2mc (Fig.4,t = 870)
until the same distribution as att = 400 is attained.

Recent experiments on electron cyclotron heating by X-mode in low

=5 have displayed an increase of the second harmonic

density plasmas
emission after the gyrotron pulse, It is of course premature to relate this
increase of the radiation temperature with the results of Fig.4 but the
qualitative agreement between the theory and the experiments gives some
confidence on the potential of the method. It is also worth mentioning
that, in the case of the lower-hybrid sustained discharge with no assist
from the OH transformer we find no significant increase of 'rr after the
gyrotron pulse, in agreement with recent results on rf current enhancement
by ECRH 5.
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LOW-VOLTAGE START-UP IN THE CLEO TOKAMAK USING ECRH

B Lloyd, T Edlington, M W Alcock, D Atkinson, B J Parham, P R Collins,
A N Dellis, J Riley, A C Riviere, D C Robinson and T N Todd

Culham Laboratory, Abingdon, Oxon 0X14 3DB, UK
(UKAEA/Euratom Fusion Association)

Introduction

There is considerable interest in the development of low-voltage start-up
scenarios for tokamak devices because of the engineering design
simplifications which can result, particularly with respect to the poloidal
field system and the vacuum vessel. Furthermore, a reduction in the applied
voltage necessary for start-up can lead to a decrease in the initial runaway
electron population in the plasma. The use of ECRH-assisted start-up permits
greater control over the location of the initial breakdown thereby reducing
plasma-wall interaction and the impurity line radiation losses arising from
this.

Studies of ECRH-assisted start-up have been carried out in CLEO tokamak (R0 =
0.9m, a = 0.13m) at both the fundamental and second harmonic cyclotron
resonance with the aid of an EMI-Varian 28 GHz gyrotron capable of providing
200 kW of rf power for pulse lengths of up to 40ms. The radiation was
injected along a major radius from the low-field side of the torus through
open-ended oversized circular waveguide. The power was transmitted to the
antenna in the form of the circularly polarised TE;; mode (for w = w.,) and
in the TE,, mode orientated to excite primarily the O-mode (for w = w.o) and
primarily the X-mode (for both w = w., and w = 2uw.,).

Feedback control of plasma current, line-averaged electron density and both
vertical and horizontal plasma position allow well-controlled reproducible
plasmas to be established. With ECRH-assisted start-up it has been possible
to produce discharges with V, < 2V throughout.

Fundamental ECRH

The beneficial effects of ECRH-assisted start-up are clearly illustrated in
Fig 1. An 80kW, 20ms pulse of rf power (TEy, launch; both O-mode and X-mode
excited in the plasma) is injected at a time t = 4ms and breaks down an
initial prefill of deuterium to a central line-averaged electron density of
fig ~ 0.9 x 1018m=3 in a toroidal magnetic field on axis of B o = 0.895T. For
this field the fundamental cyclotron resonance is inwardly 31splaced ~ 0.09m
from the minor axis. The plasma current feedback system is triggered at t =
13ms and provides the initial rate of current rise of 0.75MA/s. Capacitor
banks are discharged into a separate primary winding at 22, 51 and Blms in
order to assist the feedback system. The plasma current reaches its
programmed flat-top level of 13.2kA at 42.8ms (ie 29.8ms after initiation)

|
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representing an average rate of current rise of 0.44MA/s during the start-up
phase of the discharge. Throughout this phase the loop voltage is typically
~ 1.1V corresponding to an electric field of E ~ 0.19V/m. The flux
consumption during the plasma current rise is A® = jvldt ~ 0.033Vs.

Estimates of the efficiency of conversion of electromagnetic energy from the
poloidal field system into stored magnetic energy during start-up give 32-46%
depending on the central g assumed (1 ¢ g, € 2).

In Fig 2 the discharge under consideration fis compared with the best (ie
lowest voltage at breakdown) yet achieved in the absence of rf power. The
final current level and the rate of current rise are the same in the two
Cases. preionisation results in a ~ 50% reduction in the volt-second
consumption and a ~ 50% increase in the fraction of electromagnetic energy
input from the poloidal field system which fis converted to stored magnetic
energy. The voltage required at the initiation of the current ramp is
reduced by a factor of 5.

With the TE;, launch it was not possible to investigate the effects of
toroidal field variations because for R, > 1T there was excessive reflection
of microwave power leading to enforced termination of the rf pulse.
The reflection arises when the low density X-mode cut-off layer is located
too close to the antenna. This prohlem was overcome by transmitting the TE,,
mode to the antenna with the waveguide orientated to predominantly excite the
0-mode in the plasma. Provided that the cyclotron layer was located inside

the vacuum vessel the initial loop voltage V} and rate of current rise I
were found to be almost independent of B, (Fig 3) except at the highesg
fields in which case the cyclotron layer was located close to the antenna
leading to a deterioration in the coupling of the rf power. Furthermore,
under these circumstances electrons produced in the initial preionisation
phase would be swept immediately into the wall by the ExB drift. The

vol t-secand consumption j'det and the average rate of current rise

<t > eyaluated over the start-up phase exhibit a similar B¢ dependence

to ‘J}'and i“J respectively.

The power dependence of <t > and J’Vldt for TE,, 0O-mode injection was
investigated. There was a deterioration in these parameters with increasing
Prg which may be associated with the increasing difficulty which was

experienced in controlling i, to a low level during the current rise as the
rf power was raised. At the highest powers the discharge was not sustained

adequately after the rf pulse. Vy and il were essentially independent of P.¢
in the range 60+135 kW, similar to resulEs obtained in ISX-B[1].

During the preionisation phase small plasma currents were often detected.
Such plasma currents have been ohserved previously [2] and may be associated
with an asymmetric loss of particles in the presence of toroidal and vertical
magnetic fields [3,4]. The magnitude of the currents observed in CLEDN were
not reproducihle or predictable but generally increased with rf power. At
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Png = 120kW currents up to 0.6kA were measured with dI,/dt still ~ 230kA/s
wnen the plasma current feedback system was initiated.

The results obtained with the TE;; O-mode Taunch were not as impressive as
those with the TEy, launch. Whether this is related directly to the mode of
launch or arises because of inferior discharge optimisation in the former
case is not absolutely certain. Similarly, experiments with a TE,, X-mode
launch yielded yet worse results. As expected, in this case, one was much
more susceptible to excessive reflection associated with the X-mode cut-off
layer.

Second harmonic ECRH

Experiments at the second harmonic with a TE;, X-mode Taunch yielded
qualitatively similar results to the fundamental TE,, 0-mode launch. This is
illustrated by the R¢ dependence of V} shown in Fig 4. Also shown in this
case 1is the variation of the central 1line-averaged density during the
preionisation phase, ﬁ;, which exhibits a very strong dependence. This
variation is probahly a function of the relative positions of the cyclotron
layer and the central vertical chord along which the density is measured,
bearing in mind the outward ExB drift. MNote that the highest 1ine-averaged
density achieved in the preionisation phase is approximately

equal to the X-mode cut-off value implying a peak density which exceeds this
figure. This suggests that the O-mode component (generated after
polarization scrambling due to repeated reflections from the vacuum vessel)
may play a role.

Vgand T; were essentially independent of rf power in the range 60+135kW as

were <I > and IVldt since during the power scan no difficulties were
encountered in controlling fi .

The effects of wvarying the rf pulse duration and timing were also
investigated. Within the range of study only very weak dependences were
encountered. Similar observations were made in ISX-B [1] during
preionisation at the fundamental.

Summary
The effectiveness and reliability of low voltage ECRH-assisted start-up has

been demonstrated by conducting experiments over a wide range of parameters
and Taunching conditions. Well-controlled discharges with V, < 2V throughout
have been established. The effective use of second harmonic heating in the
start-up phase has been demonstrated.
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CURRENT DENSITY PROFILE CONTROL ON JET USING ECRH CURRENT DRIVE
M R 0'Brien, M Cox, T C Hender, N C Rohinson and D F H Start

Culham Laboratory, Abingdon, Oxon, 0X14 3DB
(UKAEA/Euratom Fusion Association)

Introduction

The localised nature of electron cyclotron resonance heating (ECRH) has
been successfully exploited on several tokamak experiments (CLED, T-10,
Doublet IIT, PDX) to reduce the amplitude of, and in some cases completely
suppress, the sawteeth and m=2 MHD instabilities. The necessary current
density profile control was achieved by modifying the electron temperature
profile and in each case the ECRH power was a substantial fraction of the
total heating power. In tokamaks with large, broadly distributed additional
heating, as in the case of neutral beam injection, a possibly more effective
method is to control the current density profile directly using ECRH current
drive. We have studied this possibility for the JET tokamak by ray tracing
and Fokker-Planck calculations applied to the downshifted frequency scheme
suggested by Fidone, Giruzzi and Mazzucato [1]. Calculations have been made
for fundamental X-mode ECRH at 60 GHz and 70 GHz and for second harmonic
X-mode at 140 GHz, these frequencies heing available at present or in the
near future. The predicted current densities are compared with calculations
of the currents required to stabilise the m=2 resistive mode.

Current drive calculations

The geometry of the method is depicted in the poloidal cross section in
Fig 1. In this example the magnetic field on axis is 3.2T so that the
resonance for 60 GHz 1ies outside the plasma at R=4.43m. A ray tracing code
[2] is used to follow rays launched outwards from the top of the torus
towards the resonance surface. The rays are given a toroidal component to
achieve current drive and the launch angle is chosen to localise the
absorption and optimise the current at 1m from the plasma centre where we
assume the g=2 surface to be for the purpose of this study. For the X-mode
fundamental the k vector at launch has components (kz- kps k¢) =
k(-0.64,0.38,0.66) where ¢ is the toroidal angle. We follow a cone of rays
with a 5° semi angle about this central ray corresponding to HE;, mode
launch from a 3cm wide antenna [3]. The rays in Fig.l are extreme rays on
this cone and the shaded section shows where absorption occurs.

Typical current and power deposition profiles, which are almost
identical due to the strong localisation, are shown in Fig.2. In this
particular case ( ﬁe =4 x 1013, ?e = BkeV) the absorption is 100% and the
current driven is 112 amps per kilowatt of injected power. The temperature
and density profiles are taken to have the form n, = ﬁe(l-wl where ¢ is the
poloidal flux function. In the absorption region the temperature and
density have values T, = 1.3keV and n, = 1 x 101%m-3 respectively.
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The scaling of the current per kilowatt of injected power, pinj- with
central density is shown in Fig.3 for 60GHz and for central magnetic fields
of 3.0T and 3.2T and central temperatures of 5keV and 6keV. The dashed
sections of the curves show where the absorption has fallen to less than
50%. Where full absorption occurs the 'gur‘rent is almost exactly
proportional to ngl, with a value ~ 240A/kW at ng = 2 x 1049m-3 falling to ~
70A/kW at fi,= 6 x 101%m-3,
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Fig 3 Current drive efficiency Fig 4 Current drive efficiency

versus central density for 60 GHz RF  versus central density for 70 GHz RF

Similar values are obtained with 70GHz waves as shown in Fig.4. Note
that for a given magnetic field and temperature the higher frequency allows
total single pass absorption at higher density (ne(max)af2). For total
absorption the current is closely proportional to Te'

In the case of 140 GHz second harmonic heating, the current drive
efficiency is substantially less than for fundamental, principally because
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the resonance condition is influenced as much by the relativistic mass shift
as by the Doppler shift and this allows electrons circulating in both
directions around the torus to come intec resonance. For example, at
n,=4x101%m=3 T =7keV, B=3.4T, the efficiency n(=1/P;,;) is 23 A/kW compared
with n=1508/kW For 70 GHz fundamental heating. 4

The above calculations ignored electron trapping and to study these
effects we have made Fokker-Planck calculations using the code described in
ref 4. The results are given in Fig.5 for fixed local density and
temperature (n, = 4 x 1019m'3,Te = 3keV) and for conditions pertaining to
the ray tracing calculations, namely absorption at a poloidal angle ~ 60°
(from the outer midplane) and by electrons with vy ~ 3vg. As can be seen
from Fig.5 the current is reduced as the flux surface radius is increased
and even reverses direction for e>0.33. This effect has been derived
analytically in ref.5 and is due to a cancellation of the Fisch-Boozer
current [6] by a reverse current component arising from the depletion of
passing electrons in the resonance region [7].

minor rodius (m)

95 10 Fig 5 Ratio of current drive
efficiencies 1in the presence
(nT) and absence (n) of
electron trapping versus
inverse aspect ratio e. The
dashed curve is for absorption
of 90GHz RF at a poloidal
angle of 1T35°;, Other
parameters are the same as
those for the solid curve.

A smaller reduction in current is obtained if the power is absorbed on
the inside of the flux surface[5] which might be achieved by using higher
frequency (~ 90 GHz) and a central resonance (see fig 5). Access to the
inside of the flux surfaces becomes easier as they move outwards as B
increases, Note that for sawtooth (m=1) stabilisation in the region e<0,1
the trapping effect is much less of a problem.

Tearing mode calculations

The current profile modifications needed to stabilize the m=2, n=1
tearing mode have been calculated using the FAR[8] code which solves the
incompressible linear resistive MHD equations in fu]l( torqzidal geometry.
The equilibrium is specified by FdF/dp = (1-¢)2 + be™2\¥¥)" q = 1.1 and
the pressure P a (1-¢)2. The Gaussian term represents the stabilising
perturbation and F is the toroidal magnetic field. The profile of FdF/d¢
for a=100, b=0.05 is shown in Fig.6 as a function of midplane radius.

The growth rate for =0 and 6I/1 = 6.7% is plotted against bg in Fig.7
and shows that stability can be achieved by suitable positioning of the
perturbation. At the optimum radius the stability requirement is 61/1~3.5%.
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At finite B the favourable average curvature has a strong stahilising
influence[9] such that, for example, at Bpol oida1 = 0-12 the stabilising
current is only &61/I~2.6%.
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Fig 6 Perturbed current profile Fig 7 Growth rate of n=1 tearing mode
across the horizontal midplane versus position for &1/1 = 6.7%

Conclusions

The tearing mode calculations suggest that the m=2 mode can be
stabilised with 61/1~3% corresponding to 150 KA for 5 MA discharges. The
current drive calculations show, in the absence of trapping that
efficiencies in excess of 70 A/kW for n, <6 x 10*°m=3 can be achieved with
fundamental heating. Thus in this density range the tearing mode could be
stablisied with 2MW of ECRH power. In addition the non-inductive current
will be supplemented by the locally increased ohmic current due to the
plasma heating by the RF. However it should be noted that the scheme
requires precise positioning of the current perturbation and is susceptible
to trapped electron effects. The latter can be ameliorated by absorption on
the inside of the flux surfaces,
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GYROTRON POWER SOURCES FOR ELECTRON
CYCLOTRON HEATING®

K. Feleh, R, Bier, L.J. Craig, L. Ives, H. Jory, and S. Spang

Varian Associates, Inec., 611 Hansen Way, Palo Alto, CA 94303
USA

ABSTRACT

Previous publications have dealt with Varian gyrotrons for long-pulse
or CW output at frequencies of 28, 35, 53, 56, 60,and 70 GHz. Currently a
development program is in progress to produce a 100 kW CW gyrotron at
140 GHz. The first experimental 140 GHz gyrotron achieved CW power levels
of up to 75 kW at 31% efficiency. This is the highest CW power level ever
obtained in a microwave tube at a frequency above 100 GHz. Recently, in
pulse tests on the second experimental 140 GHz gyrotron, a power level of
155 kW at 29% efficiency was achieved. Various measurements made during
tests on the first experimental 140 GHz tube are summarized and the results
of parameter variation studies carried out during pulse tests on the second
experimental 140 GHz tube are presented. CW tests on the second
experimental tube are currently underway.

I. INTRODUCTION

Varian 140 GHz gyrotrons are being developed for use in electron
cyclotron resonance heating (ECRH) of plasmas. The present goal of the
program is to develop 140 GHz gyrotrons capable of generating 100 kW CW.
The 140 GHz tubes are similar to previous 200 kW CW gyrotron oscillators
developed by Varian at frequencies of 28 GHz, 35 GHz, 56 GHz, and 60 GHz.!
In addition, 200 kW, 40-100 ms pulse tubes at 28 GHz, 53 GHz, 60 GHz, and
70 GHz have been delivered to various fusion laboratories. In the
following we begin by describing the basic design features of the 140 GHz
gyrotron, Next we summarize the test results obtained on the first
experimental 140 GHz gyrotron and then present the most recent results
obtained during pulse tests of the second experimental tube, A more
detailed discussion of the 140 GHz gyrotron design and initial tests made
on the first experimental tube may be found in the references,2:3:%

II. 140 GHz GYROTRON DESIGN

The design of the 140 GHz gyrotron is centered around an interac-
tion cavitg which is resonantain thg TE831 mode at 140 GHz. Both simple,
tapered TEjp3; cavities and TEgp,/TEp3; complex cavities have been tested
thus far on the first two experimental 140 GHz tubes. The hollow electron
beam is formed by a magnetron injection electron gun. The beam is located
# The 140 GHz gyrotron oscillator is being developed under contract with
Lawrence Livermore National Laboratory, operated by the University of
California for the U.S3. Department of Energy, under Prime Contract
W-T405-eng-48.
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at the second radial maximum of the electric field in the cavity. The
electron gun is designed for operation at voltages between 50 kV and 70 kV
at beam currents up to 8 A. The beam has a calculated perpendicular to
parallel velocity ratio, a, of 1.5 to 2.0 in the interaction cavity.

The microwave power generated in the interaction circuit diffracts
into the output waveguide and propagates in the T503 waveguide mode through
a vacuum window and into the external transmission system. The electron
beam is collected on the walls of the output waveguide as it follows the
diverging magnetic field lines of the superconducting gyrotron magnet. The
uptaper between the interaction cavity and the electron beam collector on
the first experimental 140 GHz gyrotron has a linear radial profile, while
the second experimental gyrotron and all succeeding 140 GHz tubes employ a
nonlinear uptaper which has a calculated mode purity of 98% in the desired
TES3 mode, The output window is a double-disc design which is cooled by a
low-loss dielectric fluid flowing between the discs. A superconducting
magnet provides the 50-56 kG magnetic field required for operation at
140 GHz,

III. 140 GHz GYROTRON TEST RESULTS

A. First Experimental 140 GHz Gyrotron
The first experimental 140 GHz gyrotron employed a simple,

tapered TE031 interaction cavity. During pulse tests on the first
experimental tube, an output power of 100 kW at 28% efficiency was achieved
when employing a beam voltage of 60 kV and a beam current of 6 A. Mode
competition with the TEgal mode at 137.0 GHz and the TE?zl mode at
144.6 GHz and the apparent mirroring of beam electrons served to preclude
the achievement of higher powers and efficiencies. Mode competition
increased significantly at beam voltages above 60 kV, and electron beam
mirroring occurred when operating at high values of a at high values of
beam current.

In CW tests on the first experimental 140 GHz tube, an output power
level of 75 kW was achieved at 31% efficiency in the desired TEg3; mode.
At this power level, the measured temperature of the output window was
108°C, well within the safe operating range for the window. During the CW
tests, measurements of the microwave losses in the cavity, window and
various other portions of the tube were made. While operating at 75 kW CW,
6.6 kW were measured in the cavity cooling circuit and 3.5 kW were observed
in the window and other parts of the tube that absorb rf power. The power
losses measured in the cavity are in agreement with theoretical predictions
when the effects of surface roughness and temperature are taken into
account.

B. Second Experimental 140 GHz Gyrotron
Following the CW tests on the first experimental tube, pulse

tests on the second experimental tube were initiated. The major design
change made in the second experimental tube was the use of a TE321/T£031
complex cavity design instead of the simple, tapered TE831 design employed
on the first tube. The complex cavity design was chosen teo try to reduce
the effects of mode competition observed during tests on the first
experimental tube,

Some of the results of an extensive series of parameter variation
studies on the tube are shown in Figures 1 and 2. In Figure 1a we have
plotted output power vs beam current for different beam voltages. The
cavity magnetic field has been set for optimum output power for each beam
voltage. At a beam voltage of 70 kV, an output power of 155 kW was
obtained at 29% efficiency. In general, mode competition with the TEzai
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and TE?H modes was no greater at 70 kV than it was at 60 kV, in contrast
to the results obtained on the first experimental tube. In fact, output
efficiency at the maximum power for each voltage actually increased with
increasing voltage, as shown in Figure 1b.
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The variation of output power with cavity magnetic field is shown
in Figure 2 for operation at a beam current of 6 A. Optimum efficiencies,
n, are shown for each value of beam voltage. Again we note the improved
performance at higher voltages. Higher power levels than those shown in
the figures were measured when the gun-anode voltage was increased past the
point where mirroring electrons caused small amounts of current to be drawn
to the body and gun-anode portions of the tube. As an example, 170 kW of
output power was measured at a beam voltage of 70 kV and a beam current of
7.5 A when the gun-anode voltage was raised in this manner, while a power
level of 155 kW was measured for the same beam voltage and current but with
the gun-anode voltage set such that no body or gun-anode current were
observed. Though such operation is possible under pulse conditions, the
body and gun-anode current would cause excessive heating in CW operation.

IV. CONCLUSION

In general, the initial gulse tests on the second experimental 140 GHz
gyrotron indicate that the TEazlfTEgal complex cavity has significant
advantages over the TEp3) simple, tapered cavity design employed on the
first experimental tube. Higher power levels were achievable, and the
range of parameter space available to the desired TEy;); mode was much
greater for the TEgzi/TEgal cavity. Evaluation of the second experimental
tube under CW operating conditions is currently underway.

Both the first and second tubes employed electron guns of the same
design. In both tubes the apparent mirroring of beam electrons appeared to
limit output efficiencies, especially at high values of beam current. A
second electron gun design that should provide a higher quality electron
beam,“ thereby reducing electron beam mirroring problems, will be tested on
the next experimental 140 GHz tube.

The results obtained thus far on the first two experimental 140 GHz
gyrotrons represent an important step in providing high-power, high-
frequency microwave power for a variety of applications. The 75 kW CW
power level measured on the first 140 GHz tube is the highest CW power
level ever achieved in a microwave tube at a frequency above 100 GHz., The
improvements in efficiency and output power levels observed during pulse
tests on the second experimental tube indicate that further advances in the
performance of Varian 140 GHz gyrotrons are still forthcoming.
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NEUTRAL BEAM DEPOSITION EXPERIMENTS AT ELEVATED DENSITIES
IN ASDEX
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INTRODUCTION

In the past the penetration requirements for neutral beams have been
derived from the postulate that the beam power should be deposited near the
plasma axis. It has been demonstrated theoretically that the shape of the
deposition profile is governed by the parameter a/) (a = minor plasma
radius, A = mean free path of the injected neutrals at line-averaged
density). Assuming constant electron thermal conductivity, it can be shown
theoretically, that decreasing penetration (i.e. increasing a/X )of the
beam results in decreasing global energy confinement time and decreasing
attainable central electron temperature, values of a/)\ in excess of 2
being considered as critical /1/. Consequently the beam energies necessary
to penetrate large plasmas in order to heat the plasma centre lie in the
range of several 100 keV /2/, which leads to serious difficulties for
positive-ion-based neutral beams due to the decreasing neutralisation
efficiency. As a solution nepative-ion-based systems have been proposed,
which would offer reasonable efficiency, but require the development of a
new technology.

In order to make an experimental assessment of the required beam
penetration a series of experiments were started in 1984 in ASDEX, in which
neutral beam deposition was varied systematically. The first results
reported at Budapest /3/ showed (in agreement with other experiments /4/)
no degradation of heating and confinement within the parameter range
accessible, but suffered from following drawbacks: the plasma density was
too low (fiy = 6 x 1013 cm3) for extremely hollow deposition profiles to be
produced and the power level was only moderate (1.3 MW). This paper
describes the continuation of the experiments at almost twice the density
and three times higher power.

EXPERIMENTAL PARAMETERS AND RESULTS

The experiments were carried out under the following conditions:
Ipy = 420 kA, Bp = 2.2 T, Tg = 1.15 x 1014 w3, Dy-plasma, double-null,
dfverted. The density was built up with Dy gas—puffing before and during
the injection pulse ( T = 400 msec), and reached a stationary state towards
the end of the pulse. Comparison was made between shots of different beam

lacademy of Sciences, Leningrad, USSR; 2Assigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; 4Un1versity of Washington, Seattle, USA;
SFellow of the Schiedel-Stiftung, Austria; 6CEN Grenoble, France
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energy per nucleon, i.e. 40 kV acceleration voltage, H%-injection, <E> =

25 keV/AMU (Py = 3.6 MW) and 44 kV acceleration voltage, D°-injection,

< E>= 13 KeV?AMU (Py = 4.1 MW), keeping everything else identical. All the
shots were L-type discharges.

The global energy confinement time, evaluated from the diagmagnetic Bpol
during the stationary phase, does not show a significant difference (see
Fig. 1). The value of Ty = 35 msec is consistent with ASDEX L-scaling. The
electron temperature profiles during the stationary phase (taken from YAG-
laser scattering and B-shift corrected) are shown in Fig. 2. As can be
seen, there is a reduction of about 10 Z in To(0) for the low-energy case
(44 kv DO) inspite of the somewhat higher power. The corresponding power
deposition profiles are shown in Fig. 3.

DISCUSSION

If one interprets this reduction of To(0) for the 44 kV D%-case as the
onset of degradation of heating, one may identify the corresponding profile
parameter a/A = 6 with the limit for off-axis deposition in tokamaks
(A = (fe Opgp)~!s Ne = line-averaged density, Opgp = total trapping cross-
section).

In calculating a/A = 6 a correction for steeper injection angles (15 -
20° on large machines instead of 45° on ASDEX) has been applied. Applying
this scaling law to larger plasmas yields the curve shown in Fig. 4. It can
be seen that e.g. 70 keV DO in JET or 120 keV DO in NET would be
sufficient to produce deposition profiles of the same relative shape as in
Fig. 3b and would hence result in non-degraded heating.

At low energy (E < 20 keV/AMU) the deposition limit may not be
determined by heating but by impurity radiation due to enhanced charge—
exchange wall erosion. Enhanced impurity (iron) influx was e.g. observed in
the 44 kV D%-case at the end of a 400 msec—pulse, but was absent in the
40 kV H%-case. Low energy injection at a/\ = 6 may therefore be limited by
an additional constraint, namely to E> 20 keV/AMU independently of plasma
size and calls for a high proton ratio from the ion sources. From the
present data it cannot be entirely excluded that this limit may even be
higher (v 30 keV/AMU).

It is important to note, that hollow deposition profiles as shown in
Fig. 3b are sensitive to central impurity radiation leading to radiation
collapse. The viability of hollow deposition profils must therefore be
confirmed in long pulse experiments.

If the principle of "profile consistency™, i.e. the invariance of the
temperature profile with respect to power deposition /3,5,6/ will persist
in larger tokamaks, it may even not be required to obey a/\ = const. in
order to produce heating and confinement without degradation. Other scaling
laws may have to be considered, e.g. relating A to the width of the
toroidal shell outside q = 2 /6/, or possibly A = const., suggesting that
it may be sufficient to deposit the power independently of plasma size at
constant depth measured from the plasma edge and A chosen just large
enough to avoid enhanced charge exchange wall sputtering (see above).

It should be noted, that the conclusions contained in this paper are
valid for injection into tokamaks and do not necessarily apply to
stellarators.

Finally it may be appropriate to reconsider the development of power
recovery and plasma sources with high atomic ion yield in comparison with
negative ions.
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FIGURE CAPTIONS

Fig. 1: Global energy confinement time Ty vs. species-averaged beam
energy <E> and full beam energy E, respectively

Fig. 2: Electron temperature profiles

Fig. 3: Power deposition profiles for ohmic power (pg ), electrons (pg),
ions (pj) and total power (ZI).
a) for 40 KV HO, 3.6 MW
b) for 44 kV D%, 4.1 MW I
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FAST ION BEHAVIOUR DURING NBI IN TFR FROM
NEUTRON FLUX MEASUREMENTS

Equipe TFR, presented by M.Fois
Ass. EURATOM-CEA sur la FUSION CONTROLEE
DRFC CEN, BP n. 6, 92260 FONTENAY-AUX-ROSES

Introduction

Wwith the injection lines installed on TFR in 1984 and graphite limiters,
the heating efficiency was shown in [1] to be less than in previous
experiments reported in [3] ; furthermore, ion temperature saturates with
additional power and electron heating is poor.

Oone or the other of these features are shared with most NBI experiments
in Tokomaks (H regimes excepted) and are currently reworded as ‘“confinement
deterioration® but, in order to quantify confinement statements, one has to
assume a classically computed power deposition profile.

In NBI, transmission into the torus, capture by the plasma, confinement
and slowing down of the captured fast ion population are the successive
steps where power coupling problems might arise and we decided to start from
a systematic experimental check on all of these points: by neutral beam
shine-through calorimetry for transmission and capture, by charge exchange
and neutron emission for fast ions.

This contribution reports on one pa;ticular experiment in this line:
neutron flux probing of the injected fast D population.

14 G o

When D" beams are injected into D' plasmas three components add up to the
total neutron flux, labeled as beam-beam, beam-plasma and plasma-plasma:

1
5 f(Ei.r] f(Ez.r) {o

=g
’bb'éd r é Dva) dl-:1 dz2
1

I
E:z
¢, =fa’F | £(E ,x) n () > dE
bp_v ¥ é X)) nplx (aunvr

- J‘
tpp—jd T nD%rJ (oDDvr)

v

[ ST

f stands for the average radial distribution function of the injected
fast ions, n _tor the bulk ion density and <oDDvr> are the appropriate
average reaction rates.

Oowing to the very strong E dependence of o, , only the high energy part
of f (corresponding to the beginning of ERe slow down process) will
significantly contribute to neutron fluxes; hence, collisional radial
diffusion and charge exchange of the fast ions ( with the central neutral
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density measured in [2] ) can here be neglected and we can write:
-1
- _ g
f(E,r) = I(r) [ at (E,x) ]

where I(r) is the radial source term of fast ions, both poloidally and
toroidally integrated, as calculated by a capture code and

aE _ -3/2
ae = " Bl T

classically describes the collisional energy loss of fast ions.
Typical values, with 4 sources injecting 600 kW on TFR, are:

(r) G(E)

m> =8 107 en’ | T(0) = 1.4 kev , Tiny(Bgt= 10 A, E = 34 kev
for these values, the calculated neutron fluxes are:
by % 3 W £ tpp = 3 TG U 4 = 10

One important remark has to be made at this point: the dominant flux ‘b
depends on the power deposition profile through £(E,r): in more detail,?¢ P
depends on the capture process through I(r) and on the slowing down procegg
through dE/dt, that is information on both capture and energy transfer are
coded into ¢, .

Now, if gfowing down is assumed to be classical (or actually measured to
be, as we have done and will elsewhere publish ), then ¢, = ¢ _ (5)
just reflects the actual power deposition profile through any qggmetggcal
parameter 5§ characterizing its broadness or radial shape (see Fig.1 for the
actual 3).

In particular, concerning saturation problems, the functional dependence
¢, (8) should not change with P if only bulk energy confinement
d8€eriorates and the Te(r) profileagﬂly negligibly changes with Pad

10 _ gttt

as in

TER. d
Hence, the basic principle of the here reported experiment is to explore
the functional dependence ¢, (&) for different values of P ; in order to

make conclusions as direcgpas possible, purely geometricg?daction on power
deposition was preferred rather than changing either injection energy or
line density.

This was possible because allowance for easy mechanical tilting of the
ion sources in the vertical plane had been provided on TFR, as can be seen
on Fig, 1, where the actual & parameter is also defined.

As numerical simulations show in Fig.2a, fast ion profiles can thus be
modified from "central" to rather "peripheral" by changing & from 0 to 12
cm; Fig.2b shows the corresponding neutron emission radial profiles.

Experimental results and interpretation

The experimental procedure was as follows. First, "8 scans" were measured
for each source of one injection line; this enabled us to check the neutron
yield of each source for a given set of operating parameters and to center
the & scale on the plasma axis within 0.5 cm. Second, *“5 scans" were
repeated with 2 and 4 sources operating together, thus varying Padd‘

For single source operation, the absolute neutron yields were lower
than calculated (= 40%), but within the absolute calibration uncertainty of
the neutron detectors, on the other hand, as shown in Fig.3a, 4 sources
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yields were less than 4 times the single source ones, but not by a constant
factor throughout the & range; 2 sources results were intermediate.

The relative comparison between normalized 1 and 4 sources "6 scans" is
shown in Fig.3b, together with simulations: the 1 source results fit
remarkably well thg simulation calculated with the actual experimental line
density: nl=3.3 cm °, while the 4 sources scan is significantly broader.

This undoubtedly implies a radially broader fast ion profile at high
energy, that can be simulated by multiplying by 2.5 the actual nl value,
as also shown in Fig.3b; this is just a practical trick to simulate a
broadened fast ion profile and we don't mean that capture is actually
enhanced, but this also means that if ion heating saturation had to be
entirely explained in terms of ‘enhanced" or ‘“abnormal" capture, an
incredibly high enhancement factor would be required.

Therefore, rather than 1look for exotic capture schemes, we decided to
provide an independent experimental determination of the capture by neutral
beam shine-through calorimetry: preliminary results show indeed that capture
is quite "normal® and insensitive to padd as it should be.

Conclusion
Instead of hypothesis, we are now left with a few experimental facts:

1) Central fast ion density saturates with Bdd (charge exchange with
modulated beam,[2] and neutrons, this paper).

2) Fast ion profile ©broadens with Padd (neutrons, this paper).

3) Slowing down and capture are normal (charge exchange and calorimetry,
to be published).

Therefore the present conclusion is that ion heating in TFR is at least
partly limited by fast ion radial broadening and two further questions may
be raised:

1) Can bulk ion energy confinement deterioration be entirely excluded? We
would say not, because absolute fast ion densities cannot be measured
on TFR with sufficient accuracy.

2) What mechanism induces fast ion losses and broadening? We don't know
at present, but the fact that neutrons are produced at high fast ion
energy implies that this mechanism has to act at the very beginning of
the slow-down process, which is the same conclusion obtained by active
charge-exchange and reported in [2].
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VELOCITY-RELAXIATION OF INJECTED HO-PARTICLES
IN A HIGH TEMPERATURE HYDROGEN PLASMA

Ichiro MORI, Kaoru Ohya*
Technical College, Faculty of Engineering*
Tokushima university, Minami-Josanjima 770 Tokushima Japan

1. INTRODUCTION

Recently, in the neutral beam injection (NBI) and the temperature measure-
ment by using H--beam have been performed extensively. However, the analysis
with a exact cross-section of elastic scattering has not been appeared.
In this paper, relaxations of H”-beam spectrum after the interaction with a
hot plasma are analyzed theoretically by solving a Fokker-Planck equation (FP
E). 1In the following, the results of calculation for the exact cross-section
and the method to get the Fokker-Planck coefficients are stated.

2. CROSS-SECTION
A cross-section of HO-H' elastic scattering is calculated by making use

of a partial wave method. Figure 1 shows an angular dependence of the exact
cross-section /1/. The cross-section of elastic scattering,o,g, is compared
with that of charge exchange and the ionization, o., and o : obtained by
Riviere /2/ as shown in Fig.2.

The results of the calculation show that the exact cross-section approaches
to that of a Born-approximation in high energy region such as 100 KeV.
The Born-approximatin can then be used to obtain the Fokker-Planck coeffi-
cients. For the analysis of -beam, effects of the charge exchange and the
ionization by H*-particles are included by consideration of Riviere's cross-—
sections. e

X ion

5
\{norn Approx. )
~

CROSS-SECTION (m®)
Cross-Section (m?)

3,

G

01 02 03 04 0G5 05 07 08 1 2 5 10 20 50 100
SCATTERING ANGLE (Degree) Energy [KeV)

Fig.l Angular dependences of A Fig.2 Elastic scattering cross-section

elastic scattering cross-section and its comparison with charge-echange
and ionization cross-sections )
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It is pointed out that there is a cross-point formed by three curves, o,

O.x and o;,,in Fig.2. If a particle energy exceeds the cross-point energy,
47 KeV, loss mechanism of H0-particles depends mainly on ionization by H*-
particles. Conversely, if the particle energy is smaller than cross-point
energy, the mechanism will be decided by charge-exchange.

3. FOKKER-PLANCK EQUATION
Let us consider first an effect of elastic scattering to calculate the
coefficients of Fokker-Planck equation (FPE). We can obtain the friction and
difffusion coefficients by using the calculating method studied by Rosenbluth
et al./3/. Results are as in the following.

<hv >
u e 4nEOaE mp a
RS = Em{ - )} + (1/6)]« gitn(v)) (1)
<Avy Avy> “ Aneqak m 2g(v)
pVys B 0 _E_) ’glv
At " Bmegmy [htv)ﬁpv {m( e?  2mg G}avpav\, (@)

where m,, m,, a, eg, € and E the proton mass, the electron mass, the Bohr-
radius, the dielectric constant in vacuum, the electric charge and the rela-
tive energy respectively. If we assume that the plasma has a Maxwellian
distribution with density of ng and temperature of T, then the above func-
tions h(v) and g(v) are written as follows.

h(v)=2ng# (8%v) /v = 2ngv™! (3)
() =ng8~%[ (B%v) e (8%v) + (28%v) " o (8%v) +ikexp (- (8%) A)eng (v+B v /2)  (4)
where o(g%v) represents an error function with an argument of g%v and the

relates to a plasma temperature with a formula B:(mp/2kT).
The Fokker-Planck equation can be described as

af Nk T =i, = = =
e =—g—[ﬂ ly ,3 —F+(2vT2-g~! "'} Hv * B ""J[(l-u ) 2u--}]
Y 4ne.aE np
B 8 z‘m % ( ? "2 ) o
T o™p e e
where p=cos0 and 08 is an angle between the velocity vector v and the axis,
i.e., beam direction in velocity space. The equation (5) can be solved by
a variables-separation method. Angular part of solution, 6(u), is given by

Legendre function with index n, @e(p) =P _(u), while a velocity distribution,
F(v,t), depends on the following equation.

nql| _
aF _ _O.[B L P L

at 2

- (1- _E_ ")v"n(n+1)F] (6)

In addition to the effect of elastic scattering represented by the right
hand side of Eq.(6), let us introduce the terms which describe the effects of
charge exchange and ionization. These terms are represented as
—F(v.t)n0<ucxv> and —F(v,t)n0<al V> , where the brakets stand for the mean
with respect to the distribution of ions, i.e., Maxwellian and we can use the
Riviere's expressions for g., and gj,,- The final equation becomes as follows
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DL o L o I A 1 Srog g o2
= 5P v ’5;3 + —g—(E—B yT2)v 2%; - —5—(1— 58 w=2)vTn(n+1) (7)

NGOV HNG<0ionv>F + 8

where the last term, 5, represents a source term.

The most important feature in Eq.(6) or in Eq.(7) is the fact that the
diffusion rate in velocity space of the He—particles is directly proportionl
to the plasma temperature itself, i.e., the coefficients of second deriva-
tives in Egs. (6) and (7) include a factor B 'where the B 'means 2kT/ as in
the above notation. Therefore the effective energy relaxation of HO-beam
in the NBI-experiments and also effective contribution on the temperature
measurements would be expected with an increase of the plasma temperature.

4. SOLUTION OF FOKKER-PLANCK EQUATION

Now from here on we solve numerically the Fokker-Planck equation by using
a computer. A solution of Eq.(6) as an initial value problems is shown in
Fig.3 in which an initial function is assumed to be a rectangular distribu-
tion whose normalized value was taken as 10°, i.e.,

F(0.98 £ (v/vg) £1.02; t=0) = 10° ,
(8)
F(v/vb s £ ) =0 for other value of v/vo N

where v/vo is an normalized velocity with vy, the injecting Ho—velocity.

In Fig.3, v is taken as the velocity corresponding to the energy of 100 KeV.
In the figure the plasma temperature and the density are assumed to be 10 keV
and 10%° m™* respectively.

Solution for initial value problem in the presence of ionization and charge
exchange reaction is shown in Fig.4. In this figure, plasma temperature and
density have the same value as in the Fig.3, however, we must notice that the
time scale is different from that of the Fig.3.

1 1
w1 : : 3 Y ] ( rom : 2 =1
Q94 086 088 100 102 104 I 086 098 1.00 102 1.035
NORMALIZED VELOCITY V/V, NORMALIZED VELOCITY  V/Y,

Fig.3 Solution of initial value problem|Fig.4 Solution of initial value

of Fokker-Planck equation. The figure problems. Figure shows the rerax-—
shows the relaxation of distribution jation of distribution with the
without cgarge-exchange and ioniza- presence of charge-exchange and
tion. Initial value is assumed to be ionization.

F(0.98 < (v/vgy)g 1.02; t=0)=107.
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Figure 5 shows the velocity distribution at 0.23 ps after the start up
with a equivalent current of one ampere in continuous injection of HO-beams.
The plasma density of 10*" m— and the temperature of 10 keV were assumed in
this figure.

It is seen from the figure that a relaxation or a diffusion in a velocity-
space is not effective in the high energy injection. In the low energy
injection, however, it is much more effective.

Spectral spreading or the relaxation of distribution function with increase
of plasma temperature are shown in Fig.6 where the time is fixed also at 0.23

ps after the start up of the injection. Increase of the relaxiation with
the plasma temperature certisfies the relation between the diffusion coeffi-
cient and the plasma temperature.

0

10°

L n 2 1 L L i =
096 0398 1.00 1.02 1.04 096 0.98 1.00 102 1.04
NORMALIZED VELOCITY W/, NORMALIZED VELOCITY V/Vq
Fig.5 Effect of injecting energy on Fig.6 Effect of plasma temperature on
the distribution. Figure shows the the distribution. Figure shows the
distribution at 0.23 us after start distribution at 0.23 us after the

up of one ampare continuous injec— start up of one ampare continuous
tion. Parameter is the injecting injection. Parameter is the plasma-
energy. temperature.
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FUSION PRODUCT ENERGY SPECTRA IN BEAM HEATED
D-D, D-T, AND D-3HE PLASMAS*
Dennis Slaughter
University of California Lawrence Livermore
National Laboratory, Livermore, California, 94550

INTRODUCTION

One of the critical parameters in large scale fusion experiments is
the ion speed distribution and its variation with changes in confinement
and heating. Large plasma dimensions and high densities complicate
direct measurement of this distribution since ions escaping to the wall
are primarily those which undergo charge exchange in the outer plasma or
those which have suffered many collisions and significant energy loss
durin? their migration from the central plasma. Several previous
works'=5 have shown that neutron and proton fusion reaction products
generate a spectral line which is fairly broad due to Doppler
broadening. For Maxwellian reacting ions, the Doppler width is related
to the mean ion energy by eg. 1 below.

16 1n2 mamqu (1)

2
('“3* “‘4)
where AE3 is the full width at half maximum (FWHM) of the liahter
reaction product; Q the energy released in the reaction, T the plasma
temperature, m3 and mq are the masses of the light and heavy reaction
products respectively. Predictions of spectral shape and fusion product
line width have been extended to non-Maxwellian plasmas by Bogdanovz,
Lehner and Poh16, to beam driven plasmas by Elevant?, Scheffel? and
Heidbrink/ and to rotating plasmas by Scheffel®,

Neutron spectrum measurements have confirmed the above model in
experiments with Maxwellian deuterium plasmas8,9 as well as
deuterium-tritium plasmas'0-11.  proton spectra due %0 the D-3He
reaction have also been determined experimentally!2- 3, and
measurements in non-Maxwellian plasmas have been reported!4-19,

*Work performed by the University of California, Lawrence Livermore
National Laboratory under the auspices of the U. S. Department of Energy,
contract number W-7405-ENG-48.




294

SPECTRUM SIMULATIONS

The results reported here are based on a Monte Carlo simulation of
reactions20 in which a variety of ion speed distributions and angular
distributions were considered. In all cases the appropriate differential
cross sections, based on the model of Peres?!, were used to weight each
reaction during the accumulation of a simulated fusion product energy
spectrum. In the case of D-D fusion the reaction was assumed anisotropic
in the center-of-mass system (CMCS) and used the angular distribution
from reference 6. In the other cases the reaction was assumed isotropic
in the CMCS. Typically 10° to 108 simulated reactions were sampled
in order to compile each fusion product energy spectrum. Details of the
calculations and a more complete presentation of the results will be
published elsewhere.

Several generic ion speed distribution functions were considered for
plausible beam heated plasmas and the four whose results will be reported
here are: 1) isotropic Maxwellian, 2) isotropic, monoenergetic,

3) monoenergetic beam incident on a Maxwellian target viewed at 0 degrees
relative to the beam, and 4) a three component Gaussian distribution
characteristic of injected neutral species whose atomic, diatomic, and
triatomic components are broken up in the plasma into jons with energies
equal to full, half, and one third energy components, respectively. In
the latter case energy diffusion produces three Gaussian components in
the speed distribution.

The three component Gaussian distribution function is described by
the form given in eq. 2 below.

)= ) pre'/? (2)

i1

where vi are the speeds corresponding to the acceleration energy, Eb,

and the partial energy components E,/2 and Ep/3. B and wj are
parameters describing the relative populations of the injected species
and their width due to energy diffusion. In all of the results presented
the width parameters are constrained by eq. 3 below

Ni = ng (3)

so that the speed distribution function is described completely by the
parameters Ep, By and y. All of the results summarized below were
carried out with y=.0425, based on experiments with injection into
mirror confined plasmas, and Bj corresponding to injected species with
50% at full energy, 40% at half energy and 10% at one third eneray.
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RESULTS

Results of the simulations were compiled for a wide variety of mean
ion energies and for all of the reaction types and ion speed distribution
functions. Mean energy of the fusion reaction product energy spectrum
was calculated in each case and the full-width-at-half-maximum (FWHM)
determined. In addition, all moments about the mean up to order ten were
calculated to determine the extent to which the result spectra were
non-Gaussian. The Doppler width results may be approximated by a simple
power law given by eq. 4 below

4E = a (?)b (4)

This approximation is simpler than those of Elevant? and Scheffeld

and slightly less accurate. Nevertheless, this power law, together with
the values of the constants given in Table 1 represent the data in these
simulations within 3 % over most of the energy range 1-100 keV, and
within 7 % in all cases.

Table I
Parameters used to describe Doppler width in eq. 4

Reaction D(d,n) T(d,n) 3He(d,p)

a b a b a b
Maxwellian 64.5 .515 134.8 512 116.4 .554
Monoenergetic 22.3  .676 55.0 w BT 53.8 .620
Gaussian 33.3  .625 73.1 .650 67.8 .609
80 keV beam 48.6 .548 118.2 .504 117.5 .524

on Maxwellian

Examination of the table shows that the sguare root dependence of the
Doppler width on mean ion eneray is a good approximation in most cases.
In addition, the moments about the mean for the result spectra were
compared to the moments for a Gaussian distribution and it was found that
all of the result spectra are Gaussian to order ten at low ion energies
(<20 keV) and are very nearly Gaussian to the highest enerqy considered.

CONCLUSIONS

Examination of the results and the constants in Table I indicate the
Doppler width is proportional to the sauare root of mean ion energy, but
the constant of proportionality varies widely among different generic
speed distribution types. For example a line width for D-D neutrons of
75 keV corresponds to a 1.2 keV Maxwellian jon distribution but also to a
6 keV monoenergetic ion distribution. These variations are reduced at
the highest ion energies but are substantial in every case.

Consequently, a measured Doppler width for the fusion products of these
reactions may not be used alone to infer the mean energy of reacting
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ions. The functional form of the ion speed distribution must be known
apriori or through independent measurement in order to infer a mean ion
energy from a fusion product spectrum measurement. Detailed spectroscopy
is not helpful since all of the reaction product spectra in these
simulations were found to be Gaussian to high order. Consequently
additional parameters in the ion distribution function may not be obtained
from the details of the fusion product energy spectrum in the cases
considered here. This is unfortunate in some cases, but the resulting
simplicity may be helpful in interpreting some fusion product spectra
with poor statistics when the form of the ion speed distribution is known
with confidence. Nevertheless, there are many other cases, not
considered here, where anisotropic ion angular distributions produce
fusion spectral lines which are not Gaussian’. In those cases,

detailed spectroscopy may provide information on scattering of injected
neutrals and beam slowing down.
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NEUTRALISATION MEASUREMENTS FOR THE JET INJECTOR

S Hemsworth, *A Stabler, H D Falter, P Massmann, G H Deschamps, and
P

R
A H Goede

JET Joint Undertaking, Abingdon, Oxon, UK. *Attached from I.P.P. Garching

Introduction

Neutralisation of the extracted beam is, of course, an
essential part of any neutral injection system. During testing of the
first JET injector in the Neutral Injection Test Bed, extensive measure-
ments have been made of the neutralisation efficiency with both H, and D,
as the working gas, for extraction voltages of up to 80kV. Careful
measurements of the neutralisation target present in the absence of the
beam enable an accurate comparison to be made between predicted and
measured neutralisation efficiencies. The variation in the power in the
fractional energy ions is independently determined and shown to support
the conclusions from the neutralisation measurements.

Gas Target Measurements

The JET beam source (PINI) is equipped with a close coupled
neutraliser consisting of two equally long stages with an overall length
of 1.8m. The cross section is racetrack shape of typical dimensions
0.43m x 0.18m. The gas is fed into both the plasma source (Qs) and the
neutraliser (Qn), in the latter case via the gap between the two stages.
The line density with the nominal neutraliser gas flow (Qn =
18 Torr.l.sec™!) has been measured by tracking a nude high pressure
ionisation gauge along the centreline of the neutraliser (see Fig.1). The
gauge was calibrated for H,, in situ, against a Baratron capacitance
manometer. For the case where Qs=0, there is no gas flow in the first
stage neutraliser, so that the pressure is constant in this region. This
pressure has been measured as a function of Qn; it is not linear as the
system operates in the transition flow regime. The pressure profile due
to Qs has not been measured, but it is assumed to be identical to that due
to Qn along the second stage neutraliser and to extrapolate linearly back
to the extraction grids, The pressure at the junction between the two
neutraliser stages (Qs only, Qn=0) is consistent with this assumption.
The gas pressure profile from combined flows of Qs and Qn is taken as a
simple addition of the individual profiles.

It is worth noting that Qs is normally approximately equal
to the equivalent flow due to the extracted current, so that the net flow
from the source to the neutraliser is usually very small, hence the gas
target due to Qs is also small.

Neutralisation Measurements

The experimental set-up consisted of the PINI and neutral-
iser connected to the Neutral Injector Box containing the deflection
magnet, the beamline calorimeter, the various ion dumps and the Test Bed
Box Scrapers. The NIB was connected to the Target Tank containiﬁg a
simulation of the torus duct and the Test Bed Beam Dump. This set-up is
shown schematically in Fig.2. B - N -

Most of the measurements of neutralisation consisted of
simply comparing the power to either the TBBD or the Target Tank plus the
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TBBS from similar, usually sequential, shots with and without the deflec-
tion magnet energised. The power to the TBBD and the Target Tank plus
TBBS were determined by water flow calorimetry, the flow and water temper-
ature rise being independently determined for the two sets of components.
The neutralisation efficiency is calculated as:

n = [Ethpg / Bol on and/or n = [Bgg / Egl an
{Eind / Egl off [Eyy 7 B,) ofrf

where {Etbbd / Eolon is the energy to the TBBD with the deflection magnet
energised, normalised to the extracted energy, E, etc. (In practice the
extracted energy was usually the same for both shots.) The agreement
between the measurements was generally very good. Since the determination
of & involves the ratic of energies, and as the water flow was held
constant, this frequently reduced to simply the ratio of the integrals
under the water temperature rise versus time curve, such as shown in
Fig.3. Overall the accuracy of this measurement is high <+5%.

The method described above could not generally be used when
the beam was intercepted by the beamline calorimeter, since this is
designed to accept only $1.4MW per beam. With the magnet energised and
the beamline calorimeter intercepting the neutral beam, the total power
leaving the neutraliser is deposited on the calorimeter and the components
connected to the Central Support Column, i.e. the various ion dumps and
the magnet liners. Thus the neutralisation efficiency is calculated as:

n = Ecal
Ecal + Ecsc
where Ecal is the energy deposited on the calorimeter etc. Again water
flow calorimetry was used to determine the deposited energy, except this
time absolute measurements of water flow and temperature were necessary.
The error in these measurements is estimated to be -:10%.
Predicted Neutralisation Efficiencies

In order to predict the neutralisation efficiency from
known charge transfer cross sections, the extracted species mix must be
known. Extensive species measurements for the JET PINIs have been made
Wwith H, as the working gas('). Measurements of the extracted species with
D, as the working gas have recently been made, both at Culham and during
the course of this work (?), these two measurements being in good
agreement,

Account must, of course, be taken of reionisation losses in
the magnet region. It is estimated that - 5% of the neutral beam is
reionised with a gas flow of 18 Torr.i.sec™ !,

Comparison of Measured and Predicted Neutralisation

The measured and predicted neutral power fraction versus
the target gas density for extraction voltages of 60kV and 80kV with H, as
the working gas and for 80kV with D, as the working gas are shown in
Figs 4 to 6. Spot points are also shown at 60kV and 70kV with D, as the
working gas. 1t is obvious that there is very poor agreement between
measurement and prediction. Reasonable agreement can only be achieved Dy
multiplying the n.l scale by a factor <1.

As the species extracted from the JET PINI is well known,
as are the relevant cross sections, the neutralisation measurement is in
fact a measure of the gas target, n.l, in the presence of the beam, i.e.
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for the JET system the gas target in the presence of the beam is of the
order of half that in the absence of the beam.

Supporting evidence for the conclusion that the gas target
is reduced in the presence of the beam can be obtained from the indepen-
dent measurement of the power in the deflected, dumped, fractional energy
ions. Because of the complexity of the system, accurate absolute measure-
ments of this power were not possible and the experimental data shown in
Fig.T have been 'normalised' for the purpose of comparison. It is clear
that the variation in the power in the deflected fractional ions strongly
supports the conclusion that the gas target in the presence of the beam is
indeed 'thin': The power to the fractional energy ion dumps actually
increases with the gas flow, whereas a decrease is expected. As
substantial re-neutralisation of these lons occurs as they traverse the
magnet the accuracy of determining the reduction in the gas target is poor
and no significance is attached to the discrepancy between the reduction
factor determined from these data c.f. that from the neutralisation
measurement.

A likely explanation for the reduction in the gas target is
significant heating of the gas, as recently suggested by Paméla (®). This
is supported by another experimental observation: The Baratron
capacitance manometer attached to the neutraliser at the gap between the
first and second stages shows an increase in the pressure when the beam is
turned on (see Fig,10). This is precisely the opposite of expectations,.
The beam transports particles from the source, effectively reducing the
net flow into the neutraliser, so that a reduction in the neutraliser
pressure is expected, typically of the order of 0.5m Torr. An increase in
the measured pressure is expected if the neutraliser gas is heated because
the system is set up for constant gas flow and it operates in the
transition flow regime. (As the Baratron is at room temperature, at the
end of a plece of relatively narrow bore tube, no pressure change would
result from a temperature increase of the gas in the neutraliser if the
system operated entirely in the molecular flow regime due to thermal
transpiration effects between the gauge and the neutraliser.) 1In order to
explain a reduction in the gas target by a factor of two, the gas
temperature would need to be increased to approximately 1400°C.

Conclusion

The obvious consequence of the low neutralisation
efficiency is that the neutral power to JET will be lower than predicted.
This can be ameliorated to some extent by increasing the gas flow. The
measured gas flow to create the design gas target in the absence of the
beam is 18 Torr.l.sec” !, This can be increased to 25 Torr.l.sec ' without
exceeding limits such as the power lost due to reionisation or the power
loading to the extraction grids. Nevertheless the gas target in the
presence of the beam will be substantially below the design figure of
10'%ems™2, The reason for the low neutralisation is likely to be
heating of the neutraliser gas by the beam. It is probable that the size
of the neutraliser c.f. the mean free path of the molecules is significant
in determining the equilibrium temperature of the gas and thus should be
taken into account in the design of the future systems.
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1. Introduction

Volume H™ plasma sources offer many advantages when used as the ilon sources
for future neutral beam injectors. In these scurces the H™ ions are formed
by dissociative attachment collisions between vibrationally excited
melecules and cold el»:‘zct.r'cnns:,(1 resulting in a large plasma region from
which many H™ beamlets could be extracted in a manner closely analogous to
positive ion sources. These volume H™ sources have the additional advantage
in that their mode of operation is similar to magne{.é‘[.)c multipole sources
such as those used on the JET neutral ?e?m injectors
of this type is described by Nightingale'S’.
|
]
I

An H™ ion source

The H™ ions and electrons in these H™ ion sources have the same temperature
and plasma potential, consequently an applied potential to extract H™ ions
would also extract a much larger flux of electrons. We describe here an i
accelerator which can suppress these extracted electrons using transverse
magnetic fields, This accelerator is also capable of forming a highly
collimated H~™ beam by adjustment of the potential of an intermediate
electrode.
|

2. Accelerator Design
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EXTRACTION CF INTENSE H BEAMS FROM VOLUME SOURCES

The H™ source u?%c& in these experiments is described in the companion paper
by Nightingale and we restrict the description of the experiment to the

accelerator alone. The accelerator has three planar electrodes and two beam

accelerating gaps and the c¢lectrodes are supported on water cooled flanges |
separated by araldite insulators. The maximum operating potential is 50 kV.

The beam envelope is determined by the extraction electrode profiles which |
are shown in Fig. 1. The beam forming electrode faces the H™ plasma

generator as in positive ion sources and has a pierce profile. However, it

also contains two bar magnets orientated to give two field maxima of 80

gauss which suppress the plasma electron flux. The net magnetic flux

encountered by the H™ ions is zero so that it remains undeflected.

However, the electrons can also cross the lield by pitch angle collisions |l
and hence can diffuse into the first accelerating gap, where they can be

accelerated to several keV. These electrons are trapped by a second dipole |
field at the front edge of the second electrode whose peak value is 340

gauss. This deflects the electrons into the recess in the second electrode, |
where they are dumped at an energy equal to the first gap potential. The H~ |
beam is also steered by this field and drifts through the electrode to the
rear edge, where it is steered in the opposite direction by an oppositely
directed dipole field.
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The H™ beam and less than 1% of the electron flux are then accelerated to
the full beam energy across the second gap, and the H™ beam is steered back
on to its original axis by a final dipole field in the third electrode. In
this way the H™ beam is exactly on axis and unsteered by magnetic or
electrostatic lens effects. Experimental observations have shown that the
residual steering arising from misalignment is less than 0.25°.

3. Experimental Results
3.1 Beam optics

A typical beam profile at minimum divergence is shown in Fig. 2. It can be
seen that the beam has an approximately gaussian profile but is signifi-
cantly narrower than the extraction aperture radius. This point will be
discussed in section 3.2, but it causes the concept of beam divergence to
become meaningless. Instead we use beam radius at 1.2 m from the source as
a measure of the beam envelope.

The beam is focussed by varying the potential of the second electrode in the
accelerator. Fig. 3 shows the variation in the beam diameter with first gap
potential. A broad minimum is observed at approximately half the beam
forming aperture radius when the first gap potential is about 10% of the
beam energy.

The voltage ratio of the first gap to total beam energy for a collimated
beam is also virtually independent of H™ current density, as seen in Fig. 4.
This data was taken at a virtually constant beam energy and shows that a
variable current density H™ beam can be extracted at constant beam energy,
although there is a lower minimum in beam energy for any given beam current.
This is seen more clearly in Fig. 5, which shows the beam current density
for various discharge currents and total beam energies. All points in this
diagram correspond to a focussed beam whose radius is virtually constant
(the source gas flow is constant in this experiment).

These results indicate that the accelsrator behaves in a manner anal?ﬁ?us to
an electron gun, having an essentially rigid ion emitting surface « A8
the electrostatic lenses forming the accelerating column will have constant
focal properties for a given geometry and voltage ratio then the beam
envelope will have a lixed shape if the ion emitting surface does not move
as a result of increasing the plasma density. This behaviour has not been
seen in positive ion sources and is possibly a result of the magnetic field
parallel to the plasma boundary.

3.2 Beam transport

The beam radius at 1.2 metres from the source is virtually independent of
beam current and beam energy, but it is a very strong function of gas
pressure in the drift region, originating from the source. This dependence
is seen in Fig. 6, where at low pressures a very divergent beam is
cbserved.

A probable explanation of this effect is that the beam space charge is over
neutralised to give a positive space potential relative to the external
electrodes so that slow positive ions formed by ionisation can be expelled
from Eh% beam. This result has been seen experimentally by Goretskii &
Naida 3 . If this is so then the beam envelope is subject to a force which
reduces its diameter until the emittance "pressure" establishes a new
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equilibrium. A simple model for this process indicates that the potential
should vary quadratically with radius with a coefficient which is virtually
independent of beam current and energy. Consequently the electrostatic
force is stronger for large diameter beams of constant ion density, hence
resulting in more beam compression, which is in qualitative agreement with
earlier measurements on a{h 8 mm extraction aperture where a larger beam
diameter of 16 mm was seen ).
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FOR USE IN NEUTRAL BEAM HEATING

M. P. S. Nightingale and A. J. T. Holmes

UKAEA Culham Laboratory, Abingdon, Oxon, England.
(UKAEA/Euratom Fusion Association)

A. Aims

The use of intense negative hydrogen and deuterium ion sources in neutral
beam injection for fusion plasma heating at high beam energies has been
proposed for many years, since negative ions offer the possibility of high
neutralisation efficiencies, and should produce beams with 100% full energy
component . It is expected that future neutral beam heating of large
tokamaks will require DC negative ion currents of more than 10A per source
at beam energies of more than 100 keV. This corresponds to extracted
current densities of approximately 30 mA cm™? given the typical source
dimensions presently envisaged.

PROGRESS IN THE DEVELOPMENT OF A NEGATIVE ION SOURCE
I
|

Several source designs have been considered for negative ion production, of

which the most promising appears to be the so called 'volume' source, two of I
which are in use at Culham Laboratory. It is now widely accepted that in fi
these sources H™ ions are produced via the production of vibrationally- ‘
excited hydrogen molecules in one section of the source (the discharge
volume) by fast electron impact on molecules at electron energies of more
than 10 eV. The reaction is: a

H,(v=0) + e(fast) + H,* + e + Hy(v¥) + e + hy

where H,(v*) refers to a vibrationally excited molecule of v* of between six
and thirteen. This is followed by the diffusion of these molecules into a
region (the extraction volume) of lower electron temperature (0.5 - 2 eV)
where the dissociative attachment reaction:

Hy(v*) + e(slow) = H™ + H

takes place without the subsequent substantial destruction of H™ that would
occur at higher electron temperatures. The H™ ions so produced are then
extracted and accelerated in a similar manner to existing positive ion
sources. |

B. The Large Culham H™ Source i

The large H™ source shown in Fig. 1 has been used at Culham Laboratory to I
demonstrate the level of ion current density extractable from sources of
approximately the size and power required for a practical neutral beam |
injector. Using a 6 kV triode accelerator with a 1.5 mm diameter aperture, |
probe ion beams have been extracted, and the results for H™ and D~ |
extraction are shown in Figs. 2 and 3. These demonstrate that current ‘
densities of 60 mA/em?® and 25 mA/cm® can be extracted in the two cases -




values which are of the order required for neutral beam injection. The
functional dependence of extracted H™ current on discharge parameters is
described below, but the maximum observed in the corresponding extracted D™
current has not yet been explained.

In addition, Langmuir probe measurements have shown that the extractable
current density should be uniform to within * 20% over the central 1000 cm?
of the source. The Langmuir probes have also been used to investigate the
axial variation of H™ density within the source. These have shown that even
higher extractable currents may be obtainable by moving the extraction
aperture further into the source.

The manufacture of a 100 kV triode accelerator is nearing completion at
Culham Laboratory, wusing a design based upon the work of Holmes and
Nightingale (this conference). This should allow a single beamlet of more
than 100 mA to be extracted for the first time from such a source.

C. The Small Culham H™ Source

A smaller (10 kW) source (Fig. U4) has been developed at Culham for use in
source and accelerator design. Using a triode accelerator similar to that
described by Holmes & Nightingale (this conference) an H™ beam has been
extracted from an 8 mm diameter aperture, accelerated to 27 kV, and focussed
onto a target 2.2 metres from the accelerator. The resulting measured H™
current density and simultaneously extracted electron current are shown in
Figs. 5 and 6. These results demonstrate that the ion current density
saturates with increasing are current at a value that increases with
pressure, whereas the electron current increases with arc current but
decreases with pressure. Note that this behaviour is identical in form to
that observed in the large source (Fig. 2).

A simple analytical model has been developed at Culham to describe the
source operation in the high current 'saturation' mode. This assumes that
the saturation occurs because destruction of vibrationally-excited molecules
by fast electron collisions occurs at high arc currents. When this occurs
it can be shown that

Langmuir probe measurements have been used to derive the ni, ng and n-
densities, using the model of Lea & Allen, which show that the model does

indeed predict the correct n. scaling. It is now believed that this
pressure dependent saturation may apply universally for scurces run at the
discharge powers required for a neutral beam source. Although this

saturation does affect the achievable power and gas efficiency of the
source, it does not preclude such sources providing ion current densities of
the required magnitudes.




Figure 2

Figure 3
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LOWER HYBRID CURRENT DRIVE EFFICIENCY ON THE
PETULA-B TOKAMAK AT f = 1.3 GHz AND AT f = 3.7 GHz

C. Gomnmezano, G.T. Hoang, G. Aganied, H. Boitollier-Curtet,

P. Brniand, G. Brniffod, P. Chabert, M. CLément, C. David,
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G. Ichtchenko, A. Panzareléa, F. Parfange, F. Ryter, G. Tonon,
J-C. Vallet, D. van Houtie.

ASSOCIATION EURATOM - C.E.A. - Département de Rechenches sur lLa
Fusion Contndlie - C.E.N.G. - §5 X - 38041 GRENOBLE Cédex (France) |

Current Drive experiments are made in the Petula-B tokamak (R = .72 m, |
a=.,l6m B=2,7T, Ip = 150 kA) by means of a 1.3 GHz generator (P< 400 kW, |
At = 150 ms) and of a 3,7 GHz generator (P< 400 kW, At = 10-40 ms). Experi- |
ments at 1.3 GHz have already been reported /1/. The grill at 3.7 GHz is com-

posed of 18 waveguides, 9 in a row, made of 3 juxtaposed multijunctiomns allo-

wing the central value of the parallel wave spectrum, N,, to be varied between

1.5 and 2.7 depending upon the phasing between multijunctions. As compared to

the 4 waveguide grillat 1.3 GHz (1.4<N, <4.5), the wave spectrum is much

narrower, 50 Z of the launched power being in the main lobe (<N, >* 0.8).

At £ = 1.3 GHz, the usual operating density for L.H.C.D. is & 10® em ’so that
accessible values of N, are about 1.4. Then, the main part of the wave spec—
trum can reach the plasma center. At f = 3.7 GHz with a narrow spectrum,
accessibility can be a severe problem. Maximum values of Nw,.. are 1.6 at

ng = 1.4 10%cm™, 2 at ng = 2 10%cm * and 2.4 at ng = 5 10% cm °. Most part
of a typical wave spectrum centered at Nm = |.7 will then be inacessible to
the plasma center. Moreover, the corresponding energy of HF resonant electrons
is low (80 keV for Nm = 2, 40 keV for Nu = 2.7) as compared to usual energies
(150 keV at N,, = 1.4) in other L.H.C.D. experiments.

Density limit : at £ = 1,3 GHz, the density limit occurs at ;e =2 10%em?

727 737 as shown in fig. 1. At 3.7 GHz, the maximum density for which zero

loop voltage operation is obtained is &i_ = 2.1 10™ em™ for Py g, = 300 kW. ‘
At higher H.F. power, a m=2 tearing mode develop preventing stable discharges |
to be obtained. For fi, > 3.5 10® em™?, such a mode disappear, but the HF power

is then too low in order to obtain V = 0. It is not therefore possible to

assess the value of the density for which zero loop voltage operation is still

possible by lack of HF power.

Density dﬁfendence of parametric decay waves indicates a threshold at |
n, = 8 10" cm™? which is usually observed at the density transition. As I
compared to the corresponding threshold at f = 1.3 GHz (ng = 1-1.2 10% em™ ), f
an increase by a factor of 6 to 8 of the density transition can be tentati- |
vely inferred. This is in agreement with a scaling such as n, = f% with o Ml
ranging from 1.7 /4/ to 2 as suggested in /5/. E |

At higher densities (;e - 10" em ), a large loop voltage drop is still obser-
ved ( AV/V = 20 % for Py g = 400 kW) with a corresponding slight increase in
Te (" 200 eV), a decrease of the m = 2 tearing mode and a change in the beha-
viour of the scrappe-off plasma. At such high densities, fast ion tails cannot
be detected and the increase in neutrons is rather weak. If
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dependence of the loop voltage drop is plotted in fig. 2 at T
for which accessibility plays a little role. Total replacement of the plasma
current is obtained for the same HF power at f = 1.3 GHz and at £ = 3.7 GHz
for N, = 1.7. It is to be noted that, at f = 3.7 GHz, 10 Z of the HF power is
absorbed into the waveguides due to their small width and the HF power plotted

in fig. 2 should be corrected accordingly.

In fact, higher efficiency was expected from theoretical considerations 4/
at £ = 3.7 GHz : 1 = n RI/P = |.1 instead of 0.75 at N, = 1.7. An upshift of

Ny up to 2.1 would explain the difference although ray tracing codes indicate
a possible upshift of only 10 %. Lack of efficiency can be due to the "gap"

problem.

Dependences of efficiency at £ = 3.7 GHz : from fig. 2, it can be inferred

than an HF power of 400 kW would have been required for a total replacement
of the plasma current for N, = 2.7, in agreement with a N,~? dependence from
theory. At higher densities, Ee >3 10% em™ , the same loop voltage drop is
observed for the two indices. It is toc be noted that when the central multi-
junction is fed alone, a broad wave spectrum is launched (1 < Nw < 5), The

resulting efficiency is much lower, by a factor of about 3.

Typical power dependence of the loop voltage drop for different densities are
shown in fig.2. AV/V is a function of the DC electric field, E, which results

in an additional H.F. current /6/ so that :

1 A_‘{_ = Ip - Igh = Ipf + U([hf).E
oIy ¢.) being cge H¥ conductivity and Ip g the HF current that results
in abisénce of E field. The enhanced conductivity becomes negligeable at high

in a 2
density. It is to be noted that this effect is important at low density due

to the small size of PETULA.
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If the behaviour of V is well explained at N,, = 2.7, the main part of the wave
cannot reach the plasma center at N, = 1.7 for n_ > 5 102 cm™? due to acces-

sibility criterion. But a significative loop voltage drop is observed : “257%
for Ph, g, = 300 kW together with a modification of the plasma current such
that sawteeth are stabilized, indicating that a substantial amount of the
current is driven by the H.F. Moreover, a downshift of the wave spectrum is
expected from ray tracing code at these densities. Then, part of the wave has
to be absorbed in the outer part of the plasma where the gap problem is impor-—
tant due to the low electron temperature, At high H.F. power, saturation may
appear depending upon the density. This is discussed in /7/. At f = 3.7 GHz,
the signal A = Bg + 1i/2 which is deduced from equilibrium equations, increa-
ses by a large factor, up to 25 Z. The main part of this increase can be attri-
buted to the increase in poloidal beta. Magnetic field dependence of .. and of
the relative current drive efficiency (fig. 3) shows that poloidal beta is
indicative of the HF current.

As shown in fig.4, Vis constant when the plasma current is increased from 90 kA
to 150 kA, indicating an increase of the efficiency. But, radial electron tem—
perature profiles exhibit a more peaked profile at low plasma current, the
central value of Te being roughly constant. This difference can explain an
improved efficiency at high Ip via the gap problem.

Conclusions : the gross behaviour of current drive at f = 3.7 GHz, taking

into account the limited available power, corresponds to expectations from
previous experiments at f = 1.3 GHz. At high densities, a significative part
of the HF current has to be driven in the outer part of the plasma where effi-
ciency is rather low. Improved performances can then be expected on larger
machines.
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CURRENT DRIVE BY FAST MAGNETOSONIC WAVES NEAR
THE LOWER HYBRID FREQUENCY IN THE JIPP T-IIU TOKAMAK
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Institute of Plasma Phusics, Nagoua University, Nagoya 464, Japan.

Introduction

This paper deals with the experimental study of current generation by
interaction of fast magnetosonic (FMS) waves with slide-away electrons in
an ohmic discharge. The current drive experiments have been studied for
hydrogen plasmas in the JIPP T-IIU tokamak (R=823 cm. a=25 cm and B, =26 kG)
by using a four-element dipole antenna with a double Faraday shield fed by
RF at fp=800 MHz. It is found that the plasma current of ~ 50 kA is
maintained by RF power of ~ 80 kW in the low density region of = 3= 10'2
em™ and that a density limit for FMS current drive is observed contrary
to theoretical expectations based on linear wave propagation.

Launcher and Power Spectrum

As shown in Fig. 1, the four-element dipole antenna system consists
of four sets of dipole antennas with 2.0 cm in width and 19.6 cm in length
and separated by a distance of 3.6 cm. The electrostatic field along the
toroidal direction which is produced by the phase difference Ap between
adjacent antennas is eliminated by the double Faraday shield. This shield
also prevents electrons from directly approaching each dipole antenna.
Before the fast wave launcher was installed in the tokamak, E;, E, and E-
components were measured. These measurements show that the E. component
is negligible, vhile the E, component along the y-drection has a
sinusoidal amplitude distribution. Thus, the radiating field pattern
shows that the antenna system can only excite the fast wave.

The power spectrum calculated by using the surface admittance of fast
waves' shows that the ranges of Ny launched for Ag= ( and 180° are
| Nyl = 1-2 and 3-6, respectively. The muumum Ni of FMS-waves which can
propagate to the plasma center with mg = 4x 10" em™ determines the lower
bound of accessible Ny (Njaee = 1.2). Ignormg toroidal effects. we can
obtain the maximum N, given by the attenuation in the evanescent region
extending from the launcher (x = 0) to the cutoff {1 = x.). By using
| ke €0) 1 2z = 1 and @pe = (Te ) = @ bie {Mi®-1) and assuming the edge density
proflle as _a step plus a ramp model. n(x}=n.(0)+x{Vn.ig . where | kii0!

(M2-1)172 uwy 'c, we obtain the upper bound of accessible Ni: Nicw - = 1=

10{7' e o/ {ice Mo ))0 +(2/3) (ap e (0)) / (e New ¥ + Where 1, is the
cutoff density defined by @, = «p. In our experiments the third term
including the effect of the density step can be neglected. The value of
Nicat is about 1.4 by substituting (Vi jp= 1.1 » 10" em™ which 1s
measured by three sets of double probes. Thus, the accessible N; window
to the plasma ( Njgee < Ny < Nigy ) 1s rather narrow. Although toroidal
effects cause an N;-upshift of the waves penetrating into the plasma. fast
waves with Ny larger than 2.6 are cut off even at the plasma center.
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Experimental Results

The power reflection characteristics of individual dipol% and global
reflection from the launcher are 1nvest1gated Reflections in vacuum and
for plasma loaded dipoles (n.= 3x 10'2 cm? ) show almost the same behaviour
as a function of Ap. The typical global reflections | RI Zat Ap=0" are
measured as functions of n. and launcher position r;. The density
gradient (Vng)o 1ncrease.s for high n. and for small ry. Therefore, it is
inferred that | R| ° decreases with increasing n. and by reducing ]
because the accessible Ny window expands due to the decrease in
evanescent length.

The time evolution of plasma parameters for a typical discharge is
plotted in Fig. 2 ‘a)-(h). When 80 kW of net RF power Psr is applied with
Ap= 0°. a plasma current I, of about 50 kA is sustained with a negative
loop voltage Vi at constant line-averaged density ne= 3x 10 em™ .
Microwave emission near the second electron cyclotron harmonic I... at the
frequency of ~ 150 GHz and X-ray counts N, integrated over the energy
range of 10 - 300 keV with a Ge detector are strongly enhanced. The
measured X-ray spsctrum shows an exponentially decreasing tail with Teai)
>~ 90 keV and extends out to around 300 keV which corresponds roughly to
Nigee =1.2. It should be noted that even in the absence of RF, a small
amount of slide-away tail with Teiai| > 30 keV is observed in the plasma.
Because both the central electron temperature T,y measured by the Thomscn
scattering, and the peripheral electron temperature T,, deduced from the
intensity ratio of OV(2s-3p) line to OV(2s-2p) line decrease during the RF
pulse. the RF-induced changes in I, and Vi do not result from bulk
electron heating. The negative V| (= —0.2 V) with dI, /dt = O eliminates
the possibility that the sustainment of plasma current can be attributed
to an enhanced conductivity owing to a modification of the electron tail
distribution. Therefore, it is concluded that the plasma current carried
by tail electrons is caused by FMS current drive. The ef‘f].c1ency of
current drive by FMS-waves 5 (=I,n R/ Prr ) is 1.7= 107 (107 kAm= kW' )
which is as high as that of slow waves in our tokamak.

The electron density was varied in order to examine whether current
drive by FMS-waves can be realized in the high density region as expected
from linear theory. As shown in Fig. 3, the result fails to meet
expectations. The chanﬂes in Vi and ... due to current drive disappear
around_n. = 8= 10" em® which is almost the same value as the density
limit n.|in in slow wave current drive? . With a perpendicular charge
exchange analyser fast ions are observed during RF as shown in Figs. 3ic),
3{d) and 4. The energy spectra of charge exchange neutrals shov the
existence of a tail component and an increase in T;; when n, >
6% 107 em® . From the time evolution of T, which increases quickly after
RF switch-on. the fast ions are not created at the plasma center but near
the periphery through the after-menticned parametric decay processes.

From the view point of linear theory FMS-waves with small N; can not
interact directly with ions. To confirm the correlation of parametric
decays into ion cyclotron and ion quasi-modes® with the ion tail
formation. RF spectra including intensities Ipu. and I of the pump and
lover sideband near the frequency !fus- f.i ). respectively. are monitored
with an electrostatic RF probe at the scrape-off region. With increasing
n. the spectrum of received high frequency signals changes from a
monochromatic pump to a spectrum with pump broadening accompanied by a
weak lower sideband at 770 MHz (Fig.2 (e) and (f)). If the frequency
separation between the pump and the lower sideband is attributed to the
local ion cyclotron frequency. the position where ion cyclotron parametric
decay processes occur would be the outer periphery of the plasma column.
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It is concluded that the occurrence of parametric decay correlates with
ion tail formation and results in depositing a part of the RF power at the
peripheral region.

Recently. the threshold of the ion cyclotron parametric decay
instability directly-excited by a fast wave was studied theoretically’ .
and it was shown that for the fast wave pump larger RF powers or higher
electron densities are necessary than that for the slow wave pump. The
slow surface wave (Ny< Niaee ) created by confluence with the fast wave,
or the slow wave (Ny> Nisec ) converted by density fluctuations® propagate
towards the wall. Because the bouncing back and forth of waves in the
peripheral region increases the wave energy density, we can expect the
excitation of parametric decay and an increase in the half maximum Af) -2
of the pump. It is inferred that the observed ion cyclotron parametric
decay results from these surface waves or from the slow waves which are o)
mode-converted by density fluctuations. The fact that Afj~ in the
density range above ngjjn, is 1-1.5 MHz which is much wider than the drift
wvave frequency spread, implies that the injected wave suffers from
repeataed scattering or that parametric decay into ion-sound guasi-mode
occurs® . A high resolution measurement of the spectrum shows that the
peak frequency with symmetric spectrum is not downshifted with respect to
the pump frequency. Therefore. it becomes evident that the pump
broadening is caused by scattering at low frequency density fluctuations.
Thus it can be concluded that the disappearance of the preformed
slide-away tail and the' power flow to the ion tail must be responsible for
the density limit.

Relative changes in W . Iece . N, electron temperature. and Ipump
during RF were measured as functions of Ap. It is noted that no distinct
effect of the directivity of wave propagation on the plasma parameters is
observed. At present. we cannot understand the reason why the wave
directivity does not clearly affect the current drive efficiency.

If, in view of the present result. ve wish to extend the region of
current drive to higher densities, the problems of the spectral gap. the
density limit, and the frequency scaling of FMS current drive should be
studied further. But the prospects for fast wave current drive in high
temperature plasma have been greatly enhanced by the success of FMS
current drive by interaction with the slide-away electrons.

The authors would like to express their thanks to Drs. S. Kitagawa .
T. Watari. K. Yamazaki and D. Eckhartt for their discussions.
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Fig. 3 : Density dependence of (a)
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exchange analyzer: (e) amplitudes
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Introduction:

Stabilisation of sawteeth has become a clue problem for high power addi-
tional heating in large tokamaks where the oscillations in the central
electron temperature may be as high as 50 % /1/. In Lower Hybrid experiments
the sawteeth of Ohmic discharges have been observed to disappear /2/, /3/.
In this paper we study the parameter range for stabilisation of sawteeth
accessible with the LH-system on ASDEX /4/, /5/. The role of the LH wave
spectrum is discussed. For application to NBI heating the LH-power require-
ments and the benefits for the energy confinement in sawtooth-free
discharges are investigated.

Stabilisation of sawteeth in OH-discharges

The sawtooth period Tgp rises upon injection of LH waves in a density range
where the waves couple to suprathermal electrons (ng$ 3 x 1013em™3). In the
case of LH-current drive Tgy continues to change during the rf pulse. The
values for the first sawtooth after start of the LH and for the saturated
state are shown in Fig. 1 for a power scan at ﬁe = 1.6 x 1013 em 3. At low
power the sawtooth period rises continuously until the end of the rf. For
Py > 400 kW Tgy first increases and then decreases, at high rf power aven
below the Ohmic value. Above a threshold PLH* the sawteeth finally dis-
appear. The time delay T4 between start of the LH and the last sawtooth
collapse depends strongly on the density and it decreases with increasing rf
power as shown in Fig. 2. The threshold PLH* there is marked by dashed
lines. Stabilisation of sawteeth is possible only by applying LH-current
drive spectra. With symmetric spectra in the LH-heating mode the sawtooth
period may be changed but sawteeth remain present during the whole LH pulse
(T < 1.5 s) even at rf powers more than a factor of 2 above the threshold
PLH* with LH-current drive.

The mechanism for sawtooth stabilisation might therefore be seeked in the
change of the current profile j(r) connected with LH current drive. The
internal inductance 1; may be derived from magnetic measurements with some
precautions. From the quantities BRA" + 1;/2 (derived from the equilibrium
fields) and B; (from diamagnetic measurements) 1j can only be determined if

1Academy of Sciences, Leningrad, USSR; Zpresent address: JET Joint Under—
taking, England; 3Univ. of Washington, Seattle USA; SCEN Grenoble, France
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the pressure is isotropic. During heating and current drive with LH waves of
high phase velocity (Vph,u = ¢/2), however, the pressure may become highly
anisotropic due to the generation of fast electrons parallel to the magnetic
field /7/. Therefore direct measurements of j{(r) were made for various modes
of LH operation in ASDEX /8/, /9/. In the case of the LH power scan at

g = 1.6 x 1013 cp-3 (Figs. 1,2) the pressure anisotropy remains small and
the stationary value of (ngu + 132y = Bﬁ then gives 1j. At low rf power 1
increases while it drops during LH current drive with Ppy > 400 kW as seen
from Fig. 3. Consequently, the current profile is peaking during low power
LH-current drive and the higher increase of the sawtooth period Tg¢ in

Fig. 1 might then be explained by an expansion of the sawtooth-unstable
region within r(q=1). The drop in 1j at higher power indicates a flattening
of j(r) and the reduction in Tg¢ could be exglained in like manner by a
shrinking of the q=l-surface. With Pyy > Py~ j(r) flattens to such an
extent that the q=1 surface disappears and q > 1 in the entire plasma region
/9/. Stabilisation of the sawteeth is therefore achieved if j(r) is modified
such that the instability condition (q=1 at some radius) is removed. On
ASDEX, so far, this is the only method how sawteeth could be suppressed by
means of LH waves.

In the parameter range where sawteeth were stabilized about half of the rf
power necessary for complete LH-current drive was required. For discharges
with q(a) = 3.5 this can be seen from Fig. 4 where the relative reduction in
Ohmic input ‘APOH*/POH due to LH current drive at the stability margin with
PLH = ELH* is plotted versus n, together with the absorbable fraction
PIH,acc of the rf power launched in these cases. Because of the uncertainty
in the deposition profile two cases have been considered for accessibility
to a/3 and 2a/3 /7/.

Stabilisation of sawteeth during NBI:

The sawtooth period Tgt during NBI increases with increasing beam power Pyp
(Fig. 5) and above a certain threshold in Pyy which augments with ﬁe no saw—
teeth are observed during NBI. In sawtoothing discharges with NBI T . rises
upon injection of LH power both in heating and current drive mode. Sup-
pression of sawteeth is possible with LH current drive only. The mechanism
of stabilisation is again related to a flattening of the current profile j(r)
as indicated by a decrease of 1j. The drop in 14 does not depend on Pyy but
only on Ppy and on the wave spectrum. The minimum rf power required for
stabllisation PLH* is reduced for higher Pyy as seen from Fig. 5.

This suggests that the current profile is flattened in the central plasma
region already by NBI alone and less LH-power is therefore required for
higher Pyy to remove the q=1 surface from the plasma.

With counter-NBI the threshold power PLH* is even further reduced as seen in
Fig. 5. Also with NBI alone sawteeth disappear already at lower power in
this case. This seems to be mainly due to the broad T.(r) profiles which are
observed with counter-NBI. The shorter sawtooth period (Fig. 5) might be
also explained by this fact. A contribution from a counter-driven beam
current reducing the net plasma current in the center and thereby flattening
j(r) as proposed in a scenario for sawtooth suppression /10/ cannot be ruled
out.

In sawtooth—-free discharges with NBI higher central electron temperatures
can be obtained. The Tg(r) profiles are plotted in Fig. 6 for the Ohmic
phase, NBI alone and for NBI combined with LH current drive. With Ppy = 540
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kW which is below Pry® the Te(r) profiles still resemble the profiles with
NBI alone. The additional LH power replaces mainly the drop in Pgy in this
case. With Pyy > PLH* (PLy = 720 kW) sawteeth are suppressed and the central
temperatures increase. The resulting increase in total energy content is
small because of the small volume where sawteeth dominate the power loss.
With lower q(a) the sawtooth-unstable region is larger and a larger gain for
global plasma heating can be obtained. At gq(a) = 2.75 (Ip = 380 kA, By =

2.2 T) sawtooth suppression with Pry = 550 kW resulted in a 30 % increase of
the total plasma energy content from NBI with Pyy = 1.8 MW. Improvement of
the central confinement by stabilisation of the sawteeth therefore contrib-
utes also to an appreciable improvement of the global confinement.
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Abstract: Measurements of the plasma current density distribution j(r)
during injection of stationary or propagating lower hybrid wave spectra have
been performed on ASDEX. Positive current drive leads to broader j(r) pro-
files - while Tg(r) is peaking - coupled with an increase in q from q £ 1 to
q > 1. The other spectra influence j(r) only to the extent predicted from
classical conductivity based on changes in Tg(r) under the condition

q(0) ~ 1.

Introduction: It has been demonstrated on various experiments that lower
hybrid current drive (LHCD) can be used to suppress sawtooth oscillations
/1-4/ or influence m/n = 2/1 tearing modes /2-4/. Based on magnetic signals
and the monitoring of MHD activity it has been conjectured that these
effects have their origin in an LHCD-induced broadening of the j(r) profile
/2=4/. In the same way, magnetic signals have been interpreted as inferring
a strong peaking of j(r), attained by appropriately adjusting the LH wave
spectrum /4/. These points have been investigated on ASDEX by direct mea-
surements of j(r) for a variety of LH spectra.

Experiment: ASDEX was operated in the divertor configuration with parame-
ters: ng = 1.2 x 1013 em™3 (Owom: 8 x 1012 em™3), 1 = 292 - 301 k&, Bp =
21.5 kG, a ~ 39.4 cm and R ~ 167 cm. Approximately SED kW (OmO m: 340 kW)
of rf power was launched into the plasma via an 8-waveguide grill with a
phase difference AP between the waveguides such that a spectrum with N, ~ 2
(0mQ m: N, ~ 4) was generated symmetrically (0 O 7 m.., O™ O W...; LHH),
parallel (A = +T/2, LHCD) or antiparallel (AP = -m/2) to the plasma cur—
rent /5/. Zggg in the ohmic heating (OH) phase — deduced assuming neoclassi-
cal conductivity — and the OH/LH loop voltages Vi are given in Table I.

The resulting incremental changes in the diamagnetic beta signal AB 1 and
A(Bsq“ + 1y/2) (measured by poloidal flux loops) are depicted in Fig. 2. It
is seen that 4B , increases to a plateau in ~100 - 150 ms. The behavior in
A(ng + 13/2) is different; the initiel increase in this quantity, common to
all cases, is followed by a slow decrease over ~300 ms to a plateau below
the OH value for +7/2 and 0 T 0T, We note that Bpl is sensitive only to the
perpendicular energy W, and ng to the entire energy W=(W,+W,)/2, so that

D= A(ﬁ;q +14/2) - ABpy = A(W,~Wy)/2 + Al;/2. Hence, the discrepancies D

[Academy of Sciences, Leningrad, USSR; 2present address: JET Joint Under—
taking, England; 3Univ. of Washington, Seattle, USA; 4CEN Grenoble, France
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seen between Aﬂpl and A(ng + 13/2) in Fig. 2 can be ascribed to the
production of a pressure anisotropy between the directions perpendicular and
parallel to the magnetic field, and/or to a change in Ali, i.e. to a
redistribution in j(r).

The effect on j(r) was determined directly by means of a neutral lithium
beam probe which measures the magnetic field pitch angle 8, = tan_l(BP/BT)
at the intersection between the beam and optical axis of the detecting
system (Fig. 1) /6-7/; j(r) can be calculated using ep(r) in conjunction
with Maxwell's equations. To(z) is registered along a vertical chord (not
passing through the magnetic axis) by a 60 Hz pulsed Thomson scattering
system (Fig. 1) /8/.

Results: The measured pitch angle profiles Gg, adjusted to cylindrical
geometry, for +47/2 are plotted vs. the flux-surface radius r¢ in Fig. 2
(top, right) for the OH and steady-state LHCD phases along with the corre-
sponding q(r) and j(r) profiles (top, left). It should be noted that the OH
points are well documented with two points each at rg = =1.7, +10.3, 14.3
and 29.2 cm. The indicated error bars on 8% reflect the noise level
associated with the base line of B% and of Bg itself. For OH, the gq=1 radius
is in rough agreement with the ECE sawtooth inversion radius (hatched
region) rgr. The application of LHCD leads to a broadening of the j(r)
profile (from which Ali ~ -0.12 is computed) and an associated increase in
q(0) from 0.98 + 0.03/-0.01 to ~ 1.14, in concord with previous results
/7/+ While T, profiles are not available for this series, the experience is
always that T, peaks with LHCD in the fashion seen with 0 O T T, thereby
demonstrating that the LH-driven current is decoupled from the classical
conductivity profile.

The (Fig. 3) 6f and T, profiles for —m/2 exhibit no significant change
between the OH and LH phases, i.e. D is due solely to a large anisotropy in
the non-thermal electron population in favor of the component parallel to
the magnetic field. A comparison between the experimental 85 points and the
curves predicted from Spitzer or neoclassical (neo) conductivity (assuming
Zaoff and the electric field E are constant) shows no consistent agreement
with either case. (Fig. 3 - the curve spread reflects the T, error bars.)
However, neither model correctly predicts rge: neo gives q(0) values far
below the q(0) ~ 0.96 determined from the lithium beam, whereas Spitzer
generally yields q ~ 1 only very near the axis. If a central zone of
anomalous resistivity or a smaller E is postulated such that q ~ 1 is
fulfilled, then neoclassical conductivity would describe the experimental
points reasonably well in the q > 1 region. However, for fiducial purposes
the Spitzer curves are used in comparison hereafter.

The failure of the experimental BS curves to cross the axis at rg = 0 for
both -7/2 and 0 077 (consecutive series) is probably due to a slight
(~0.3°) beam misalignment. The systematic trend of the rg§ < 0 6§ points to
increase for -m/2 is not understood, as a symmetric behavior for r¢ ~ 10 cm
is not observed.

The heating spectrum O O m7 produces a pronounced peaking in Te(r), but no
distinct change in 8f. In contrast to the OH phase, the Spitzer OH profiles
lie above the experimental 9% points, demonstrating that j(r) has not
tracked the Tg(r) change - suggestive that a mechanism which always main-
tains q(0) ~ 1 is operative.
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The 0 m 0 7 TOH profile is broader in the central region compared to
00w, leading to a narrower j(r) distribution (synonymous with higher 95
values) as corroborated by the Li-beam measurements. LHH produces a decrease
in Tg (r<a/2), which j(r) follows up to Aty ~ 300 - 400 ms as confirmed by
BS from experiment (Fig. 3). Hence j(r) has been altered by affecting the
bulk thermal electron population, changing qOH(0) from ~0.97 to qLH(0) ~
1.06 and 19" from 1.35 to 1M ~ 1.15. The behavior after Atpy ~ 400 ms
cannot be considered here.

Discussion: Table I summarizes the experimentally determined changes in q(0)

and 1i, from which we see that qOH(G) = 0.96 - 0.98. This implies that only
a few per cent of the current inside the q = 1 surface needs be displaced
outwards in order to achieve q > 1 and an associated suppression of saw-—
teeth, Such a small change can take place inside one sawtooth period, which
is congruous with the observed invariance of rgy up to the moment of saw-
tooth disappearance described elsewhere /1/.

Taking the experimental Aly it is possible to compute AB§Y for all cases,
the values of which are indicated on Fig. 2 by arrows. Accordingly, +mu/2
produces a nearly isotropic pressure (i.e. ABS1> ABPL)’ whereas =gq/2 exhi-
bits an extreme anisotropy and 0 0T T lies in between. These deduced trends
are consistent with direct measurements of the non-thermal electron popula-
tion on ASDEX /9/.

In passing it should be mentioned that the profiles discussed here are
interesting candidates for a "profile consistency" analysis /10/ inasmuch as
Te(r) and j(r) are loosely coupled for 0 Own and decoupled for /2, but
both yield approximately the same Ty profile. Further, for 0 m 0 w, LHH
produces a large, coupled change in Tg(r) and j(r).

Finally, the Li-beam measurements reported here support the thesis /11/ that
sawtooth stabilization on ASDEX occurs only when the condition q > 1 pre-
vails in the central region.
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Table I: Experimental Results

n, OH LH OH LH
Z52 Vo v @ (0 at(0) ALy

/2 7 0.9:0.3 0.98 1.14 _p.12 left and right, respectively) for
-n/2 2.4 0.9:0.62 0.96 0.99 0 the OH and LH discharge phases are
ooww " 0.9:0.57 " 0.96 0 shown for opposite current drive -7/2,
OnOn 4.0 1.0:0.54 0.97 1.06(7) -0.2 and the heating spectra, 00mT,0mOT.
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SAWTOOTH BEHAVIOUR IN LOWER HYBRID HEATED FT DISCHARGES
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INTRODUCTTON

Sawtooth oscillations in Tokamak plasmas are considered responsible for
lowering the maximum attainable central electron temperature. In the last
year all the major LH experiments have succeeded in stabilizing sawteeth [1]
even in presence of additional heating [2]. In the FT case, the available
power was not sufficient to fully stabilize sawteeth for lack of access. In
the range of power used (P < 3/4 P ) an increase of sawtooth period,
reaching about a factor 4 %?umxlmum coupled power, is observed on soft x
ray signals. In this paper we report about the dependence of this increase
on the launched spectra and on the related changes in plasma properties, na-
mely: electrical resistivity and electron thermal conductivity. The experi-
mental sawtooth behaviour is then interpreted with a code solving the coupl-
ed non-linear diffusion equations for the perturbed electron temperature and
magnetic field.

EXPERIMENTAL RESULTS

Two launchers are installed on FT at 90° and 180° away from the poloi-
dal limiter in the current direction having a 2%X2 and 4X2 wave-guide array

respectively. All the results presented here are obtained at B, = 60 kG,
1~ 300 kA, n_ = 3+4x10!'3 cm-3. This corresponds to the electron interac-
tion regime, the density limit being about n_ = 5x10'% cm-3 for the used

frequency of 2.45 GHz. The launched spectra are shown in Fig. 1. Gene-
rally the 2X2 grill is phased at m launching a symmetric spectrum with most
of the power below n,=3 (Fig. la). This spectrum is practically identical
to the spectrum of the 4x2 grill phased 0,0,n,n. Figure 1b shows the 4x2
grill spectrum when phased 0,n/3,2n/3,n. This asymmetric spectrum travels in
the electron drift direction. Both spectra are able to increase the sawtooth
period as shown in Fig. 2, but the asymmetric one is the most effective. The
sawtooth period reaches roughly the same value but with lower coupled power
for the asymmetric spectrum. A different behaviour is also observed at the
RF switch-on. Also in this case there is a greater increase for the asymme-
tric spectrum. Figure 2 shows both the sawtooth repetion time and the time
delay between the sawtooth crash and the detection of the heat pulse at half
radius. This quantity too shows a step at the RF switch-on and then a slower
increase (this time more pronounced with the symmetric spectrum). Figure 3
summarizes the power dependence of sawtooth repetition time after 100 ms of
RF power (data from symmetric spectra are plotted with half the coupled pow-
er). From this figure it is confirmed that asymmetric spectra are by far the
most effective. This effect can be ascribed to the greater effectiveness of
the asymmetric spectrum in driving current via fast electron generation thus
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Fig. 2 - Time behaviour of sawtooth repetition time (dots) and time delay
(triangles) of sawtooth heat pulse at half radius: a) ¢ = 0, 0, m, n;
b) ¢ =0, n/3, 2n/3, n

lowering central electrical resistivity. Up to the maximum power launched
the position of the surface g=1, as detected by space resolved soft x-ray,
is not observed to change. Figure 4 shows the time delay at half radius of
the sawtooth crash propagation normalized with density vs the corresponding
sawtooth period for two series of reproducible shots. It can be seen that
the delay with the asymmetric spectrum saturates at a lower level despite
the increase in the period. The two discharges are very similar in the
ohmic phase and the major difference during RF is due to the larger increase
of the electron temperature with the symmetric spectrum [3] (AT ~ 700 eV,
P ~ 280 kW). In the other case only AT ~ 200 eV is measured with P ~
~ 180 kW, thus suggesting a favourable dg;?endence of electron thermal con-




329

—
3 °®
A A & e®
4+ b & «Ei - o‘,,
“u >
E ~ :n ‘ < .A o ‘: A
“as T = ®,0" 4 2
9 A - = A ;.
3F & ." A
=22 - .t L
[ ]
L . L 4
2 * o
2 o ®
c -
a
s O S Y (N N (S S S| 1 Y N (N L
0 40 80 120 160 200 1 2 3 4
PRF(W) v(ms)
Fig. 3 - Sawtooth repetition time vs Fig. 4 - Time delay at half radius
coupled RF power (dots ¢ = 0,0,m,m, of sawtooth heat pulse normalized
at half the coupled power; triangles with density vs sawtooth repetition
¢ = 0,n/3,2n/3,mn) time (dots ¢ = 0,0,m,n; triangles

¢ = 0,n/3,2n/3,n)

ductivity on T_ at least in this power range. For the discharges with sym-
metric spectra where a complete power balance has been performed, data on
the confinement obtained from the heat pulse propagation are roughly in
agreement with the power balance results [4].

In order to model the experimental behaviour of sawteeth we have de-
veloped a code solving the system of coupled non-linear diffusion equations
for the perturbed quantities T and B,, enabling us to obtain sawtooth
characteristics for a given diséiarge. ﬂ%tails of this calculation are re-
ported in Ref. [5]. Using the electron thermal conductivity obtained from
the power balance and the measured value of the electrical conductivity, we
obtain the experimental repetition time and the time delay of the sawtooth
heat pulse in the ohmic phase. To model the RF phase we simply multiply the
two quantities by a factor constant over the radius. Figure 5 shows such
a simulation compared with the experimental values about 10 ms after the
start of the RF pulse (PRF ~ 280 kW) with symmetric spectrum. As it can be
seen the repetition time can be modeled by reducing the electrical resitivi-
ty by about 70%, well in agreement with the total plasma conductance measu-
rement, while the time delay requires a reduction of the electron thermal
conductivity similar to the one necessary in the energy balance analysis.

CONCLUSION

The increase of sawtooth repetition time is in agreement with an in-
crease of electrical conductivity. This effect is more important when waves
traveling in the electron drift direction are injected into the plasma with
respect to the case when a symmetric spectrum is utilized. The increase of
the time delay for the propagation of the heat pulse has to be ascribed to a
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reduction of the electron thermal conductivity. These results are in good
agreement with a model of the sawtooth dynamics and with the energy balance
results.
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INTRODUCTION

Powerful additional heating experiments on large tokamaks have shown limita-—
tions of performances due to the presence of internal disruptions. Thus, since
the early work of the Petula Group on the low-m tearing mode stabilization
(van Houtte et al, 1984), the Lower Hybrid Current Drive (IHCD) experiments
are mainly aiming at the suppression of sawtooth instabilities which exist in
inductively driven discharges.

A new 3.7 GHz RF system (Rey et al, 1986) (PRF & 400 kW - At < 100 ms) in
operation on Petula-B allows an KF current to be driven at densities up to

n. = 8.x10% em™ although with a residual amount of Ohmic Heating (OH)
power. Then extensive studies of sawteeth suppression in large range of plasma
parameters could be done.

PLASMA AND RF PARAMETERS

The LHCD experiments were carried out on Petula-B (R = .72 m and a = .165 m)
in the density range 1.x10% & ng (em™) ¢ 8.x10" for a magnetic rield of

Bp = 2.8 T.

Tge plasma current (I (kA) € 230) is initially driven by the ohmic heating
circuit and kept conslﬁ]ant during the RP pulse. The 3.7 GHz RF System consists
of a multijunction type grill with 9 waveguides on a row. Different phasings
give a parallel index in the range 1.7 < <N, > < 2.7.

The sawtooth behaviour has been studied by using collimated surface barrier
diodes to measure the soft X-ray emission along different chords and one mova—
ble channel heterodyne IR interferometer to measure density fluctuations.
Tearing mode with m > 1 {(n=1) has been observed by a set of Mirnov ceils loca-
ted around the plasma.

EXPERIMENTAL RESULTS

Evidence that LHCD modifies the current density profile and affects the ]Jﬂ.usma
MHD behavicur has been obtained firstly in low density (ng < 1.5x10% em™)
discharges with the 1.3 GHz RF system (large 1, spectrum centered around 2.5k
Sawteeth oscillations, initially present in the Ohmic Heating (OH) current
drive discharpges, were suppressed within a few msec for very low power levels
and simultaneously a m=2 tearing mode was triggered. It was concluded that
LHCD creates a flattening of the central g-prolile rising (o). above 1 and

e
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increases the gradient near the g=2 surface (D. van Houtte et al, 1984). With
the new 3.7 GHz RF system, the study of sawtooth stabilization has been exten-
ded to higher densities.

; - 3 X
- In low density discharges (ng < 1.5x10%em™ ) with < N, > = 2.7, the plasma
MHD behaviour is similar to those obtained with the 1.3 GHz RF system. The
same conclusions are done.

- When the RF current is driven in medium density range (1.5x10% < ﬁe(cm“s)
< b.5x10® ), the m=2 mode is triggered later and later in the RF pulse as
density is increased. When low RF power is applied, the sawteeth which are
present in OH phase, increase in relative amplitude (Fig. 1) and in periodi-
city (Fig. 2) for the first sawtcoth occuring during the BF pulse. As the RF
power is further raised, the characteristics of the sawteeth change markedly.
The cawteeth look like the so-called "coumpound" sawteeth (Fig. 1) observed
in large tokamaks (Campbell et al, 1985). For high enough RF power, sawtooth
stabilization is achieved at the beginning of RF application and lasts for
time depending on RF power level.

- For demsities b.5x10™ < n_ (em™} < 8.x10", a lov RF power level increases
only the total soft X-ray emission withcut marked change in relative amplitude
and frequency of the sawteeth. When the RF power is high enough, depending on
plasma current and density, the sawtocth cscillations are suppressed. In
Fig. 3, a typical shot at a density of f, = 6.x10% em™ with 240 kW of RF pover
for & 125 kA discharge, is shown. 1t is to be noted that in this case, only

35 % ot the total plasma current (as inferred from the relative lcop voltage
drop) is RF driven.
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The radius of the sawtooth inversion surface as inferred f'rom soft X-ray emis-
sion and IR density fluctuations is a function of the plusma curzent and, in
OH reglne, the usual a/q(a) dependence is obtalned for the g(r) =1 layer
radius (Fig. 4). When RF power is applied to drive part of the LLnama current,
the sawtooth inversion surface remains approximately at the same radial loca-
tion, as a function of RF power, until the sawteeth are no longer observable.
As compared to the OH case, the g(r) = 1 surface does not change or increases
slightly depending on q(e) value and density (Fig. 4).

The RF power level required to suppress the sawteeth increases with the cur-
rent and,is a function of =1 surface radius as shown on Fig. 5. As a Tune—
tion of the density no clear dependence with the RF power necessary for saw—
tooth suppression, appears.

Electron temperature as inferred from Thomson scattering does not change signi-
flcantly and the impurity level is about the same during the RF pulse. Thus
the increase in soft X-ray emission must be mainly attributed to RF produced
suprathermal electrcons carrying part of the current. ln the sawtooth-irese
discharges, the electron energy confinement time deduced t'rom the temperature
of the bulk, remains roughly constani as compared io those obtained in OH
sawtoothing discharges. It is to be noted that the energy content within the
g=1 surface is small as compared to the total encrgy content.

These sawtooth stabilization results have been obtained with o Wy spectrum
centered at Ny = 1.7 corresponding to RF resonant energy, Ep, of 120 keV. At
high density, only part of waves should be able to reach the rlasma center
bELﬂUSE of wave accessibility conditions. A parallel index of Hﬁ = 2.7

(E_ = 40 keV) have also been used but total stabilization was not obtained in
the medium and high density range with the available RF power.
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7
SUMMARY AND DISCUSSION

- The diameter of the sawtooth inversion surface dges not change or increases
slightly in the presence of LHCD (n, > 1.5x10% em™ ) and remains approximately
constent as a function of RF power, This result puts in evidence that, the
mechanism responsible for internal disruptions, is inhibited with a central
q-value equal of lower than those in 01 sawtoothing discharge. This conclusion
is confirmed by the presence of a m=1, n=1 mode into the sawtooth-free plasma
discharge and by the estimation of q(o) made on Petula-B by Lister et al,
(1986) using the propagation of a shear Alfven wave.

- Only about 25 % to 50 % of the total plasma current is driven by RI', when
sawtooth-free discharges are obtained at high density (8_ > 4,10%cn” ). Howe-
ver this fraction is not a sufficient condition to suppréss the sawtooth acti-
vity. The necessary RF power to suppress the sawteeth depends on the radial
location of the q=1 surface through the plasma current value but no clear
dependence with the density appears.

- A possible mechanism of sawtooth suppression can be a replacement of the OH
driven current by an RF current, carried by large enough energy suprathermal
electrons, inside the q(r)=1 surface or within the m=1 magnetic island. This
is in agreement with the small amount of power which can reach the plasma cen-
ter due to high value of accessibility at the center (Nj .. v 2), with a
launched spectrum centered at Ny = 1.7.
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It has been recognized in recent years that e.m. waves in the lower hybrid
(LH) frequency range can produce important effects when absorbed by plasma
electrons like, for example, current generation, plasma heating and current
profile modification. In these conditions the electron distribution function
is not maxwellian but becomes enhanced at high energy depending on the power
and phase velocity spectrum of the launched waves /1/.

The aim of the present paper is to study the plasma-wave interaction by
experimentally determining the fractional population of non-thermal elec-—
trons under different plasma conditions. The experiments were carried out on
the ASDEX divertor tokamak, where current drive and plasma heating can be
studied up to an injected power of 1 MW at a frequency of 1.3 GHz. By chang-
ing the relative phase between successive elements in an eight-waveguide
grill, the shape of the N, index spectrum as well as its directionality can
be controlled.

Data on the fractional population np of tail electrons were obtained from
measurements of the intensity ratio of a dielectronically excited satellite
line to the main resonance line of He-like titanium ions by means of high
resolution X-ray spectroscopy /2/. A detailed description of the experimen-—
tal apparatus and of the data analysis procedure can be found elsewhere /3/.

The results obtained in a current drive shot are compared in Fig. 1 with
those obtained during electron heating. The two discharges have the same
toroidal magnetic field and plasma current and nearly equal injected RF
power (Pgp = 800 kW) and electron density (ng = 1.2 x 1013 em=3). The shape
of the launched spectrum is nearly identical in the two cases and is char-
acterized by <N,> = 2.

In the first case the plasma current is almost completely driven by the RF
waves and the feedback system regulates the ohmic power transformer to keep
the plasma current to the pre-—injection value; consequently the toroidal
electric field is strongly reduced and comes near to zero. In these

1ENEA Frascati, Italy; 2CEN Grenoble, France; 3University of Bochum,
W.-Germany; 5Academy of Sciences, Leningrad, USSR, 5present address: JET
Joint Undertaking, England; 6University of Washington, Seattle, USA
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conditions a rough estimate of the fractional population of tail electrons
can be obtained by assuming from quasi-linear theory that a unidirectional
plateau is formed in the toroidal direction in the velocity space from a low
value Vy, a few times the thermal spesd, up to a value Vp *» V;, determined
by the accessibility condition (Vp = c/1.55 for the present case). In this
hypothesis the central current density is given by:

Yo = Vy

2

(0) = e nep(0)

jRF
where ngp(0) is the total density of RF-generated suprathermal electrons in
the plasma center. This expression can be compared with the value obtained
by assuming the q value in the plasma center close to unit, as, deduced from
Li-beam measurements /4/:
2 Br

Jppl0) ==——
RF Mo R

when R, the plasma major radius, is equal to 166 cm in ASDEX. When the value
of the central electron density (ng(0) = 1.5 x 1013 ¢m™3) is taken into
account we obtain for the current drive discharge np(0) = 1 % in good agree-
ment with data in Fig. 1.

When we compare complete current drive with electron heating discharges we .
find a considerable enhancement of the non-thermal population in the latter
case (Fig. 1). This could be explained by a better power absorption in the
plasma, possibly due to small differences in the spectrum at high N,. How-
ever this should lead to an increase in the thermal energy content in heat-—
ing discharges which is not observed.

Thus the higher content of non-thermal electrons in heating discharges seems
to indicate that the tail extends to energies higher than in current drive
discharges. However the minimum N,, accessible to the plasma center is nearly
the same in the two cases and so the only possible explanation for the
results is that the toroidal electric field, which is nearly vanishing only
in the current drive case, is effective in accelerating the electron tail to
higher energies. It is worth to note that in the heating discharges dis-—
cussed here the value of the electric field is about 1.4 % of the critical
runaway field. This results in a critical velocity of 0.56 ¢, which is lower
than the upper limit of the quasilinear plateau, V; = 0.62 c, as deduced
from accessibility condition.

Magnetic measurements also show that in the discharges considered here the
plasma pressure becomes strongly anisotropic in the heating case while LH
current drive leads to nearly isotropic heating (Fig. 2). The parallel and
perpendicular components of the plasma pressure were derived from three
independent measurements of 8, (diamagnetic beta), ﬁgqu +14/2 (ng“ =
equilibrium beta) and 1 /4/.

The influence of the shape of the N, spectrum on the non-thermal population
was also studied. A power scan with <N,> = 2 and <N,> = 4, (Fig. 3) shows
for both cases a nearly linear dependence upon the injected power but faster
waves are more effective in generating fast electrons. This is in agreement
with observed heating efficiency as well as with current drive experiment
results /5/.

Also shown in Fig. 3 are two measurements taken during opposite current
drive experiments. In this case the waves have to push the electrons against
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the applied toroidal field and consistently a lower number of tail electrons
is observed.

A density scan was also performed at a medium power level (Pgp = 430 kW).
This is not enough to obtain complete current drive except at very low
density. The results of the measurements are shown in Fig. 4. For ng > 1 x
1012 cm™ the loop voltage is nearly equal for current drive and heating
discharges with <N,> = 2. The different behaviour in the partial current
drive and heating cannot be due to electric field effects and is not fully
understood, We note, however, that in this experiment heating discharges
have a higher electron temperature.

At the highest density all the three spectra give nearly the same result.
This corresponds to the point where the heating efficiency for the electrons
is just starting to deteriorate because of the increasing ion absorption
/5/. In these conditions we performed spatially resolved measurements for
two values of the injected power at <N,> = 2 (Fig. 5): we obtained hollow
profile, showing a lack of wave penetration to the plasma center.

To check problem of wave accessibility to the plasma center, <N,> = 4 spec-
trum was studied in the same plasma conditions, although at a reduced power
level (Pgp = 300 kW), and the ny profile was still found to be hollow. It
can then be concluded that in the ion interaction regime the penetration of
the waves to the plasma center is inhibited possibly due to the absorption
by the plasma edge.
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A MODULAR MULTIJUNCTION GRILL FOR CURRENT DRIVE STUDIES AT 3.7 GHz FOR
PETULA-B AND TORE SUPRA

G. Rey — G. Berger-By - Ph. Bibet - C. David - M. Goniche - G. Tonon -
G. Agarici - P. Briand - C. Gormezano - A. Panzarella - RF & PETULA Groups
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1 INTRODUCTION

A 8 MW - quasi continuous - 3.7 GHz Lower Hybrid Heating system is being
designed for mainly current-drive studies on the TORE SUPRA Tokamak. A large
simplification of the L.H. antenna and of the RF transmission line is obtai-
ned by applying two main ideas : (i) modular design, (ii) internal RF power
division - 3 dB hybrid junction and E-plane multijunction (M.J.). The E-pla-
ne M.J. system /I/ brings not only simplification in the building of the an-
tenna, but also, when used in travelling wave, lowers strongly the power re-
flection coefficient towards the generator. This is a very important point,
because such a system allows to avoid the use of circulators - expensive
elements for large machine.

In order to test the physical and these technical options chosen for the
TORE SUPRA experiment, a 500 kW-30 ms-3.7GHz experiment has been successful-
ly operated on PETULA-B (see other papers in this conference /2/ to /[4/ ),

2 GENERAL DESCRIPTION

2.1 The RF power, provided by a 500 kW-30 ms-3.7 GHz ThCSF klystron is
injected to the coupler by means of an Aluminium, 6m long, SF6 pressurized,
standard WR 284 transmisssion line. The RF losses including the insertion
losses of the circulator and flexible waveguides are measured equal to 0.l14.
3 dB hybrid junctions allow the RF power to be divided in the ratio 1/4:1/2:
1/4 between the 3 modulus (1/2 in the central one).

Fig. | shows the general view of the low hybrid coupler on Petula. A va-
cuum tank composed by a large movement bellow and a rigid sector for the va-
cuum pumping is connected by means of @ 400 vacuum valve to a Petula port.

2.2 Fig. 2 shows the front view of the 18 waveguide-9 column-2 line-net-
work made from 3 juxtaposed identical modulus. Each modulus is composed of :
(i) a RF alumina vacuum window with its associated arc detector, (ii) a 3 dB
hybrid junction, (iii) a 90° phase shifter in order to balance the 90° pha-
sing of the hybrid junction, (iiii) the 0-120°-240°-3 wg E-plane M.J. system
(cf. fig. 3a, 3b). The phase shifters are obtained by changing the wavegui-
de length in the wg by reducing its height. The RF matching of such sections
is obtained by step transformers.

By changing the phase of the injected wave between the 3 modulus, the N
spectrum excited by the launcher can vary from 1.6 to 3. From code calcula-
tions /5/, the N / spectra obtained with a + 90° phasing between modulus is
plotted in fig. ‘.

1
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3 LOW LEVEL TEST

As expected by theorical predictions, self matching property of the 3 wg
-0-120°-240°-E-plane M.J. is obtained when the 3 loads are in the same plane
(fig. 5a) and the power reflection coefficient (P.R.C.) is the square of the
P.R.C. of the loads. For a A /6 spacing of the loads, which leads to the sa-
me phasing (180°) in each sefondary wg, no self matching property is obser-
ved (fig. 5b). Self matching property is confirmed on plasma /2/.

The SWRV of each element of the modulus is lower than 1.06.

4 CONDITIONING TECHNIQUES

4,1 On a separated test line, argon glow discharges have been tested /6/
Such a technique, currently used for the 1.3 GHz experiments has been sim-
plified by using a common longitudinal electrode. High pressure (~1 torr)
argon glow discharge is needed in order to obtain a quasi homogeneous dis-—
charge in the 3 reduced waveguides (fig. 6). Due to the lower ion numbers
striking the surface with a sufficient energy (~300 eV) /6/, the time dura-
tion of such a discharge has to be of the order of 10 hours. This procedure
has to be verified at high RF power on the launcher itself.

4.2 Up to now, on Petula, the conditioning technique, derived from pre-
vious high RF power tests in a test bed, ig the following : (i) during the
cleaning session of the machine with a 10 ° H, pressure, the RF power is
gradually increased with a duty cycle of | RF=5ms long-shot every 10 seconds.
300 to 400 pulses are so performed during such a session, (ii) between two
plasma shots, about 10 short RF pulses are powered at a level slightly grea-
ter than that required for the following plasma shot.

4,3 Performances : As,expected, the power density limitation due to the
multifactor effect (4%~ f), is greatly decreased by working at 3.7 GHz and
the cleaning of the surface has been achieved by using RF shots conditio-
ning technique.

With such a technique, after a overall one thousand RF conditioning
shots, the full power - 500kW-30ms - of the klystron has been injected to
the coupler. When the central modulus.is fed alone with the RF power, th
corresponding power density,— assuming no reflected power - is ~ 20kW/cm” at
the RF window and ~ 10kW/cm” at the reduced section of the grill. Such va-
lues - however with short time pulses - are twice the ones planned on TS
Low Hybrid experiments.
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NEW DEVELOPMENTS IN HIGH-POWER KLYSTRONS
FOR LOWER HYBRID RESONANCE HEATING APPLICATIONS
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Palo Alto, CA 94303 U.S.A.

INTRODUCTION

Plasma heating using the lower hybrid wave method (LHRH) requires very
high power at frequencies in the range of 1 to 18 GHz. The necessary power
levels are in excess of what is achievable in a single power source.
Consequently, multiple power units are needed. Of particular concern is
the desire to obtain the required power at a minimum cost. Total system
cost projections typically reach the cenclusion that for minimum cost it is
necessary to use a minimum number of power units of maximum power
capability. Therefore, it is important to understand the power
capabilities and limitations of prospective power sources.

The klystron amplifier is the device of preference for generation of
high-power levels at these frquencies. Klystrons have demonstrated good
reliability while providing high power at good efficiency. Two klystrons
presently in service for LHRH plasma heating are the VKS-8269A which
provides 500 kW at 2.45 GHz and the VKC=7849 which provides 250 kW at
4,6 GHz. Typical performance values for these klystrons are listed in
Table 1. These klystron designs provide excellent performance but do not
represent the maximum power capability at these frequencies and
consequently do not necessarily provide a minimum cost design for a system
requiring multiple power sources.

Table 1
Typical Performance Characteristics

VKS-8269A Klystron  VKC-T849 Klystron

Frequency 2.45 GHz 4.6 GHz
Power 510 kW 260 kW
Gain 58 dB 56 dB
Bandwidth (1 dB) 22 MHz 24 MHz
Efficiency 52 % 45 %

Beam Voltage 63 kV 46.5 kV
Beam Current 15.7 A 12.4 A

Body Current, No Drive 5 mA 5 mA
Body Current, Saturation Drive 8 mA 33 mA

KLYSTRON POWER CAPABILITY

It was recognized early in the history of klystron development that
the power generating capability would ultimately be limited by the
dissipation capability of the output resonator. Designs were considered,
even at that time, which would distribute the rf output power over several
resonators in order to increase overall capability. This technology was
called "extended interaction™ and was described in detail in publications
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during the 1960'sl 2 3, The extended interaction klystron (EIK) technology
provides improved performance in two areas: increased power generation
capability and increased bandwidth performance. Over the past two decades
little has been done to implement this technology to provide klystrons of
exceptional power capability. Only one experimental device was reported
and no products resulted“. This situation arose because other practical
problems limited power generation and EIK technology was not necessary.
Devices have been developed, however, using EIK principles for designing
klystrons with exceptional bandwidth capabilityS.

The practical problems which traditionally limited power capability
are: difficulties in forming and focusing an electron beam of high power
density, difficulties in dissipating the spent beam energy, difficulties in
providing a window through which the rf power could be extracted from the
klystron, and of course, the difficulties associated with power dissipation
of the cavity resonators. Over the years klystron technology has steadily
improved, overcoming most of the above limitations. Electron gun design
has benefited greatly from computer aided design technology which makes
possible electron beams of high current density with excellent collimation.
Beam transmission of 99.9% is commonly achieved so that beam power is
separated essentially completely from the interaction cavities. Collector
configurations have been developed allowing collectors of arbitrary size;
therefore, the collector can be constructed as large as necessary to
dissipate the residual beam power. Window designs have been developed with
power transmission capability approaching the fundamental waveguide
ratings. Consequently, present technology allows klystron designs for
power levels limited only by the dissipation capability of the output
circuit. This situation was reported in a previous paper where the power
capability for klystrons using single cavity output resonators was
describedb. Since that time we have re-evaluated the impact of using
extended interaction technology and have determined that it can allow
designs of at least doubled power capability. Design analysis indicates
that klystrons using this technology are not significantly more complex nor
is the cost impact large.

THE EXTENDED INTERACTION OUTPUT CIRCUIT

The two-gap extended interaction output circuit consists basically of
two simple klystron cavities coupled to each other by a slot in the common
wall. The cavities are also coupled by the electron beam which passes
through both cavity gaps. The power is coupled from the second cavity to
the output waveguide via an inductive iris.

The eircuit has two modes of resonance: at one resonance the gap
voltages are in phase - this is the zero or 2 pi mode, and the other
resonance is where the gap voltages are in antiphase - the pi mode. This
circuit can be designed to be operated at frequencies between the two
resonances and can provide wide bandwidth performance. The PT 6006
klystron, for instance, manufactured by EMI-Varian uses this technology and
provides 100 kw peak output power over an 8% bandwidth around 1.3 GHz.

We have recently analyzed this design from a different viewpoint.
Rather than optimize performance over a wide bandwidth, we optimized the
design to evenly distribute the dissipated power to maximize the power
capability. When operating at the 2 pi mode we determined that the gap-to-
gap spacing allowed adequate cooling space so that each cavity can be
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cooled as well as previous single cavity designs. Detailed analysis of the
gap fields using our large signal klystron simulation program resulted in a
design with equal gap voltages, each 0.7 times that for a single gap
circuit. Consequently, this design would have twice the power capability
of a single-gap design.

KLYSTRONS FOR FUTURE HEATING REQUIREMENTS

New klystron designs were investigated which take advantage of the
increased power capability of the two-gap output circuit design. It had
been previously reported6 that the power generating capability of klystrons
using a single output resonator is limited to a value which can be
described with the "figure of merit" relationship, PF2z16; where P is in
megawatts and F in GHz. By using a two-gap output circuit, the power
capability can be doubled, resulting in PF2=32, We would still recommend a
conservative design for future rf heating systems where reliability is of
major importance. Consequently we have generated new designs based on
PF2=16 representing the appropriate power levels for frequencies from 2 to
16 GHz. The general characteristics of the new designs A through D are
listed in Table 2. An important determination of this design exercise was
the finding that the output circuit is still the power limiting element.
There is still more than adequate power capability in all other areas of
the klystron design. With this thought in mind, we are investigating
extended output circuit designs using more than two cavities to determine
possible designs or even high power. More cavities in the output circuit
causes concerns about positive feedback with possible oscillations for
operating modes away from the design value.

| Table 2
Klystron Designs for Plasma Heating Applications
Using a Two=Gap Output Circuit

Typical Performance Characteristics

Output Beam Beam
Frequency Power Efficiency Voltage Current
Design GHz kW % kV A

| A 2 4oo00 60 125 53

| B y 1000 55 75 24

1 C 8 250 50 us 11
‘ D 16 62 45 27 5 |
I
|

I While the analysis of the 2-gap case indicated complete unconditional

I stability, that has not been determined for more complex circuits.
Consequently, more analysis is necessary to determine the ultimate power
capability of klystrons with multiple gap extended interaction output
eircuits,

CONCLUSION

New klystron designs have been presented which have power generating
capability beyond what was possible with previous designs, These designs l
are particularly appropriate for the generation of large amounts of high




346

frequency power where multiple power units are necessary. Consequently,
they would make possible more cost effective power generation for future
LHRH systems.
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NONLINEAR EFFECTS IN LOWER HYBRID HEATING OF TOKAMAK PLASMAS

J. A. Heikkinen and S. J. Karttunen

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

ABSTRACT: Nonlinear evolution of the parametric scattering of lower hybrid
heating waves off lon modes in tokamak plasmas is investigated. Harmonic
generation of the low—frequency ion wave and its effect on the parametric
decay of a lower hybrid pump to another lower hybrid wave is analyzed, and
numerical calculations of the relevant wave-system are carried out.

INTRODUCTION: Most lower hybrid heating and current drive experiments {1]
show a degradation of efficiency at high plasma densities such that
moﬂn (0)<2, where wy/2n is the frequency of the injected pump wave and
WLH(8§ is the lower hybrid frequency evaluated at the plasma centre.
Parametric decay processes are often observed [2] above this same density
limit, and they may be one explanation for the decreased transmission of
LH-power into the plasma interior. According to the theoretical predictions
3| the most probable decay process would be the decay into a cold lower
hybrid wave and a quasimode at or near the plasma edge. The linear theory of
this decay is well explored, but the nonlinear evolution is less understood.
By considering the harmonic generation of the low-frequency mode we shall
determine the saturation effects on the level of the sideband power and thus
on pump depletion.

SATURATION MODEL: The wave equations describing the low-frequency modes may
be formulated in the steady-state approximation as IA]

[as(m,k)/a(k)]ane/ax - 1e(w,k)n, = - aznZnE“ + aE0E¥ (1)

[3e(20,2k) /8 (2k) an /0% = ie(2w,2K)ny = agyn > 2)

where n, and n,, are the electron density fluctuations (normalized to the
background density) relating to the low-frequency mode with the frequency w
and the wavenumber k and its harmonic (2w,2k), respectively. Ej is the
lower—-hybrid pump (sideband) field amplitude normalized to the pump field
amplitude Eyq, and “EOEI* describes the drive fleld for n, In the primary
decay process. We have a= -1/4 xe(l+xi)(ﬂelmn)kzknezuzlv% , where
u=eE00/mézeis the (EOxB) drift velocity. The linear dielectrie function
describing the low-frequency modes is

@@, = 1+ xg(@,l) + xg(0,k) = 1+ Wofk, v, )k Apg”

£+ Em(m-mi)-l[w(w—miszvi)—L]Al(B)} g 8 ™

where standard notations are used (the function W is related to the plasma
dispersion function Z by Z'(s)=—2W(/2s)). A (B) is defined by the modified
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2 2 2
Bessel function I,(B) by A1(3)=IZ (B)exp(-B), and B=k vy Iﬂi « The coupling
coefficients may %e written as

*, % *
ay = V /W (w/k,v) , @y =y /4, 4)
where V is the interaction coefficient

V= Bi(mpf' /912 )[A,t(B)Znu(rfs;a)ni3 /(m—mi)a]

2”10y -y L o))

2
B 322 L2y * (1) + w1 T /8, (5)
o o

x

which is due to the coupling between ilons. The argument of Wl is

(=224 )/k vy: It can be seen that V has sharp maxima near the ion cyclotron
harmonics w=4Q, . This is because Ax(ﬁ) is small (<0,1). Note that there is
no aingularitg at w=1Q; for V due to the expansion of Wl at small arguments;
Wr~1+i(w/2)1/ (m-lni)/izvi. According to (5) V gets larger values for small
B, i.e., at low ion temperatures. Thus it is expected that harmonic gener-
ation of the low-frequency mode is stronger at the plasma edge.

NUMERICAL RESULTS: The nonlinear correction (harmonic generation) in Eqs.
(1) and (2) is of the same order as the linear terms, when the absolute
value of [a/e(w,k)]?[ay/e(w,k)] {aZH/c(Zm,Zk)] exceeds 1, as may be easily
checked by solving the equations for n, (without spatial derivatives). We
denote this value with C. Note that C is proportional to the squared pump
intensity. We have calculated C as a function of w for several tokamak
parameters relevant inside and at the edge of the plasma. Our results
indicate that at sufficently high pump intensity (>lkW/cm?) C may be large
(>1) at the temperature (To~T4) less than 100eV and with the density more
than 1018 w3, According to the linear calculations [5] the primary process,
too, is strongest at these parameters, i.e., typical edge conditions. C as a
function of mlﬁno (quo—ml) for N=4e1018 m‘i and T =T;=15eV is seen in Fig.
1(a), where other parameters are B=4.28T, w0/2n-2GHz, mass ratio 3600,
RF-power 300 kW, and the width L, of the pump resonance cone 10 cm. The
parallel refractive indeces of the pump and sideband are chosen as N0z°3 and
N;,=5, respectively. Spatial growth factor A of the sideband amplitude from
the quasimode approximation (low-frequency wave strongly damped)
(Ej~pexp(A), where p is the noise level) for the primary process is also
shown. It 1s found that A and C both are strong near w~Q; (other peaks near
w~l0; were insignificant for A), and thelr resonance pea&s coincide well. In
Fig. 1(b) we have the same case, but here we represent the spatial growth
factor A'ﬁln(El(L )/p), calculated from the four-wave system including the
primary and seconéary process, as a function of the coordinate (n) along the
pump wave propagation direction for various noise levels. mllmo is chosen at
the maximum of A in Fig. 1(a). In this case, due to high intensity and low
temperature, the primary instability (the evolution of which is also shown)
is absolute in the sense that there is no convective saturation in the 7
direction. We may see that harmonic generatlon restores the convective satu-—
ration and strongly suppresses the level of amplified field amplitudes. The
corresponding field amplitude profiles accross the resonance cone for Ey,
N, and n j are shown in Fig. 2 for p=0.02 and n=32. It can be seen that the
product of the amplitudes of E; and n, (determines the strength of pump
depletion) is more than 50 times smalter when harmonic generation is con-
sidered compared to the case when it is ignored. At smaller pump intensities
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or at higher temperatures the primary instability can become convectively
saturated, and the saturation effect of harmonic generation is milder de-
pending, however, crucially on the noise level p. At large Ny, (>12) the
strength of the harmonic generation strongly diminishes.

CONCLUSIONS: The effect of harmonic generation of the low-frequency mode on
the lower hybrid parametric decay is investigated. With a high pump
intensity and with typical plasma edge parameters the growth of the sideband

is effectively restrained, and sideband power levels much less than the pump
power are observed.
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Fig. 1 (a) Spatial growth factor A=(a/e)pa;L, of the primary instahility and
the harmonic generation strength C versus sideband frequency.
B=4,28T m9/2n=2GHz, mass ratio 3600, RF-power 300kW, L,=10 em,
N=41018m™3 T =T;=15eV, N =3, and N; =5. (b) Effective growth
factor A' versus n for various noise ievels p+ The curve marked by A
corresponds to the case without harmonic generation. Parameters are
the same as in (a).
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Fig. 2 Wave amplitude profiles for Ey, ngand Ngy across the resonance come
at n=32 with p=0.02. Parameters are the same as in Fig. 1. (a)
harmonic generation included, (b) harmonic generation ignored.
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A GENERALISED DESCRIPTION OF THE ANOMALOUS DOPPLER RESONANCE
AND THE STABILISING ROLE OF ION DYNAMICS
R.0. Dendy, C.N. Lashmore-Davies, and A. Montes?®
Cul ham Laboratory, Abingdon, xfordshire OX14 3DB, UK
(Euratom/UKAEA Fusion Association)
a) Permanent address: Instituto de Pesquisas Espaciais, C.P. 515, 12 200
S.Jose dos Campos, S.P., Brazil.

The anomalous Doppler effect'72 is of interest as a fundamental limit
on superthermal tail formations in tokamak plasmas, and as a probable
explanation® of the relaxation oscillations seen in the soft X-ray signal
from Ohmic pln.smé.ll.'q and in association with lower hybrid current
drive.”?’°In this application, the divergence of fast-electron motion from
the parallel direction as the anomalous Doppler instability proceeds is
responsible for the shift in the predominant direction of electron
bremsstrahlung, which follows the fast-electron motion. A number of
studies have considered such quasilinear development of the instability.
The linear instability remains of intereat,-“ however, and we shall
examine this aspect of the phenomenon.

A collective description of the anomalous Doppler effect arising from
the interaction of resonant electrons with electrostatic waves in a
magnetised plasma follows from the dielectric response function. We
shall show below that ion dynamics play a significant role in wave damping
under conditions where the wavenumber is sufficiently large that the ions
can be regarded as unmagnetised. For this reason, we include the
corresponding ion contribution in the expression for the full dielectric
response function:

2 @
o 2mwv dv dv nQ of of kv
eet-R 7§ DL o = 2
k¢ n-= V=== vEo nQ +kyvy- w v, dv, dv

2 (1)

ENEL J,m dvi dfi
Lo Wm0 @y

The real part €.,,) of € is in general dominated by cold electron plasma
terms which are insensitive to the exact form of E(vl, vy). For

( /IJ)2 ¢ 0.2, the electrostatic waves which are roots of Ergal= 0 are
well described by w = W, ky/k in the frequency range of interest. The
imaginary part €4 Of € describes wave-particle resonance, which leads
to electrostatic wave growth or damping at a rate given by

Y = -(mpk lfk)(Eim/Z)o By Eq.(2), a negative contribution from the
electrons to €im arises from the n = -1 term at the parallel resonant
velocity Vap= (w + Q)/kﬂ. This is the anomalous Doppler resonance.

For a wave of given (w, k;, kj), growth occurs if the Landau damping
terms associated with 3f/8vy at vy= wky and df;/dv at v; = w/k in Eq.(1)
are so weak that they can be overcome by the anomalous Doppler resonant
term involving af/avl at ViI= Vap® The latter is proportional to the
magnituie, rather than the parallel gradient, of the parallel component of
the electron distribution function at the superthermal parallel velocity
v,= v, . Let us consider an isotropic bulk Maxwellian electron
d,tstrigution, together with a small tail whose distribution in v, is not
yet specified, but which has a fixed perpendicular thermal velocity. We
also specify a thermal ion distribution. In this case, we obtain
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Y= Y < T Yt o) (2)

Here Yy, is the anomalous Doppler driving term, and Yoo describe
electron Landau damping in the bulk ard tail distrgbutions respectively,
and Yy, describes Landau damping on the ions. The dielectric response
function € in Eg.(1) is given in terms of the dielectric tensor €44 by
E= kjks F‘i In the region of instability it will be shown that the
ion con gution to Eyy can be neglected. For the electrostatic waves
excited by the anomalous Doppler instability, we have Ey = Tngi/k. Let
us take k = (kJ_' 0, k"}. In this case, the rates of energy dissipation by
the electrostatic field on the electron motion perpendicular and parallel
to the magnetic field are given by

ety = o I 1 g e g 202

P = = 2 = (3)
x &ic k2 E:t:x 4% YAD w
l lz
- g im1_| B
Py = Re(i Ep) = @ [ +— Eal = [2vpgr2vpp-(1+Q/w 27,5 ]

(4)
Here ‘§|2/4n is the electrostatic field energy density of the wave, and
the factors of 2 arise from the quadratic dependence of power on field
amplitude. Eq.(3) describes the field energy dissipated by the wave in
increasing the perpendicular kinetic energy of the electrons undergoing
the anomalous Doppler resonance. The first two terms of Eg.(4) describe
the field energy dissipated by Landau damping on the electrons, which
increases their parallel kinetic energy. The final term in Eq.(4)
describes the parallel kinetic energy given up by the anomalous Doppler
resonant electrons. The net flow of parallel kinetic energy from these
electrons to the field and to perpendicular kinetic energy occurs in the
ratio 1 : Q/w. This reflects the original concept of Kadomtsev and
Poqutse,B who treated (h/2m)Q as the energy quantum of perpendicular
gyromotion, and (h/27)w as the gquantum of wave energy, both of which are
drawn from the electron parallel kinetic energy. If the energy transfer
to the field is sufficient to overcome the Landau damping losses, y is
positive and wave growth occurs: thus, -(P_ + Pz) = 2y _!:_12/41r. as
expected. A larger energy transfer occurs from the parallel to the
perpendicular component of electron motion. In both these respects,
Eqs.(3,4) demonstrate explicitly how closely the collective anomalous
Doppler effect follows the single-particle effect. The essential
difference lies in the existence of a threshold, since Landau damping of
the wave by the bulk distribution and by the ions, where appropriate, must
be overcome in the collective case. This also differentiates the
instability of an extended tail from that of a beam in a cold plasma. We
note also that the contribution to P, from the anomalous Doppler term in
Eg.(4) is negative, independently of whether the relative magnitules of
Yeee Yops and Y,, are such as to give overall wave growth or damping. It
follows that anomalous Doppler rescnant electrons may reduce the
absorption of driven waves that are undergoing damping, while they
increase their perpendicular energy at the expense of their parallel
energy.

Consideration of Yim shows that there are two candidate regimes for
instability. Let vy denote the thermal velocity associated with the
isotropic bulk Maxwellian distribution. Electron Landau damping is weak
firstly for i 2 2.5 Vgr beyond the main body of the bulk, and also for v
<¢ vy, deep in the bulk distribution. In the latter case, however, a
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quantitative treatment shows that the phase velocity of the waves of
interest is so low that ion Landau damping prevents instability.
Concentrating on the first regime, consider by way of illustration a flat
tail which contains a small fraction p of the total number of electrons
and extends as far as a maximum velocity Vi d
Flvy) = /ntlvy, 0 < vy < vy
(5)
= 0 otherwise

In the Figure, the growth rate y/w_. is plotted as a function of the
dimensionless wavenumber coordinates (klvyi?, k“vB/Q) for a distribution
function as in Eq.(5) with p = 0.001, vy = 30vy, characteristic
perpendicular tail velocity Vpy = Vgs and ub/Q = 0.4.
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The dependence of growth rate on tail and plasma parameters has been
examined numerically. For a tail fraction p = 0.001 (0.1% of electrons
in the extended tail) we find that: (i) For mp/ﬂ = 0.4, instability

occurs only when vy » 15 vy. The growth rate rises to y = 2 x 10-5% when
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vy = 30 vy, and thereafter is insensitive to Vi (ii) For vy = 20 vg,

Y = 1.6 %X 107%_ when . /Q = 0.4, but y falls to zero when w./Q < 0.29.
(iii) The growth rate is independent of Vp)+ We note from Eq.(2) that the
ratio of the anomalous Doppler parallel resonant velocity vap to the
parallel velocity v; at which electron Landau damping occurs is given by
"AD/"I. =1+ Qw. Thus, point (i) illustrates the fact that for
instability to occur, the tall must extend sufficiently far for electrons
to exist at Vap¥hen v, is a few times vy, so that Landau damping is weak.
Point (ii) shows that it is possible to suppress the instability by a
relatively small increase in magnetic field strength at constant density.
Result (iii) holds only for a Maxwellian distribution of perpendicular
velocities in the tail. If there were a plateau in the vl—distribution in
the anomalous Doppler resonant region, it is clear from Egq.(2) that the
instability would be significantly affected.

Now consider the sensitivity to the choice of tail representation. A
wide range of monotonically decreasing superthermal tails in the electron
velocity distribution can be represented by adding pF(v,) to the bulk
thermal distribution, where
-tvy= vp) /vy

F(VR) = (8)

1
17
L.

The parameters (p, Vpe Vpy) can be chosen so that the tail structure has a
slow, plateau-like decline , or a much steeper fall-off . 1In the

parameter range of interest, the value of vp is kept below dvy in order to
avoid describing tails which have a bump rather than a monotonic decrease.
For these distributions, it is clear that the anomalous Doppler effect can
play a significant role only for those electrons for which Yap is close to
the characteristic drift velocity of the tail. This has two consequences.
Firstly, the anomalous Doppler resonance condition can be written

kywp ® Wk /k + Q so that ki = i[ 2 (kv = @2 -1]. The requirement

thek k3 7 U thmcatora glves ‘kl = @vy|/(9vp)¢u /0 and under the

conditions of interest, Q¢ 0.5. We conclude that for a wide range of
monotonically decreasing tail Eorma\:iona, any unstable region in k - space
must be localised around k = This conclusion applies independently

of the particular region of velocff.y space in which Landau damping occurs.
Secondly, since v = Vpr it follows that in general the corresponding
value of vy, will Ee so amall that it lies within the region of strong
Landau damping by the bulk electron plasma. These considerations suggest
that monotonically decreasing tails described by Eq.(6) are stable against
the anomalous Doppler effect. This result is consistent with our
numerical calculations.
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A REALISTIC MODEL FOR SUPRATHERMAL ELECTRON CYCLOTRON EMISSION AND
ITS APPLICATION TO LH HEATED PLASMAS

*
P. Buratti, R. Lelli , O. Tudisco

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

INTRODUCTION

Electron cyclotron emission (ECE) measured on FT tokamak during LH
heating remains at blackbody level at those frequencies for which plasma is
optically thick, while optically thin frequencies are strongly enhanced if
plasma density is below the density limit [1].

Enhanced ECE at w = 4 w__ has been used on FT to determine the density
limit and is used as well to monitor instabilities in momentum space.

Several attempts have been made to go beyond the use of suprathermal
ECE as a mere monmitor [2]; in this paper we describe a method developed in
order to obtain quantitative information about non-maxwellian features in
the electron distribution, and discuss the reliability of the obtained re-
sults.

METHOD

At least at frequencies greater than the right hand cutoff we can nu-
merically calculate, for any given electron distribution function f @is
P,), absorption and emission coefficients keeping into account relativistic,
finite Larmor radius and finite demsity effects [3], and solve the radiative
transport equation. In actual experimental situations, i.e. line of sight
perpendicular to magnetic field, and multiple reflections on the vacuum
vessel allowed by the low optical thickness, it is not useful to try to in-
vert the relation between f (p,, p,) and the intensity I(w, €): it is rather
preferable to assume a simple model for £ (p,, p,) depending on some para-
meters (4 in our case), and adjust them until the computed I(w, n/2) is con-
sistent with the data.

Following current ideas on LH heating, we assumed a plateau tail dis-
tribution, i.e. a constant for Pl < p,/mc < P2, zero outside that range, and
a gaussian in p,, with temperature TS. Pl and P2 were assumed positive, but
a counterstreaming tail would give identical results. The fourth parameter,
NS, was the density, integrated on a poloidal cross-section teo avoid assump-
tions on spatial profiles, which on the other hand are not important, since
for suprathermals the inhomogeneity of magnetic field is no longer the do-
minant line-broadening mechanism.

In order to keep into account wall reflections, we firstly assumed par-
tial reflection and polarization scrambling on parallel walls, adjusting the
relevant coefficients on thermal spectra. In this "slab" model, the rays
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that reach the detector remain perpendicular to the magnetic field, and line
broadening is dominated by downshift due to relativistic electron mass in-
crease.

The slab model is not realistic for a tokamak with corrugated walls
like FT, and we developed a more realistic model, in which a total scrambl-
ing of propagation directions, as well as polarizations, was assumed. This
changes the dominant line broadening mechanism from relativistic downshift
to Doppler shift, which is mainly an upshift since emission is stronger in
the forward direction.

This "isotropic" model requires much heavier computations, because e-
mission has to be computed in all directions, but the agreement with expe-
rimental data is better; results from the slab model can be used to estimate
the error introduced by assumptions on reflections.

RESULTS

The ECE spectrum was measured on a shot in which 150 kW of RF power_at
2.45 GHz where injected with 0, 7 phasing on a plasma with B = 5.9 T; n =
= 4x10'% m~2, and ohmic power input 423 kW. The best values of the parameters
where:

Pl1=10 % 0.2; P2 = 2.7 % 0.2;

TS = 22 keV; NS = 8x101% m-1.

The uncertainties on P1 and P2 were determined by varying the best fit
value until important discrepancies appeared, whilst those on TS and NS are
not indipendent: TS can be varied between 15 and 35 keV, and a good agree-

ment with data is still obtained provided that NS:TS is kept constant.

The results of the slab model are: P1 = 0; P2 = 2; TS = 50 keV; NS =
= 1.5%1014 p-1,

The momenta of the tail distribution have been calculated and compared
to the bulk ones.

Zero order momentum: the fractional number of suprathermals is 1.8%10-%.

First order: assuming that no suprathermals are counterstreaming, the
upper limit to suprathermal current is found to be 9%.

Second order: perpendicular B of suprathermals is 2% of the bulk one;
parallel pressure is 28 times greater than perpendicular omne.

We note in passing that perpendicular pressure is proportional to
NS+*TS, while the other quantities are affected by the uncertainty in NS.

The anisotropy of the tail can be described by the average pitch angle,
which is 0.12 rad, and is likely to be consistent with collisional pitch
angle scattering.

The N,, for Laundau damping at P2 is 1.07, while the accessibility con-
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dition is N, > 1.4; this is probably because most of the tail (p,, > 0.5 mc)
is beyond the Dreicer critical speed.

Power lost by cyclotron radiation from the tail is < 200 W; the frac-
tion reabsorbed by the bulk is about 25%.

Power P_ transferred to the bulk by Coulomb collisions is difficult to
estimate because critically depends on P1 and diverges for P1 = 0; if we
take P1 = N-v_ /c, we find PC = 66 kW for N = 1, and Pc = 57 kW for N = 2.
For the results of the slab model Pc = 12 kW for N = 1.

CONCLUSIONS

The limits of the outlined method are essentially two: 1) no informa-
tion is obtained about the spatial distribution of suprathermals; 2) the
number of suprathermals is uncertain within a given model for wall reflec-
tions and is model dependent (while perpendicular pressure is fairly con-
stant).

Significant progress in the understanding of LH waves-electrons inte-
raction could be made in our opinion by comparing the results of our ap-
proach with data from two relatively mew diagnostics: high resolution x-rays
spectroscopy [4], which gives the density of suprathermals at some location,
and vertical ECE measurements [5], that should give detailed information on
f(py, P;) in a restricted energy range, and, by a scan, spatial profiles.
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RADIAL DIFFUSION OF PLASMA CURRENT DUE TO SECONDARY EMISSIUN OF
ELECTROSTATIC WAVES BY TAILL ELECTRONS
Viktor K. Decyk, G.J. Morales, J.M. Dawson, and H. Abe¥*

University of California, Department of Physics, Los Angeles, CA 90024, USA;
*Kyoto University, Kyoto, Japan

As part of an overall program to study RF current drive, a collabora-
tive series of simulations with Kyoto University has been undertaken to
examine wave-enhanced spatial diffusion of RF generated current profiles.

In prior simulations!»2 of relaxation of non-Maxwellian current—
carrying plasmas in strong magnetic fields {ﬂe > e), it was observed that
enhanced electric field fluctuations were associated with the evolution of
the velocity distribution function.

The physical picture which developed was that "collisions™ between
superthermal particles involved the emission and absorption of plasma waves.
Superthermal electrons emitted plasma waves and were slowed down, while
slower electrons absorbed those waves and were accelerated.

Since plasma waves were not confined, it seemed reasonable that this
should give rise to spatial diffusion of current in addition to the
previously observed velocity diffusion.

To test this plcture, an electrostatic particle simulation was set up
as an initial value problem to measure current diffusion associated with
plasma waves. In 2D slab geometry, an initial current channel in space was
set up with electrons flowing in the direction along the magnetic field B,
which is a periodic coordinate in the simulation (Fig. 1). The profile of
the current channel was a step function in the direction perpendicular to
B,, which is a bounded coordinate in the simulation. The initial current
cgannel is 21 electron Larmor radii Pe in width, compared to a width of 84pg
for the simulation region.

The initial velocity distribution inside the current channel (Fig.2a)
consisted of a background Maxwellian plus a distribution of test particles
with a uniform distribution along B,, with 0 < Vy < Vp, where Vy = 6.4 Vip.
About 36% of the electrons inside the current channel were test particles.
The sum of these two distributions models a "slideaway" type of distribution
common in current drive plasmas. The initial perpendicular velocity distri-
bution was Maxwellian with the same temperature as the background parallel
distribution. Outside the curreat channel, the initial velocity distribu-
tion consisted only of the isotropic background Maxwellian. There was no
external RF present in this simulation—-this was a relaxation problem only.

In this 2D geometry, with 50 in the plane of simulation (defined by E)
one expects very little particle diffusion across B, because all the
particle drifts, e.g., E x B, are in the ignorable direction. Particles can
diffuse across the field only by collisions.
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The simulation was carried out for wpeT = 2000. At the end of this time,
the current profile was indeed observed to broaden in space (Fig. 3a). The
total current (volume integrated) decreased by 16%Z. This was due to
electron-ion collisions which transferred momentum to the ions. (Total
momentum was conserved to l part in 107.) As expected, the test particles
do not move across the field lines, and spatial diffusion of the test
particle density was completely negligible (Fig. 3b). Nonetheless, 22% of
the total current was outside the initial current channel by the end of the
simulation. The "3/4-width" of the current profile (defined by the interior
volume, which contains 3/4 of the current), increased from 16 p, to 27pg.
Initially, all of the current was carried by the test particles. By the end
of the simulation, they carried only 31% of the total current. The rest of
the current was being carried by bulk electrons.

The initial "slideaway" parallel velocity distribution inside the ori-
ginal current channel (for Vy > 0) is found to relax to a half-Maxwellian
(Fig. 2b). The velocity distribution with V; < 0 remains Maxwellian with
the original temperature. The final result then is a two-temperature
distribution in the parallel direction. These two half-Maxwellians come to
equilibrium on a much longer time scale.

The perpendicular velocity distribution heats up, but remains
Maxwellian. In the interior region, <v,> increases from VZ Vihe to 1.6
Vihe+ Energy conservation requires that perpendicular heating accompany
parallel velocity redistribution since the final half-Maxwellian distribu—
tion has less parallel energy than the original "slideaway" distributionm,
even for the same momentum. (Total energy was conserved to 0.06%.)

The physical process behind this diffusion and relaxation is the
excitation of non-thermal fluctuations driven by the non-thermal velocity
distribution. A survey of the frequency spectrum of the electric field
fluctuations for fixed ky was performed. 1In this survey, ky > 0, and
therefore the spectrum for ®w > 0 correspondes to waves traveling in the
direction of electron Flow and w < 0 corresponds to waves traveling in the
counter direction.

The volume integrated frequency spectrum showed that waves with wyy <
w < Wphe had about 4 times more energy than waves in the range —wpe < ® <
W y. These correspond to the oblique plasma waves whose dispersion is
given by w = W ky/k. The time evolution of these waves show no evidence of
instability.

A more careful look at the spectrum revealed that for fixed kjy, the
non-thermal spectrum was confined to the range 2.5 kyViy < o < kyVp.
Displaying the electric field spectrum as a function of phase velocity (Fig.
4), obtained by summing the frequency contributions of each kj, revealed
that the enhanced waves all had parallel phase velocities corresponding to
particle velocities in the non-Maxwellian part of the velocity distribution,
2.5 Vipe < w/kp < Vpe

The energy as a function of kj showed a broad range of kj excited, with
a gentle peak at kype ~ .1, and k] ~ kjy.

The conclusion is that secondary emission of energetic non-Maxwellian
plasmas can cause substantial current diffusion across the magnetic field.
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Work is being done to determine if this process can be described by the
Balescu-Lenard equation.
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POWER AMPLIFICATION FACTOR ON LOWER-HYBRID WAVES DRIVEN TOKAMAKS

G. TONON

ASSOCIATION EURATOM-C.E.A, — Département de Recherches sur la Fusion
Contrdlée - C.E.N.G. - 85X — 38041 GRENOBLE Cedex (France)

As shown by many studies /1/, a continuous operation is an attractive
alternative for Tokamaks. Up to now, only RF waves, for which frequency is j
close to the lower hybrid frequencﬁohave_sed to a significative efficiency
up to electron demsities around 107 e.m ~. For a continuous operation of
a Tokamak, the circulating power must be not too large and consequently the
plasma power amplification factor Q_ has to be high enough. According to a
model which determines the current Hrive efficiency when we consider the
injection of slow-waves on the torus, in good agreement with the results of
recent current drive experiments /2/ /3/, we have determined the Q values
achievable with this type of waves. L2

B v We assume an idealized Tokamak reactor driven by
low hybrid waves, the power flow diagram of which is shown on fig. 1. The
plasma amplification factor Q_is given by :

= (pP
KEy Q, = (Ppy *+ Ppp) / Pypp
where P_ is the neutron power, P_ the power released by G-particle and
P pp CePresents the HF injected power on the torus. If PHFK is the power de-
livered by the generator (klystrons), we have :
(2) P = 1 =B o 7. Bppy ,

where T and R are the transmission efficiency of the HF line and the cou-
pling structure and the mean reflection coefficient of the plasma load res-
pectively. The neutron power P__ goes into the blanket and is assumed to be
multiplied by additional nuclear reactions : I'LB represents the blanket mul-
tiplication factor. Both the output power from the blanket, the charged par-
ticles power and the HF power are converted into electricity by a thermal
converter of an efficiency . When Pp. is the gross electrical power and

P.. the circulating power, we can ,defnme a device amplification factur)"gi-

ven by : 3 A= Peo ! Py

The minimum value of the amplification factorrﬁ'is only limited by capital
costs /4/, Typically, it seems necessary that & >4 to 5. From (1), (2) and
(3), we obtain, using the power flow diagram shown_on fig. 1 :

(.ﬁ)}?=nrl‘k []+(I—R)TQP (-}ﬁ—:—];—l-ﬁ-):] z E]+l’5\nl.rk{('|+(|—R)TQp (%&)}]

where is the efficiency of the klystron, h=PFu/ Pow = 1/4 for DT plasmas

and represents the fraction of the gross electrica¥ power used for auxi-

liary needs. We have plotted on fig. 2 the variation of device amplification

factor /K as a function of Q for different values of the klystron efficiency
. Fig. 2 refers_to STARFIRE values (1&30.36 =1.23 Th=0.073) and we

consider that (1-R) T= 0.8. Typically, conventional klystrons achieve ~

0.6 /5/ and it is possible to reach T,~0.7 to 0.75 using depregsed collec-

tors /6/. From fig. 2, we see that it seems possible to reachZ* 4 if the

plasma power amplification factor lies between 20 and 25. I

It is possible to decrease these Q_values using advanced concepts in

order to : (i) maximase the blanket multipliaction factor /7/; (ii) in- I

crease the thermal efficiency using high temperature cycles : ~0.55 to

0.6 are possible in this case /8/. We have plotted on fig. 3 the variation
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= g "
of Q as a function of the thermal cycle efficiency n, for/19= 4 and 5. In
thispcase, n, = 0.7 and = 1.5. We see that, using aEvanced high tempera-
ture cycles, useful device amplificator factors can be achieved with Qp~10
to 20.

2 CURRENT GENERATION WITH LOW-HYBRID WAVES The current drive generation

model is described on ref. /2/ and /3/. We use the KARNEY and FISCH calcula+
tions /9/ on the current drive efficiency Nep = <0 >I .R /P with the

. a e P HFT
following plasma profiles (x=r/a)

% 2 2 2
(5) n, =1, (1-x )Yh and T=T (I-x )YE = Te = Ti
In order to avoid interaction with the ionic population of the plasma

/10/, the wave frequency has to be chosen in the range of 3 to 4 GHz. We
have plotted on the fig. 4 the variation ofnC as a function of the mean
plasma density <n_>, calculated with f = 3,3 BHZ, Z £ = 1.3 and BT =6T
(toroidal magnetic field value on plasma axis). At E£1s frequency, the opti-
mized value of the geometrical periodicity A of the coupling structure /2/
is A = 1.3 cm and we use 32 waveguides along the toroidal magnetic field. We
see on the fig., 4 that decreases with <n_> due to the wave accessibility
condition /2/ /3/. From our numerical simula%inns, we obtain the following
analytical relation between the HF injected power PHFT and the driven cur-

fent I :
n 4/3 3/2 4 =1 !
(6) PRLo = 3.33 (542 .) (I+y) By B e
m ~ ,Tesla)

HFT . R Ip<ne> F(T)
The factor F(T) takes into account advantageous relativistic effects at
high plasma temperature /11/ and we use the approximate form /12/ :
(7 F(T) = 1 + 0,46 <T> (10 KeV)

3 ¥ POWER. . AMPLIF1CALION . SACTOR By using the D.T. cross—section given

by ¢
_ -22 .2
(8) <ow>pp = 1.15.10 7.1

(m3fs, 10 KeV)
22 =2

+ = 0. . .
(9) R E‘ga g 71<n >"<T> V.2 By
where : plasma volume Vp = 21" R.a .K(K = b/a = elliptigity); mean plasma
charge Zp = <n> / <n;>"; profile factor Tp = (|+Tn+7t) / {1+2(Yn+Yt))'

From (1), (6) and (9), we have (2 = 1.25, Z .o = 1.3, y, = 0.25,y,=2)

_ /2 2 2 -1
(10) QP = 0.68 <n > . a.K BT<T> (140, 46<T>) Ip

we obtain :

Using the Trayon-Wesson beta limit :

(11) Bt = 0.035 . ip /] a BT
with <T> = 20 KeV and : 2 2
(12) qp = 5a"B;(1+K") / 2 R IP
which leads to :
a3) g, =0.52 (aap'? Lk auAHT? L am (amm/a)

We have plotted on fig. 5 the evolution of Q as a function of(a.B.)for
various values of K and Aq_. We see that in orde? to reach Q -~ 20, it is
necessary to keep(a.B_)> 10 m.Tesla. P

In order to achieve a stationnary state, it is important that the burn

margin defined as :
(1) 4 = (Ppy * Maps © Pupr) / Ploss

is greater than one. On the relation (14), y represents the fraction of
— the injected HF power which is absorbed by the“plasma and :
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¢ =1 1
= <n ><T> + Vv T
(15) Pl 3/2 211 T (1 l/z ) . - T

where T, is the global energy confinement time. We have plotted on the fig.
6 the evolution of the burn margin as a, function of (a.B_)using the ASDEX-H
mode scaling for Tn /13/. We see that/‘atﬂ is always higher than one.

4 CONCLUSION In order to obtain high values of Q_, we have to optimize

different parameters of the plasma and machine such as :

(i) to operate tEﬁ ma_qgine at high plasma temperature (~20 KeV) and
moderate density (<10" e.m ~)

(ii) to keep (a.BT)> 10m Tesla.

If these conditions can be satisfied, then it is possible to obtain va-
lues of Q_ higher than 20 which are likely acceptable for a continuous To-
kamak ope%ation.
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STUDY OF PARAMETRIC INSTABILITIES IN THE FT LOWER HYBRID EXPERIMENT

R. Cesario, V. Pericoli Ridolfini

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

INTRODUCTION

The interaction of 2.45 GHz radiofrequency power with the FT plasma
at different line averaged densities n can be well summarized distinguishing
three main density ranges as reported in Fig. 4 of Ref. [1].

The low density regime (n < 5-10'3 cm-?) shows strong RF-electron in-
teraction. In the intermediate regime (5- -1p13 £m < 1.1 101%) the interac-
tion of RF switches to ions in the plasma perzphery, while in the third
regime n > 1.1-10'% cm-3 strong parametric decay instabilities (PDI) develop
and a large broadening of the pump is observed [2,6].

Many authors have emphasized the importance of parametric instabilities
in reducing the efficiency both in lower hybrid heating and current drive
experiments in the high densities regimes [3,4,5]

2. MODEL ANALYSIS

In the study of the parametric instabilities occurring in the FT high
density regime we have utilized the model described in Ref.[7] for the
evaluation of the threshold power for the decay of a LH pump into a LH side-
band plus an ion cyclotron quasi mode strongly damped on ions. We limited
our study to this channel since the threshold power of a decay involving a
quasi mode shows a strong dependence on the pump amplitude [7,8]. The fol-
lowing relationships hold: w . << w , w; << w_; w_>> k v » ko

th e * th %0
and the same for wy; we = we="wy; ky = ko= kg wy ~ woss w W~ ky v th
k0-1;P i ko, 11P << 1 where the subscripts 0,1,2 reier o tﬁe
pump, siaeband and low frequency wave respectively and the other symbols
have their usual meaning. If we assume for the pump wavevector: |k |<<]kj,,l
and for the plasma demsity: w . < w /2 it follows: wy/ky < Vehe! Rz; p 21,
that is the electron response to the low frequency field 1Is adxaba%1c
This condition makes negligible the ion nonlinearities with respect to the
electron ones in driving the decay processes, even if the low frequency quasi
mode is strongly damped on ions, the effects of ion absorption being con-
tained in the linear jon susceptibility [9].

The assumption |k | << |k;,5| is not an important constraint to the
model wvalidity, but it allows us to use simpler mathematical formulas. On
the other hand many interesting cases verify the above inequality, as we
checked with an a posteriori control.

The amplification facter for the instability is given by [7]
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o= 0.54 ki, Lo, u? w,

= — . Il(bi)e-bi .
Syd 2 g
lz(wolmLH 1) ag wpw

1

£ bi ol bi
- - =l s 2 2
[(1+ T Io(bi) e 0.35 Il(bi) e )%+
e waw
: wply(bi) .
10,80 e I Bgmy
Wa =W

ci

where the convective losses, due to finite pump extent, are considered as

the principal loss mechanism. L is the width of the RF grill mouth; u

is the drift velocity cE/B; c¢_ thé’sound velocity = (T +T,)/m.; b.= k2 pi./

/2 and I , I; are the modified Bessel functions. % By u 2
The threshold power is assumed as soon as A > 1.

3. RESULTS OF THE CALCULATIONS AND COMPARISON WITH EXPERIMENT

For the calculations the following profiles for the FT plasma tempera-
ture and density are assumed:

o (r) = neo(l-aurzfsf)

T ) =T (1-a ralai)2 2
where n o T are the peak density and temperature, a_ is the limiter
radius = 20 cm and o , @, are adjusted to match the valués imposed at the
limiter radius, n and , which are estimated on the basis of Langumir
probes measurements repor%ed in [10]. In particular we want to emphasize
that the density at the limiter radius is determined by both the plasma cur-
rent I and the line averaged density n. In Fig. 1 the graph of the esti-
mated Ehreshold powers as a function of the normalized plasma radius for
various fixed line density values and I_ = 400 kA is reported. The minimum
of the curves occurs always near the limiter radius and rapidly falls down
for n > 1014_cm-3. In Fig. 2 the calculated and measured pump power thres-
holds versus n at fixed I = 400 kA are shown. The agreement is quite good.
The variation of t threshold line density n with the plasma cur-
rent, for an injected RF power ~ 100 kW, is presented in Fig. 3. Both ex-
perimental data and calculated points are shown. Again the model agrees
rather well with the experiment.

CONCLUSIONS AND COMMENTS

The decay channel taken into account can satisfactorly explain many ex-
perimental findings concerning the development of the parametric instabi-
lities, despite the many hypotesis involved. Thus it can be regarded as the
main responsible of the observed decay process.

In particular it characterizes the decay as an edge plasma phenomenon,
as experimentally found [2], emphasizing the importance of understanding
the behaviour of the plasma border, especially when the plasma current is
changed.
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It remains however to explain the characteristic shape of the higher
harmonics peaks envelope (see Fig. 2a of [2]) not possible in the present
simple framework. 4

In the near future an attempt in this direction will be made, together
with calculations on the possible mechanisms responsible of the pump spec-
tral broadening, namely on multiple scattering processes and parametric
decays involving ion acoustic waves.
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SCRAPE —~ OFF LAYER AND COUPLING STUDIES WITH THE 3.7 GHz 18-WAVEGUIDE
MULTIJUNCTION GRILL ON PETULA

M. Goniche - C. David - G. Tonon - G. Rey - P. Briand -
RF and PETULA Groups

ASSOCTATION EURATOM-C.E.A. — Département de Recherches sur la Fusion
Contrdlée — C.E.N.G. - 85X - 38041 GRENOBLE Cedex (France)

A 500 kW-30 ms=3.7 GHz L.H. experiment has been operated on Petula in
order to test the physical and technical options taken for the Lower Hybrid
system of TORE SUPRA. The antenna used to launch the wave to the plasma is
a modular 18-waveguide grill using mainly the multijunction effect /I1/
(description in friend paper n° 220). This provides a great simplification
of the antenna, but the 6 waveguides of a module are tightly RF coupled.

This paper presents the RF behaviour of such an antenna : self-matching
properties of the multijunction, plasma R.F. wave coupling. These studies
have been supported by scrape-off layer density measurements before and
during the RF pulses.

1 SCRAPE-OFF LAYER DENSITY MEASUREMENTS BEFORE AND DURING THE RF PULSES

The scrape-off layer density was measured by 3 movable 4 mm microwave
interferometers scanning radially from r = 145 mm to r = 210 mm (the rail
limiter is at r = 165 mm). These interferometers are toroidally set up at
120° away from the grill.

1.1 Modification of the scrape-off layer density by the RF :

The averaged edge density n__ was plotted versus the averaged central
line density n, with a 200 KW R%gpm:mt (fig. 1). Depending upon the core

[_ figg (1012 cm-3) Pre =170-240 kW
. Wwith AF
" - Ip =140kA IPF' Without Re [ =155mm
Br=27T r
i 3 Figure 1
41 Edge density “eg
i3 versus
3+ =
i central density n,
2
1}
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plasma density n ¥ n is decreased orlgncrggsed by the RF wave. The thres-
hold density is found®to be n h.o 5¥10°7 cpy. Ag 400 KW, similar results
are found with a threshold density of 3x10 cm ~. When the RF is on, the
variation in the edge density is quite rapid, of the order of 10 ms. No_
significant change due to the average value of N, , was observed. For n< .,
these results are consistant with a peaked densié profile as measured by
reflectometry indicating an increase of the particle confinement time /2/.
The decrease of signal andl as iajection during RF confirm this result.
At very high density (n >8x10 ~ cm ~ at 400 KW), when approaching the densi-
ty limit /3/, a third regime is established where the edge density is again
decreased by the RF.

1.2 Scrape-off density profile for 2 central plasma densities :

In order to obtain the density in the grill region (190 € r g 225),
scrape-off density profiles were measured at 2 densiti?§ no_gnder and abo-
ve the threshold, respectively 3.8 (fig. 2) and 5.7x10 ~ em ~ (fig. 3) with
P... = 160 KW. These results confirm the existence of 2 regimes through the
wﬁgle scrape-off layer. We found an exponential decay of the density

- e _ i
fig=38x10Mcm=3 fleg (102em-3) fig =57x103em-3
7+ Ip =140kA
A Br=28T
6 -
) agtiom cod) <Oya 22 <Np> =22
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4= ‘ﬁ \Vﬂalxloucm“ Ll
FAN
. Ip = 140kA a b
; By= 27T
A B ithout R "\
— - Without RF % W — —-- Without RF \
23X cm” i
1 LL— with RF S, \“ , |L— Witn RF \
%
)
[ (N ~ | (| . A
1 2
W§ 65 185 205 (z:‘?_n) %5 165 188 205 225
Figure 2 Figure 3

Scrape-off density profiles

to the wall as expected from a model assuming a perpendicular diffusion

of pariiclegato the wall. The e—fTEd dgsrease length Ly is around 20 mm at
3.8x10 ~ cm - and 15 mm at 5.7x10 ~ cm ~. This length of decay L, is not
significantly affected by the RF. By computing’fn dl with n_ = n exp (-r/L ),
local density n(r) was obtained for the 2 densitiés (fig. 4 in the.grill ~
region. We found a very weak influence of the grill mouth position

(190 € r € 220) on the scrape-off layer density.
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2 COUPLING STUDIES

The coupling has been studied as a function of the core plasma density,
the grill position and the RF power. The average reflection coefficient,
p.» is the mean of the 3 module reflection coefficients /4/. There is no
eBfect of the RF power on the coupling of this multijunction grill up to
500 KW.

2.1 Effect of the core plasma density-Comparison with coupling theory :

The figure 5 shows the coupling curves obtained when t?g gri%l is mo-
ved toward the plasma for the 2 densities : 3.8 and 5.7x10 ~ cm ~. As pre-
dicted by coupling theory /5/, the multijunction grill has a very low power
reflection coefficient : 1Z. Moreover, there is a very good agreement with
the scrape-off density profiles presented in fig. 4 :
=~ the predicted optimum coupling density is : 11 _3

n =n at=off X <N,,> = 8.2 10 cm .
This grill moutﬁpﬁensigy is effectféelylﬁeached for a grill radius r=203
mm at n =5.7 and for r=197 mm at 3.8 10 ~ (fig. 4). These radii are in
good quintitative agreement with the optimum matching grill positions
(fig. 5)

- At N,,=2.2, this agreement between the coupling numerical code /5/ and the
expeé{mental points is still good in a large range of grill mouth densi-
ty (fig. 6).

~ P p = 13 = :
In the high density regime (n_= 9 10~ cm 3), it has been necessary
to move the grill back in order to obtain the best matching. This has been
correlated to a higher scrape-off density.

2.2 Effect of the phasing, Afm, between modules :

The refractive index, N,,, of the launched wave can be changed by adjus-
ting+5@m /4/. The fig. 6 shé&s the computed degradation of the coupling for
APm== 90°. The experiments (fig. 6 and 7) have qualitatively verified this
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In such conditions, the achievable range ;,
of N,, is limited by this coupling de-
gradééiun with increasing Afm.

Ny=27 %

3 CONCLUSION F

Q‘
Ny =22
\

Both the values of the reflection 5=
coefficients and of the optimum coupling
density at the grill mouth have been
found to be in good agreement with the

_secundury
limiter — =

data obtained from coupling theories. ’ 1 N !

The multijunction effect does indeed r | i i ; = T T il

provide a very low global reflection e T e

coefficient : 1% for the optimum grill Grill position (em) |

position. This very important point gi- Effect of the refractive index on the grill It

ves a 107 increase of the injected RF coupling. Figure 7 1
|

power and can avoid the use of power circulators generally required to pro-
tect the klystrons against reflected power.
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SATURATION AND CONDUCTION STUDIES IN NON-INDUCTIVE
TOKAMAK DISCHARGES VIA E.C.E RADIATION MEASUREMENTS
A.Girard , J.M Rax & Petula group
ASSOCIATION ELRATOMN-C.EA DRFC/S.1G
CENMG - 85X _ 38041 GRENOBLE Cedex (FRANCE)

Int ion and summar

L.H.C.D experiments on the Petula B tokamak have already shown strong
modifications of the plasma behaviour when a fast electron population is
sustained by L.H waves .The main response of the plasma to the absorbed
power is the current but various other responses can be analyzed .This
paper reports an experimental and theoretical study on the use of the
Electron.Cyclotron.Emission as a diagnostic for the absorbed H.F power .The
current , the conduction and the saturation of the absorption are observed

and interpreted.

Link between the E.C.E and the L.H power
Recent experimental /1/ and theoretical /2/3/ studies have shown that the
E.CEE is @ highly sensitive diagnostic of the fast electron population .The

modification of the electron distribution is a linear functionnal K of the

absorbed power W(p) :

SF(p) = Jdp' K(p.p") W(p")

Therefore R.F induced optical properties like the cyclotron emissivity

]e ce 2nd electrical properties like the D.C conductivity o are also linear

functionnals of this power :
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| Idp i(p') wip) . 0=Idp' Z(p") Wp")

The response functions j(p') and Z(p’) can be derived in the whole
momentum space /3/ ; this involves |;;Ij.rrerent approximation in the three

zones defined in Fig -1- ] RF

Following the method of reference /4/ an estimate of the conversion factor

between the E.C.E power and the L.H absorbed power is given by :

= e 5 =
W ¢ o/ W) n=e2w 23mc3wg) '3l (32-1)3/2(1-p2ye~ V(2o 1+9) 7] 3%] o=,

Wwe is the cyclotron frequency,wg is the (lignt velocity) collision frequency

A more rigorous analysis can be found in ref 2&3.

Experimental set-up

The far infrared radiation(S0-800 GHz) is measured by a liquid helium
cooled InSb detector (QMC) via a 70 mm diameter wedg ed quartz window
and an oversized (50 mm diameter) waveguide. The emission spectrum is

investigated with a Martin-Puplett type interferometer already described in
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ref 5. This system gives a maximum resolution of 3 GHz and provides a
spectrum every ten milliseconds.The whole diagnostic has been absolutely
calibrated using a lock-in amplifier and two sources at room temperature

and liquid nitrogen temperature.

Fig 2 [_Fig 3

| fa__

1 e
Q 500 GHz 0 200 GHz

Figure 2 shows the obtained calibration spectrum ,and Fig 3 a typical
current-drive discharge spectrum(1) ; a thermal spectrum is also plotted
(2). In order to have an estimate of the total cyclotron radiated power,we
Integrate this spectrum over frequency and over the plasma surface |,
assuming Isotropic radiation (because of the reflections on the vacuum
vessel ). We found nearly SO W radiated over optically thin harmonics for

Prr=100kW and ng= 3 10'3 cm-3 .

ration and conduction e
It has been able to investigate many density regimes because of the high
frequency (3,7 GHz ) of the R.F wave .Figure 4 shows the E.C.E signals
versus increasing incident H.F power at three densities 3<¢i_,<6 10'3 em -3

. Below this density range the discharge is runaway dominated ; above this
range H.F has little effect due to the lack of H.F power .The saturation of
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the absorbed power is a clear experimental evidence and is in agreement
with the theoretical estimations /2/3/6/ .The absorbed power thus derived
allows us to verify the proposed equation for the current /3/4/6/7/8/. For

example at 3. 10'3 em -3 ,the set of experimental data can be fitted by

the following equation of state :

ikl 17 Patkwl * 177 Vpivi Palkw] (if Py g > 100 kw)
in agreement with theory /3/4/6/7/8/

ECE
/'/.F—J‘—_‘ a3 10” cm-3
Fig 4 o
l/ 13
& e ] 4.1 10 cm-3
v — =
- ™ a8
£ | 95107 cm-3
‘/ /u/'/.’_y-,
0 - ﬁﬂ = Pht kW
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COUPLING OF LOWER HYBRID WAVES TO THE ASDEX PLASMA

M. Zouhar, T. Vien, F. Leuterer, M. Muenich, M. Brambilla, H. Derfler,
D. Eckhartt, F. v.Woyna and ASDEX-Team

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, D-8046 Garching,FRG

1. Introduction

The ASDEX Lower-Hybrid experiment uses an eight waveguide grill antenna
to launch the waves. A mean power reflection coefficient as low as <R> = 0.1
is attainable in all modes of operation. However the reflection coefficients
Rk in the individual waveguides may vary over a great range (up to 0.9). This
paper aims at depicting the reflection patterns Ry = f(k) and comparing
measurement with theory.

At high power levels (above 140 kW/waveguide) a breakdown occurs. The se-
quence of phenomena relating to this breakdown is documented and commented on .

2. Calculated reflection patterns

Each of the reflection patterns depicted in the diagrams below consists
of eight values Ry (power reflection coefficients) in the individual wave-
guides. Lines are drawn between adjacent points to render the shapes of the
patterns prominent; they have no physical meaning otherwise. The patterns
dealt with here all result from equal incident amplitudes in the individual
waveguides. In each of the diagrams representing computed data, the plasma
density gradient in front of the grill is kept constant and the plasma edge
density is considered as a parameter.

The following characteristics are predicted by the theory:

- 1in general the R—patterns are expected to vary fairly sensitively with
the plasma edge density. This is true for all waveguide phasings.

- a characteristic transition in the Ry-pattern occurs: at low edge density
the edge waveguides exhibit low reflection while in centre waveguides re-
flection is relatively high ("ridge-pattern'). The opposite is true for
high density ("valley-pattern"). In between an intermediate density
exists with low reflection in all waveguides (overall <R> = 0.1)}.

~ symmetric reflection patterns Rk (k=1...8, axis of symmetry between wave-
guides 4 and 5) are expected for waveguide phasings OWOmOwWOm, OOTWOOTT,
00mmTT00, 0000TTTT. Characteristic ''double-ridged" patterns are expected
for 00WTOOWT and OWOTMOMOW phasings, the "ridges" being in waveguides 3
& 6 and 2 & 7 respectively.

- asymmetric reflection patterns are expected for 90 degrees difference bet-
ween adjacent waveguides (+90 deg denoted "current drive" phasing,

-90 deg "opposite current drive", i.e. opposite to the sense of the OH-
current) and for similar phasings (120 deg, 60 deg, etc.).

- the phasings 00mmmm0OO0 and 0000TwwT have little importance for plasma heat-
ing. However, the accompanying Rg-patterns are very particular and fairly
pronounced in magnitude. They offer an additional convenient opportunity
to verify the theory.

- the computed Ry-patterns are depicted in Figs. 3a through 7a.
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3. Experimental reflection patterns
Good qualitative agreement between experimental and theoretical data was
observed:

- the measured Ry-patterns are shown in Figs. 3b through 7b. In most cases
data of shots with varying edge density are presented.

- the characteristic shapes of the Ry-patterns are clearly distinguished.
Relative plasma density changes in front of the grill were measured by
means of a microwave interferometer (at 136 GHz). The Ry-patterns vary
with density as anticipated.

- the agreement in magnitude is rather coarse. It should be noted however
that no absolute values ngg,e and Vn were taken. In addition, the theore-
tical boundary conditions are not really those of the experiment (infini-
te plane conducting wall surrounding the grill, parallel plate geometry).

- all theoretically symmetric Rk—patterns experienced some experimental
asymmetry. Possibly the alignment of the grill relative to the plasma
torus was not perfect.

4. Breakdown in front of the grill
At high power levels (above 140 kW/waveguide at low densities) a break-

down in front of the grill was detected. This breakdown was studied in more

detail by testing a single waveguide (Figs. 1 and 2).

- at first (time t = 0), light is detected by the photo-diode PDI viewing
all along the waveguide into the plasma (Fig. 2, first trace, positive
signal).

- coincidentally several phenomena occur:

a. A pronounced reflection of RF-pewer is indicated by directional

coupler DC3 (outside the grill vacuum section, trace 3, negative).
b. At the grill mouth coupler DCl and the grill coupler DC2 (both being
sidewall couplers within the grill vacuum section, both indicating inci-
dent waves, both signals negative) amplitude modulation due to the poor
directivity of these couplers is clearly visible. The fact that the DCI-
signal exhibits just one trough and one crest implies that the locus of
the reflection originates in some distance from DCI and propagates back-
ward. In passing DC1 it causes the DCl-signal to vanish (trace 5). The
same happens later at DC2 (trace 6).

- 250 microseconds after t = O: light appears at photo-diode PD2 viewing
perpendicularly into the waveguide (trace 2, positive, plateau resulting
from saturation).

- 750 microseconds after t = O: the incident wave is switched off (visible
at DC3, trace 3, negative) as soon as light appears at PD3 (arc detector).

A possible explanation of this sequence of phenomena is:

- breakdown at the edge of the grill.

- reflection layer (plasma) moving back to the transmitter at a speed of
about 3000 m/s, driven by the combined action of ponderomotive force and
the force caused by the local magnetic field gradient.

The physics of the breakdown, however, has not yet been identified.

REFERENCES
/1/ Brambilla M., Nucl. Fusion 16 (1976) 47
/2/ Stevens J. et al., Nucl. Fusion 21 (1981) 1259
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RUNAWAY EFFECTS ON LOWER HYBRID CURRENT RAMP-UP

V.S. Chan, C.S. Lin,! and Y.C. Lee}
GA Technologies, San Diego, California, U.S.A.

Runaway effects on lower hybrid current ramp-up are studied numerically us-
ing a two-dimensional Fokker-Planck analysis and a nonlinear circuit equation. The
runaways are produced by a back electric field initially created to offset the rf driven
current. At high powers, the runaway production rate is large and an additional in-
ductive effect acts to saturate the back electric field. The current ramp-up efficiency,
which is proportional to this electric field, is in turn reduced. This may ezplain an
apparent limit in efficiency observed in ezperiments.

However, the anomalous Doppler instability may be ezcited within a range of
wp /S, when the inductive field exceeds a few percent of the Dreicer field. This is
shown to drastically reduce the nonlinear inductance allowing the recovery of the linear
current ramp-up efficiency.

Lower hybrid (LH) current ramping has received particular attention recently
because of its potential for conserving expensive volt-seconds in large tokamaks and
fusion reactors where long pulse operation is essential. Experiments performed on
the Princeton Large Torus (PLT) tokamak have successfully converted radiofrequency
wave energy to poloidal magnetic field energy with efficiency of up to 30% [1].

A concern with respect to the efficiency of the process is that when the strength
of the inductive field E exceeds a few percent of the Dreicer field Ey = myv v, /e where
m and e are the electron mass and charge, v is the Coulomb collision frequency, and
ve = /T /m is the electron thermal velocity, a significant number of runaway electrons
can be generated. Even in present experiments, when the power level exceeds a few
hundred kW, an electric field of a few percent of Ey can be expected. It is conceivable
that runaway electrons can play an important role here as well as at higher power
levels.

The runaways affect LH current ramping in two significant ways. First, if most
of the back current is carried by runaway electrons, the resistivity of these electrons is
much smaller so the decay time of the inductive field (given by the plasma inductance
divided by the resistance) can be much longer. Secondly, even at the early time when
the number of runaways is small, the rate of production of runaways can be significant.
This results in a large rate of change of back current which in turn can inductively alter

tPresent address: University of Maryland, College Park, Maryland, U.S.A.
{Permanent address: University of Maryland, College Park, Maryland, U.S.A.
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the back emf, in particular lowering its magnitude provided the runaway confinement
time is long compared with the time for setting up a steady-state runaway flux. Since
the efficiency of current ramping is essentially the product of the back emf and the
rf current divided by the rf power, this effect will reduce the efficiency of rf current
ramping. The PLT experiment reported that at the highest power of 260 kW, the
current ramp up rate is 120 kA /sec which gives a net inductive ramp up power of
63 kW. Above this power, a subsidiary effect set in and limited the current ramp up
process. One may speculate that this is caused by the runaway inductance effect. This
inductance is contained in a nonlinear circuit equation [2]

dJ
(1+£)E=V,{—UJ—1:I-RCC, (1)

where J is the plasma current, V¢ is the effective rf voltage which depends on the
LH power spectrum, (1 + £) {= 1+ (a®w?/4c*)[¢n[(8 Ry/a) — 7/4]} is the linear
plasma inductance and (figec) is the nonlinear inductance term with 7y being the
runaway production rate. Physically, this term accounts for the build-up of well-
confined runaway electrons. Using an expression from a two-dimensional (velocity
space) analysis, nig = (v2/m)nv(Eo/E)?/? exp[—Ey/E — /2 Eo/E | in which the pre-
exponential factor of (Ep/E)*? was determined form a numerical fit using a Fokker-
Planck code. J and E, the back emf are related by E ~ —(8w/w}) £ (dJ/dt). ngec
is a sensitive function of E/Ep and when this term becomes comparable to the LHS,
typically when E/E; > 5%, the nonlinear inductance term will saturate the back
emf. Figure 1 shows a solution of Eq. (1) with V¢ treated as a given parameter. It
demonstrates that the back emf decays in time much more rapidly when the nonlinear
inductance is in effect. Since the current ramp-up efficiency is proportional to the back
emf multiplied by the rf current, this will reduce and then saturate the efficiency of
LH current ramp-up. For a quantitative estimate [3] we use a realistic LH spectrum
in the Fokker-Planck calculation to obtain a constitutive relation between E and J for
different values of applied power (Fig. 2). The rf current J; = e f:;“ dvjv) f is also
obtained for various F and power. For any initial current and a.ppli;d power, Fig. 2
gives Vir and Eq. (1) describes the rate of change of J; specifically whether the decay is
classical (without the 7izec term) or nonlinear. The onset of nonlinear behavior starts
at E/Eg ~ 4%. Ramping at higher power will result in a rapid decay of E (within
a few tens of v™!) back to a small enough E/E; after which it will decay with the
classical resistive time. Knowing Jir, the ramping efficiency n = E - Ji¢/P¢ =~ 36% at
the onset for PLT type parameters.

However, another nonlinear process becomes important in a range of w,/{ when
the inductive field exceeds several percent of the Dreicer field. This is the anomalous
Doppler instability driven by anisotropy of an electron distribution with a runaway
tail. A consequence of the instability is wave enhanced pitch-angle scattering of the
tail particles. This wave pitch-angle scattering frequency is estimated as
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where w,, is the plasma frequency, § the electron gyrofrequency, Vg = +/Eo/E v, and
Vb =~ (Q/wp)v. for @ > wy. 14, decays only logarithmically in vy and is sensitive
to E/E,. For E/E, greater than 5%, it becomes very effective in pitch-angle scat-
tering the tail particles, thus stopping the runaway production. This is illustrated in
Fig. 3 which is obtained by incorporating Eq. (2) in a Fokker-Planck equation. The tail
distribution is isotropized by the wave pitch-angle scattering (v >> 0). The nonlinear

inductance effect is reduced and one may expect the LH current ramp-up efficiency to
improve over the saturated value.

This is a report of work sponsored by the U.S. Department of Energy under
Contracts No. DE-AC03-84ER53158 and No. W-7405-ENG-48.
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TOROIDAL EFFECTS ON CURRENT DRIVE WITH LOWER HYBRID WAVES

Wang Zhongtian, Qiu Xiaoming, Cheng Xiaoping, Jian Kuangde
Southwestern Institute of Physics, Leshan, Sichuan, China
T.M. Shih

Mathematical Department, Hong Kong Polytechnic, Hong Kong

It is important to drive steady-state plasma current in tokamak by using
radio-frequency waves. Various experiments conceived to test the efficiency
of a current drive based on quasilinear Landau decay proposed by Fisch /1/
indicate that such a driving mechanism may be operating. The essence is the
function through the quasilinear Landau damping process. However, there is
a puzzle in the current drive. Qutside the range of the phase velocity of
rf-waves there are a number of supra-thermal electrons with lower parallel
velocity. What fills the gap? Toroidal effects may be responsible for this.

In present paper quasilinear Fokker-Planck equation is developed by using
gyrokinetic equation. Bounce frequency is introduced into resonant de-
nominator due to transit motion of electrons along the magnetic lines. The
resonant region is considerably broadened by the additional period. More
electrons are involved in the resonances. Full collision term is employed in
the numerical computation. Differential equations are solved by the shooting

method as a two-point boundary value problem. The energy gap is partially
interpreted.

QUASILINEAR THEORY FOR AXISYMMETRIC TOROIDAL SYSTEM

A characteristic time of the quasilinear proceas,WlQL, as usual, consider-
ably exceeds both the period of particle motion aleng the small torus azi-
muth, Tk and the particle eyclotron period, tl}' This enables us to obtain

simplified quasilinear equations for the averaged particle distribution
funetion.

For low frequency, we proceed from the guiding center Vlasov's equation /2/
in the limit of electrostatic approximation

bt havd v ee(vbra 82 <0 ()

where £ (&, 4, X, t) is the guuh.ng center distribution function § =M VI/-Z
is the particle energyu¢¢__lqvx/231s the conserved magnetic moment, \/p 1is
the component of velocity of the charged particle perpendicular to the am-
bient magnetic field, is the perturbed electric potential, x is the gui-
ding center position, _-—ﬂ/ﬁ;s unit vecter tangential to the magnetic field
line, e is the charge, M is the mass, c¢ is the speed of light,
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7 (2)
Vj=t[2(&-4B) /M)
is the parallel velocity and
Vd'_"e&érh‘(M \/dlh-v,fg, +M¥vDB]) (3)

is the unperturbed guiding center drift velocity across the magnetic field.

Considering the collision of the charged particle, we get the quasilinear
equation

: 1 a A A T
a{fﬂ_tbvjwh.g—-zk Mo Lo Tu Moo ¥ C(FL 1)

; (4)
Iy A % . = 2 3
where ﬁa = %l, I.: d1 ?I‘ EKP{ILJIQ"’}‘L_% b)\'b.VTt‘-\w/'bs—ﬁJ’
T TYTI N
Q=§_I'1§1 " J‘.:-j)%fdl o -—(zk""“uk k z ¢ ..Qk—z—_bjo ..r).kt!tl
'Iir.:z { " LUj,:;'-'T/rb

C(f,f) is the collision term, f, is the regular part of the electron distri-
bution function.

NUMERICAL RESULTS AND DISCUSSION
The magnetic configuration proposed by Kadomtsev and Pogutse /3/ is used in
the numerical calculation. Considering the resonant condition

u.)K-—(mv- ncé_) W, =Sy (5)

where m and n are the poloidal mode number and the toroidal mode number,
respectively, q is the safety factor,wﬁ\,"i/ﬁ? Ry the magnetic axis, for the
passing particle we obtain i

B} 2 ks 1.3 2 10
Rix)= {é‘/s;\ {JS (3}_)[_—_?—5[)( U Tl Rl 0 r-..—_u,‘,} IE ;tr )
Ve = 2

vhere R(x) is the similar driving term to that in Ref.

function of order s, kg = m + ng, Uy = kotls il s ' ;" /
- * ) - ‘e W
is the thermal velocity of the electrom, x = v/ve, ygalke + 8) r/Rgy, 5 is

an integer.

With the velocity v increasing, the electron experiences many resonances. In
other words, the resonance region is broadened about the launched phase velo-
city. The integer, s, could be any value in principle. Actually J% drops
gradually with absolute s increase. Finite term is enough for the calculation.
For example, when ug = 2.0, J%/J3 < 2.1 x 1077 for s = 120. For Ry = 100 cm,
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q=1.5, Vg = 1.88 x 107 we have ug2p = 1.16. Setting B = ug/uq20, the
factor by which the index of refraction, n , is upshifted. It seems in
agreement with Karney /5/.

Numerical results are presented in Fig. 1 for the inverse aspect ratio
1/Rg = 0.1, using the technigul proposed by Cordev /4/, in which full colli-
sion term is taken into account.

T |||an- T
S)
|

0"
| PRI BRI IR TTTT|
10 w2 o'

=
1

Fig. 1: Current density per power density, J/Pq, as a function of u} for the
Landau camping scheme
Curve 1 is the result presented by Cordey;
Curve 2 is our result including toroidal effects.

When toroidal effects are taken into account, higher efficiency can be achie-
ved at both high and low phase velocity. It is similar to the result pre-
sented by Cordey /4/. Yet, our result is in favour of the waves with low
phase velocity.

The waves with low phase velocity may be excited by the runaway electron Iﬁ/
C.S. Liu /7/ has given detail study on the problem.

We greatly appreciate useful discussions with Professor Ding Hou-chang and
Yin Yong-xiang.
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ELECTROMAGNETIC WAVE PROPAGATION AND ABSORPTION IN
TOKAMAK PLASMA AT TWO-ION HYBRID RESONANCE

D.L. Grekov, V.E. D'yakov and A.V. Longinov

Kharkov Institute of FPhysics and Technology, Ukrainian SSR
Academy of Sciences, 310108 EKharkov, USSR

RF plasma heating using the fast-to-slow mode conversion of
fast magnetosonic waves (FMSW) in the vieinity of the two-ion
hybrid resonance [1] has been widely applied since the early
experiments on TFR [2]. However, the possibilities contained
in this method have not been exhausted as yet, encouraging
particularly the investigations of the conditions providing
a peaked energy deposition profile in the plasma center as
well as the efficient power coupling to the majority ions.

This report deals with the propagation and absorption of
FMSW excited with a high-field side antemna. The calculations
are performed with the ray-tracing technique for standard T-=10
conditions: B_=3 T, n (0)=7 10'%en™, T =T =1 keV, D+4%H plems,
Ipn400 kA, =35 cm, RO=150 cm, and the density, temperature
and current profiles are parabolic. For these parameters one
can neglect the FMSW penetration through the evanescent zone
near the two-ion hybrid resonance. It is taken into account
that near the conversion point the ray width of the FMSW fast
mode (Fl) ~ B r(?: SBO(ZL!JTan;)—WwFL is considerably
narrower than the wave pééket width, The calculations include
the following mechanisms of the RF energy sbsorption: electron
Landau damping, TTMP, and absorption at the first and second
harmonics of the ion cyclotron frequency for different ion spe-
cies. The energy deposition profile Py =2ir{E)(«=1 c) is cal-
culated by integrating along each ray and subsequently summing
up over all the rays. The deposition profilesobtained are used
to construct the temperature increese (aAT,) profiles.

It is assumed for simplicity that the temperature conductiv-
ity 'Xd(P) is constant.

From the calculations performed it can be inferred that
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(1) to obtain a peaked deposition profile (the main mechan-
ism is the electron Landau damping of the FMSW slow mode (SM))
and to increase AT it is worth-while to use antennae covering
a poloidal angle 3'423/3 and to shift the two-ion resonance
towards the weak magnetic field relative to the plasme center
(Fig.1). The energy radiated by the antenna elements located

wave ih
scmpe of4
Layer

. absorbed

\PO»JCF
Fig.1 Ray projections on FMig.2 Ray projections on the
the minor cross section for equatorial plane: (1)%T =0,

1,(0)=7x10"en2and T4(0)=1keV. (2,2') ¥,=0.86, Ny o=t ]

in the equatorial plene is absorbed rather poorly, with the
deposition profile being peripheral. A congidersble portion of
the energy can be carried by the SM into the scrape-off layer
(Pig.2), not only decreasing the heating effieciency, but also
contributing to the impurity influx from the walls due to
increased Te of the scrape-off layer and the Debye layer poten-
tial rising as the SM is reflected from the wall [ 3]. These
effects may be responsible for the radiation increasing greatly
at low ratios nH/nd in T-10 and TFR experiménis. Therefore in
the case of Landau damping it is advantageous to use antennae
with the radiating surface in the vicinity of the equatorial
plane (Aﬁzo.S) removed;

(2) under the above conditions the poloidal field is the major
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influence on the SM propagation and absorption. As the elec-
tron demping length Ee=i/ImJ<~11an%, under low density and
low Ti conditions the energy deposition profile becomes more
peaked and the heating efficiemcy increases. This is confirmed
by the calculations carried out with ne(0)=3.5x10130m'3 and
T,=0.5 keV (Pig.3);

b (3) tE?qyalue of Npp

‘ ) (Ny;=N-B/IB| ) on a ray
P ng0710%en® 1P nel0r35-0"cM®  in the region of strong
. o keV Talo)=5keV SM absorption depends
slightly on the initisl
value of Nypg (Fige4).
The sign of NII is de-
Fe £ termined by the posi-
tion of the ray origin
relative to the equa=-
torial plane of the
torus and not by the
sign of Ny;g. Thus

the antenna asymmetric
about the equatoriel
plane and located on
that side whereto

the toroidal ion drift
ig directed, can be
uged for current drive

a.

z:oc:*I

100:

Fig.3 Energy deposition profiles Py
and temperature increases aT, in
D+H plasma (- =) and D+H+Ne plasma

(—) in arbitrary units. in the direction of
the plasma current

(the antenna shifted to
the opposite side would generate the countercurrent). Without
going into details of this phenomenon, we only note here
an epparent advantage of the current-drive method proposed
which permits one to use even antennae with spectra symmetric
in NII;

(4) the FMSW propagation end absorption are investigated
in the plasma with the heavy ion minority [3,4] (Ne22’ ny /ng=
5-10'3, TNe=5Td)' Under these heating conditions most of
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the energy is absorbed by the
heavy ion minority, providing
a highly peaked energy absorp-
tion profile (Fig.3). A proper
choice of the plasma parameters
would permit the energy trans-
fer due to Coulomb collisions
from the heavy admixture either
mainly to deutons or to elec=

Pig.4 Np; and N, vs the ray trons [4]. Therefore the aTy
projection length on the minor profile can be regarded as
cross section for n (0)=7x either a ATy or aaT, profile.
1023, o (0)=1 keV and V= In the latter case the peaked
L] d =
ghape of the energy deposition
0.86 (Nppq=16).

profile is comparable with that

in ECRH and at higher densities is even more pronounced. As cem
be seen in Fig.3, the heavy ion minority heating (HIMH) permits
highly efficient heating of the ion majority with the maximum
value ofc;Ti(O). HIMH is especially advantageous for low Z,ee
tokamaks in which there is noion heating due to cyclotron ab-
sorption by natural impurities (TEXTOR, etc).The electron damp-
ing of the SM in the region between the two-ion resonance and
ICR for the heavy ion minority is only significant at low n,
and Tiand can be avoided through a proper choice of the hydro-
gen minority concentration and the location of the two-ion hy-
brid resonance relative to the plasma center. The discrepancies
between the results presented and those of the TFR group[j]who
found Landau damping to be significant even in the vicinity of
the conversion point are probably due to the model used in this
work being more realistic and the parameters properly chosen.

In the case of high RF power coupled to the plasma the above
phenomena can be modified by the two-ion parametric or two=-
stream turbulences.

1 R.Klima et al,, Nuecl,Fusion, 1975, 15, p.1157.

2, TFR Group, in: 1st Verenna-Grenoble Symp.,1978, 2, p.207.

J. A.V.Longinov, K.N.Stepanov,in:RF Plasma Heating, Gorky,1983.
4. A,V.Longinov et al.,in:12th Bur.Conf.,Budapest,1985,2,p.132,
5. TFR Group, Preprint EUR-CEA-FC-1283 (1985).




393

AN ATTEMPT AT MHD MODE CONTROL BY FEEDBACK MODULATION
OF L.H. DRIVEN CURRENT

F. PARLANGE, J.C. VALLET and PETULA GROUP

ASSOCIATION EURATOM-C.E.A. — Département de Recherches sur la Fusion
Contrdlée - C.E.N.G. - 85X - 38041 GRENOBLE Cedex (France)

MHD activity in Tokamak discharges with lower hybrid current drive has
distinct features which can be used to stabilize tearing modes /1/. The m=2
mode in particular is easely triggered by the RF pulse. It is ?EESEHE in Pe-
tula, in all discharges with RF current at densities n_ < 2 10 » (THiH
occurs for any q_ value, even when the RF current is only a small fraction
of the total cur¥ent. Huwever, the mode has generally a low amplitude except
when it is already present in the discharge before the RF pulse (q = 3). In
this case, driving even partially the current by waves has the efféct of slo-
wing down the island structure rotation and of damping the magnetic field
perturbation by a factor of 2 /2/ /3/.

This stabilizing effect is probably due to a change in the current pro-
file giving a lower value for A', the key parameter in tearing mode stabili-
ty. Peaking of thecurrent profile is likely, although it is not consistent
with the lowering of internal inductance which is sometimes observed in that
density range, at high RF power for example.

A different way of reducing the m=2 tearing mode was recently proposed,
consisting in driving more current at the O point of the islands than at the
X point, by means of amplitude modulated lower hybrid waves /[4/ /5/. This
was tested in Petula in the following way. A L.H. wave pulse at 1.3 GHz with

= 2.4, asymetric spectrum is used to drive a current in a discharge sho-
w{ng a large amplitude m=2 mode. The main characteristics of this discharge

are (fig. 1) : R = 0.72m a = 0.165m BT =2.8T Ip = 174kA
e 13 -3 _ _
n, = 1.5 18 cm 4, = 3.0 PHF = 170kW
Loop voltage
2 V/div.
Density
"‘L\_\x\_—\ 13 .
- 1007 / div.
B+ li
0.5 /"div.

Mode amplitude

Plasma current
100 kA/div.
RF pulse

T0 = 0.000E 00 M3 4 DOBE 01 MS/DIV
rig. 1 = Plasma parameters for shot with modulated RF pulse (solid line)
and without RF (broken line)
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The signal of a Mirnov coil is used to modulate the amplitude of the low
power oscillator which drives the klystron amplfier. The phasing of the mo-
dulation, respect to the island structure is changed from shot to shot, by
using successively 12 Mirnov coils located 30° apart in the poloidal direc-—
tion. The gain of the feedback loop was set in such a way that 100% modula-
tion of the klystron output was maintained throughout the pulse.

A reference coil signal and the klystron power are recorded and analyzed
by FFT technique. As usual, in lower hybrid current drive experiment in Petu-
la, the magnetic field fluctuation was reduced by a factor of two, not more
than in the unmodulated case, and independently of the relative phasing of
the lower hybrid wave modulation and the island structure within experimen-—
tal errors (fig. 2a).

The q = 2 radius was estimated to be 13 cm and the width of the island
was reduced from 4 to 3 cm typically.

The island rotation was slowed down as in the unmodulated case, from
6.6 kHz without RF to about 5 kHz. However, its frequency was a function of
the Mirnov coil number. Fig. 2b shows the relationship between the Mirnov
oscillation frequency and the phase difference between the RF power modula-—
tion and the island rotation. 0° means that there is an island in front of
the grill when RF is at maximum. The experimental points clearly show the
m=2 structure. For these shots, the frequency is minimum when RF is switched
on shortly before an island is passing in front of the grill. In other cir-
cumstances, the minimum may be obtained when the RF lags on the island rota-
tion by 45°.

These results are different from what is predicted by feedback stabiliza—
tion theory. Two points should be noted when discussing the absence of is-
land width reduction with a modulated RF pulse.

First of all, the decrease in the tearing mode amplitude in the unmodu-—
lated case did not receive yet any clear explanation. It is observed whether
the ratio of the current in the plasma central zone to the total current in-
creases or decreases with respect to the ohmic case /6/. So that, current
peaking cannot be systematically associated to this mode stabilization.

Preferential heating inside the islands due to their already higher tem-
perature as proposed by Reiman /7/ should be ruled out, since modulating the
wave would have reinforced the effect,

On the other hand, the experimental situation is far from being optimum
for a comparison with the theory of feedback stabilization by Rutherford /5/.
The mechanism relies on the generation of current inside the island and im—
plicitly assumes that the rest of the current distribution is left unchanged.
This would be the case if power absorption in the island was so strong that
there be no power left for inside the q = 2 surface, or alternatively if
accessibility prevented the wave to go further than this surface. For the
case considered here, ray tracing fig. 3 shows that the wave penetrates in
the island zone at 40 cm from the grill and travels inside for about Ilm (1/5
of the torus). In the poloidal direction, the wave has to turn by 10° before
getting in the island. Wave absorption on the other hand is still a matter
of discussion since interaction of the grill spectrum to a maxwellian distri-
bution leads to current much smaller than observed (the so called gap pro-
blem). However, even if some link is missing in the theory, the absorption,
in any case, should have a strong temperature dependance.

As a consequence of the weak temperature at the edge and of the rather
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fast propagation of the wave out of the island, the amount of current gene-
rated inside the island, compared to the total current is probably quite
small.

The dependance of the island rotation on the phase of the modulation ho-
wever shows that Lower Hybrid current drive is sensitive to the presence of
magnetic islands, whether this is a propagation effect due to changes in
magnetic field direction or a damping effect due to different electron popu-
lation inside and outside the islands. The island behaviour, in turn, is mo-
dified by this slight modification of the electron distribution.

/1/ D. VAN HOUTTE and al. - Nuclear Fusion 24 (1984) 1485

/2/ T. PARLANGE and al. - Proceedings of the 12th European Conf. on Cont.
Fusion and Plasma Physics Vol. II p. 172

/3/ J.C. VALLET - Thesis (te be published)

/4/ Y. YOSHIOKA, S. KINOSHITA, T. KOBAYASHI - Nuclear Fusion 24 (1984) 565

/5/ R.B. WHITE, P.H. RUTHERFORD, H.P. FURTH, W. PARK, L. CHEN - Proc. of
the Cargése Workshop on Mag. Reconnection and Turbulence 1985 Les
Editions de Physique

/6/ G. COLLINS, J. LISTER, P. MARMILLOD - This Conf. paper n°

/7/ A.H. REIMAN - Physics of Fluids 26 (1983) 1338

Fig. 3 - Ray path in the poloidal section
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PROBE MEASUREMENTS OF PLASMA INHOMOGENEITIES IN THE SCRAPE-OFF LAYER OF
ASDEX DURING LH

M. Lenoci, G. Haas, G. Becker, H. 5. Bosch, H. Brocken, A. Eberhagen,
D. Eckhartt, G. Fussmann, O. Gehre, J. Gernhardt, G.v.Gierke, E. Glock,
0. Gruber, J. Hofmann, A. Izvozchikuvl, G. Janeschitz, F. Karger,
M. Keilhackerz, 0. Kliiber, M. Kornherr, K. Lackner, F. Leuterer,
G. Lisitano, F. Mast, H. M. Mayer, K. McCormick, D. Meisel, V. Mertens,
E. R. Hﬁllerz, H. Murmann, H. Niedermeyer, A. Pietrzyk-”, W. Poschenrieder,
H. Rapp, H. R8hr, J. Roth, F. Ryter“, F. Schneider, C. Setzensack,
G. Siller, P. SmeuldersZ, F.X. Stldner, K.-H. Steuer, N. N. Tsois?,
. F. Wagner, D. Zasche

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

Electron temperature and density have been measured routinely at the edge of
the ASDEX main plasma by means of a Langnuir triple probe /1/ which gives
the saturation current and T, on-line. Therefore one can get with a fast
radially moved triple probe a complete ng(r) and Tg(r) profile in one shot.
The probe installed in ASDEX can be moved from a preset position 100 mm
radially inward and backward within 200 msec. It is placed 22.50° toroidally
away from the LH launching grill and 5° poloidally above the equatorial
plane; the tips are arranged in the form of a triangle with distances of

7 mm. For a proper function of triple probes it is necessary that the devi-
ations between the floating potentials of the 3 tips are small compared to
Te/e. In ohmic discharges this is fulfilled while during LH application we
observed differences of the order of Ty/e. We have investigated this under
different plasma and LH parameters as shown in Table 1.

Table 1
Series LH Plasma Measurements
Power n, Bq(T) Ip(kA) Eé(cm'3) Species
(kW)

1 770 2 2.37 300 1.4x1013 Dy  profiles of float.pot.
diff.

11 750 - *® L 2.7x1013 o u L

III 370 4 2.18 z 2.1x1013 " o B

v 275 4 " 180 2.7x1013 1 1 u

v 500 2 " 300 1.4x1013 " ", I-V-charact.,
combined double probes

Vi " 2 n n 2.9};‘013 " " "

VII ; 2 " " 1.4x1013  pp+He  I-V-charact., indep-
endent double probes

VIII H 2 T " 2.9x1013 . explorative, indep-

endent double probes

1Academy of Sciences, Leningrad, USSR; 2present address: JET Joint Under-
taking, England; 3univ. of Washington, Seattle, USA; 4CEN Grenoble, France;
SNRC Democritos, Athens, Greece




398

From the floating potential differences we have constructed the electric
field vector. The direction and absolute value of this show a strong radial
dependence (Fig. 1, 2). In the series I, II, V, VI we found a large
component parallel to the magnetic field at the innermost radial positiom.
At the radial position of the grill the absolute value of the vector is much
smaller. Despite of the different main plasma density in the series V and VI
we found a very similar radial dependence of the direction. The same we got
for the two series III and IV with lower RF power, for which the absolute
value of the vector was always rather small. The reason for the deviations
in floating potentials may be local inhomogeneities in electron temperature
or in plasma potential or in flux of suprathermal eletrons. These can arise
from effects connected to decay processes inbetween the grill and the
separatrix described e.g. by Derfler /2/ or by Motley and Glanz /3/.

In order to distinguish between these possible explanations we operated for
the series V, VI, VII and VIII couples of tips of the triple probe as double
probes. The fast movement was modified in such a way that the probe stays
for about 100 msec at the innermost position where the I-V characteristics
were taken. In series V and VI we measured with two combined double probes
with tip 3 as common reference tip. Under these conditions tip 3 has to
carry the sum of the currents of tip 1 and 2 and from the characteristics
one cannot find floating potential differences. They have to be measured
independently. The characteristics (Fig. 3, 4) show only small differences
between high and low main plasma density (corresponding to the ion-RF and
the electron-RF interaction regime resp.) and indicate for couple 1-3 a
lower temperature than for couple 2-3. This is in agreement with the direct
floating potential measurements (Fig. 1,2), but not with the relative shift
of the two characteristics.

For series VII with parameters like series V but with a changed plasma
composition we have increased the voltage range to 0 - 600 V in order to
reach well the saturation. We have used the two couples 1-3 and 2-3 alter-
natively and not connected. In this case we find again a lower temperature
for the couple 1-3 than for couple 2-3 (Fig. 5) (67 and B0 eV resp.). Now
the floating potential difference derived from the shift of the character-
isties ( 30 V) is within 30 % in agreement with the temperature difference.

In addition to this series in the electron regime we have done also some
explorative measurements in the ion regime but otherwise under the same
conditions (series VIII). We have found again no significant difference
between high and low density. This may indicate that a plasma exists
inbetween the LH-grill and the separatrix dominated by the LH-wave or by any
decay waves and decoupled from the main plasma.

In other exlorative measurements we have investigated for comparison purpose
ohmically heated discharges with plasma parameters like series VI and VIII.
We have found much lower electron temperature (15 eV instead of 65-80 eV)
and higher electron densities (2.5 - 3 x 1012 cm"3) (Fig. 6). This is at
least for the electron regime in agreement with mesuremengs done by Pericoli
on FT /4/ and El Shaer on ASDEX /5/ who found a strong redution of the
density in front of the LH grill during RF application.

Conclusion

We have observed during LH application on ASDEX with a Langmuir probe having
3 tips strong poloidal and toroidal deviations in the floating potential.
The probe was positioned roughly 1 m away from the LH-grill in a magnetic
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flux bundle directly connected to the space in front of the RF-coupler.
These deviations exist at all plasma and LH conditions investigated until
now and can inhibit the operation of a triple probe at all. But other fast
moved elctrostatic probes may also be disturbed too, since the radial
dependence of the floating potential differences acts like a temporal change
of the probe potential which cannot be controlled. The most important rea-
sons for these deviations are changes in the electron temperature of typi-
cally 10 - 20 eV over a distance of 7 mm. But some findings like an addi-
tional shift in the I-V characteristic or large components of the floating
potential differences parallel to the magnetic field lines cannot be ex-
plained by temperature differences. One has to assume also locally inhomo-
geneous fluxes of suprathermal electrons and differences in the plasma I
potential.
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LOWER HYBRID CURRENT DRIVE IN THE PRESENCE
OF A CONSTANT DC ELECTRIC FIELD ON PETULA-B

D. Van Houtte, G. Briffod, C. Gormeszano, A. Panzarella, F. Parlange

Association EURATOM-CEA DRFC/SIG
CENG-§5X - 38041 Grenoble |France)

In present LHCD experiments, the research is directed towards a combined

RF current drive and inductive current drive. This hybrid current drive
appears to be the most promising method both to help the OH transformer to
save volt-second during higher plasma current ramp-up or longer plasma cur-
rent flat top of the large tokamaks (Van Houtte et al, 1985) and to improve
their plasma performances (Gormezamo et al, 1984). For such hybrid dischar-
ges, an optimum operating mode is obtained on Petula-B at low RF power
level in the presence of a DC electric field.

LHCD experiments were carried out on the Petula-B tokamak (R = 72 cm,

a = 16,5 cm) at a density of fig = 8 - 9 x 10°° cm™"for a magnetic field

of By = 2.8 T. The ohmic current is driven by an iron core transformer. The
1.3 GHz RF system consists of an 8 waveguide grill fed by a klystron with
PRr < 1 MW such that the parallel index of the wave is < Ny/>=2(AN//=1.5).

In LHCD plasma discharges, the Spitzer conductivity, obtained in OH regime,
no longer holds because the plasma resistance is lowered significantly
by a suprathermal electron tail generated by the LH waves (Van Houtte and
Parlange, 1983). Consequently the total plasma current I, in LHCD regime
may be written as :

R
(1) TIp = Igp + (1/RFD) [VRF - (d(LI;rz)/dt)/rp]
. RF - pOH
with RP RP + ARP
V is the loop voltage and L is the sum of the plasma internal inductance Lj

and the external inductance Ly which represents the energy stored between
the plasma and the vacuum chamber where the loop voltage is measured,

In the mode of operation where the plasma current Ip is maintained constant
and Li is assumed constant, we have :

() Ixp - (BR/RQH REF)Vpp = - 1,(4v/Von)

with AV = Vgp - Vog

In this operating mode, the DC electric field is absent only in the "steady
state" phase where the plasma current is entirely driven by the RF waves
(Igp = I, with V = 0). When the RF power is used to drive a part of the
plasma current (V > 0) or to overdrive it {ramp-up or recharging of the OH
transformer (V < 0)}, the LH waves interact with parallel or opposing indu-
ced electric field. Igp is the RF current drive that results without DC E-
field and Ao.V(Ao = Opf - Ogg = ~ ARPIRSH REF) is the additional current
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that results from the simultaneous preserce of RF power and DC electric
field as defined by Fisch (1984) in a steady regime {d(LI§/2)/an = 0},

The global RF current drive efficiency 7 may be written as :
(3) n =ny(1 + Ao . Vpp/Igp) = - IP(AV/VDH)/PRF

where n1,= Ipp/PRp is the current drive efficiency obtained in a regime
where no DC e{ectric field is present into the plasma (Fisch, 1978).

The current drive efficiency is a function of the RF power through the addi-
tional current Ao.Vgpp . However, in this mode of operation, as VRr is not an
independant variable, it is not possible from the relative loop voltage drop
to evaluate the improvement in efficiency due to the electric field.

In contrast, the mode of operation where the loop voltage V is kept constant,
permits to obtain an hybrid (OH + RF) current regime maintaining constant
the total DC electric field whatever the level of RF driven current. We

have :

(4)  Ipp + bo(v - LIRF) = 1, [ 1- (- iR/ (v - LiS“)]

where ip = (dI,/dt), L being assumed constant. The rate of change in the
plasma current as a function of the loop voltage and plasma current ramp

for various loop voltages, in the constant loop voltage operating mode, are
displayed in Fig. 1. In the (OH + RF) case, an RF power of 36 kW is applied.
The rate of change in the plasma current is a linear function of the resi-
dual OH power in both pure OH and hybrid (OH + RF) regimes, indicating no
beneficial effect for a particular DC electric field value. The straight
lines may be represented by the equation :

(5) dIp/dt = V/L - Rp (Ip - Igzp)/L

T T ! I I T I I T T T T T
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Pig. 1 -(a) Plasma current for (b) various loop voltages and (e) rate
of change in the current as a Ffunction of the loop voltage with
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and justifie the assumption where the inductance L is kept constant for
obtaining eq. (4).

In this V = geb operating mode, where V is the sum of a resistive component
RRF(IRF- Izp) and an inductive component LI% , LHCD efficiency may be writ-—
ten as 3

@ ,n°[1 +o(v - LiRF) /IRF] -1, [1 - v - LiBF) /(v - ug“)] /Py

Then it is possible to calculate the current drive efficiency as a function
of loop voltage for various RF power levels. Such an efficiency is shown

in Fig. 2. For a given RF power the current drive efficiency is constant

as a function of the total DC electric field present in the discharge. In
contrast, as in the I_, = CS% operating mode, the efficiency is inversely
proportional to the injected RF power through the additional current

Aa, LIRF (Fig. 3).

The rate of change in the current as a function of the total power for
various residual OH powers are plotted in Fig. 4. The dashed curve corres-—
ponds to the pure OH case (PRp = 0) and the Ppy = O curve corresponds to
the pure RF case. Between these two pure cases we show various hybrid

(OH + RF) cases. A particular regime with a negative loop voltage

(V= - .2 Volt) regulation is plotted. In this latter case a constant elec-
tric field is directed opposite to the RF phase velocity . Correspondingly
to the RF power dependence of the current drive efficiency, it can be noted
on Fig. 4, an improved efficiency at low RF power level whatever the
amount of residual OH power. The latter is due to the additiomal current
Ao(V - LI%F) which makes the RF power more efficient that OH power to ramp—
up the plasma current in this RF power range.
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Fig. 4 -(a) Plasma current for various RF power levels in the v=c&t(p)
operating mode and (c) rate of change in the eurrent as a
function of the total power for various residual OH powers.

IF = 140 k4, Ee = 8.10% cm™3,

A new mode of operation where the loop veltage is maintained constant has
been studied experimentally on Petula-B. In this operating mode, it is
possible to maintain a constant DC electric field parallel or opposite to
the RF phase velocity and less than or greater than the Dreicer field. The
current drive efficiency written as n = nc[i + ho(v - LIRF )/IRFJ does not
dEPend on the value of the total DC electric field {E -(EIZ‘RR)VJ' present
in the discharge but it is a function of the RF power through the additio~
nal current Ag. LIRF due to the electric field {E~ (1/21TR)LI } caused

by the increasing plasma current.
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NUMERICAL STUDIES OF LH CURRENT DRIVE
IN THE PRESENCE OF AN ELECTRIC FIELD

S. Succi, K. Appert and J. Vaclavik

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne
21, Av. des Bains, CH-1007 Lausanne / Switzerland

Abstract : The dynamical response of a homogeneous plasma to the
simultaneous application of an RF power source and an opposing d.c.
electric field is investigated by means of a 2-D + 2-D quasilinear code.
The code evolves in time the electron distribution function, E(vyr vy o £}
and the corresponding self-consistently generated wave spectral
distribution W(ky, k;, t), both in two dimensions. The time evolution of
the most relevant physical quantities, in particular the plasma current can
therefore be straightforwardly evaluated.

Introduction : Recent current-drive experiments in PLT and ASDEX [1,2] have
clearly demonstrated the ability of lower-hybrid waves not only to maintain
a steady plasma current, but also to increase it ("ramp-up") during the
discharge. Since the time variation of the current induces a d.c. electric
field opposite to the direction of RF waves, any appropriate theoretical
description of current ramp-up requires the knowledge of the plasma
dynamical response to the simultaneous application of the RF power and
opposing electric field.

A few theoretical models for such a problem have already been
developed. The earliest one, due to Borrass and Nocentini [3], is based on
a one-dimensional time-independent Fokker-Planck analysis and it has
therefore a rather limited range of validity. Later on, Fisch and Karney
prompted out a series of papers in which a linearized Boltzmann equation
was solved, either by integrating the corresponding Langevin equations [4],
or, more recently, with a more sophisticated approach based on the adjoint
formulation [5].

In this paper we present the first results obtained with an entirely
different, purely numerical approach, based on a finite-element expansion
of the two-dimensional electron distribution function, £(vy, vy, t), and
the corresponding wave spectral distribution W(k;, kp + t). Our code
solves the 2-D + 2-D quasilinear equations self-consistently in time
without any simplifying assumption and provides therefore a very detailed
information on the plasma dynamical behaviour .

In this paper no attempt is made to simulate any particular Tokamak
discharge. We rather investigate the initial value problem represented by
the gquasilinear equations with the electric field, as such. We take
therefore a licence to treat the electric field strength as a free
parameter and study its influence on the electron distribution function in
the presence of an RF power source. Particular attention is paid to the
dynamics of the mechanism by which the electric field opposes and Ffinally
overcomes the RF driven current.
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Basic Equations : The basic equations of our model are the following:

of _  6f 8f vei _af
3t - 'cowt Gt wpe Fovy

g—f = (2y-veiZ) W + Sgs(k)

where cylindrical coordinates vy, vy and kj, k,are adopted for both £
and W.

The term( )COLL represents a linearized 2-D collision operator,

(E_)QL the quas1lmear diffusion operator , and 2y the corresponding wave

damping rate (only the Cerenkov resonance is included in the present
work). The explicit expressions are given in [6]. % represents the
ion-charge number and vgj the electron-ion collision frequency. The term
Sys(k) rrndels the RF-power source, s(k) being a shape function normalized
as js(k)k dk=1 and 5, a scale parameter which fixes the total RF power
input. The normalizations adopted are-

k-rkhpl, Vv Wie § b twpe” ,W->W41tnT',\D; E +» EEp
where Ap is the Debye length, Ep= meVievei/e, u)pe the plasma
electron frequency and vie the electron thermal speed ¢(T/mg

BApart from the numerical aspects, which will be presented elsewhere
7], there are two basic novel features with respect to our previous model
8| that are worth mentioning. First of all no assumption is made on the
perpendicular shape of the distribution function, so that non-maxwellian
dependencies on v, are free to develop. Second, and more important for the
present work, a d.c. electric field is included in the kinetic equation.

The results : Before presenting our numerical results let us briefly recall
the basic mechanism which governs the competition between the RF waves and
the electric field.

In the absence of the electric field the current is ultimately
provided by the number of non resonant (vy<v;) electrons which can flow
to the resonant region (v<v;<vj). When the electric field is present, we
have basically two scenarios how this flow is opposed.

The first possibility (for a relatively small field) is that the non
resonant electrons are allowed to access the resonant region, but subse-
quently leave it under the combined action of the electric field and
pitch-angle scattering. These electrons will contribute to the bulk or
runaway (v;<-vp=-vY1/E) anticurrent depending on whether they quit the
resonant region with a velocity smaller or larger than vp. Note that the
number of antirunaways can be enhanced by the presence of the RF waves
because the particles in the rescnant strip can be pitch-angle scattered in
the opposite direction with a velocity larger than vp.

As the field becomes larger it is more and more difficult for the
electrons to access the resonant region and the conditions of a pure
antirunaway situation are approached. The fate of the electrons depends
essentially on the location of the resonant strip with respect to vp. In
this paper we kept v, , v, fixed and just varied vp.
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We have performed a series of computations assuming the following set
of parameters:

So = 1077,  vei = 0.75x 1077, wv; ~ 3.5, vy ~ 10,
which correspond roughly to the PLT ramp-up conditions [1] with a total
power of about 130 kW.

In Fig. 1 the time evolution of the plasma current density, j(t), is
shown for several values of the d.c. field amplitude, E. From this figure
we see that an electric field of about 0.06 is sufficient to impede any
current ramp-up (j(0)~j(t+=)=0.20). The plateau level on the distribution
function is reduced about a factor 2 with respect to the case without d.c.
field and most of the anti current (75%) is carried by the slow electrons
with |v“r‘1 < vy. For E = 0.04 one has a ramp-up rate of about 1000 kA/sec,
almost an order of magnitude higher than typical experimental values.

A realistic value of E lies therefore somewhere between 0,04 and
0.06. For E = 0.04 the anticurrent is completely dominated by slow elec-
trons, so that one expects the theory proposed in Ref.[3] to be appropriate
for the prediction of the correct steady state value jg® = J(E;jtse).
This is rapidly checked by evaluating the parameter y,, defined as
Yo...= 2(307-Jg7)/Ejg® and comparing it with the theoretical value
voTH = (vp%-vy?)/2Inv,/v,. By taking v;~3 and v,~10 one has y,TH~40,
not far from the numerical value of about 60. As the parameter E is
increased this good agreement disappears (we have yy~90 for E=0.06 and
vo~190 for E=0.08), showing that the range of validity of this theory has
been overcome. In this parameter regime one expects the rdle of high-v
anticarriers to become more and more important.

This is, in fact, the case as shown in Fig. 2, where the distribution
function integrated over vy « F(vy), 1s represented for E=0.04 and
E=0.08. In particular, the RF-produced antirunaway tail 1is clearly
displayed in Fig. 3, where the negative high-v;, portion of F(vy) is
shown for E=0.08, with and without RF power. In the present context the
value E=0.08 is purely academical since we have seen that a realistic value
has to be anyway smaller than 0.06. However, it is also true that for
higher RF power, larger values of E will be involved in realistic
situations so that the rdle of RF produced antirunaways is likely to be
important., This, and other questions concerning the influence of the
relevant parameters, like density, location of the RF spectra and so on,
will be subject of future investigations.
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INFLUENCE OF THE N.—SPECTRUM ON LOWER HYBRID CURRENT DRIVE IN ASDEX

F. Leuterer, M. Brambilla, D. Eckhartt, K. McCormick, M. Minich,
F. S6ldner, M. Zouhar, G. Becker, H.S. Bosch, H. Brocken, A. Eberhagen,
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P. Smeuldersz, K.-H. Steuer, F. Wagner, D. Zasche

Max—?lanckrlnstitut flir Plasmaphysik

EURATOM Association, D-8046 Garching

The lower hybrid current drive experiments in ASDEX so far have been
performed mainly by operating successive waveguldes of the grill at a
relative phase of A¢ =1 /2 and with equal amplitudes. The spectrum thus
excited is considered in this paper as a reference spectrum and is shown as
spectrum C 1 in Fig. 1. With such a spectrum it has been observed, like in
many other related experiments, that the primary current rate of change,

=-Ipy, necessary to maintain a comstant plasma current I,, decreased with
increasing rf-power, Ppp. At a specific value of Pgp, depending on density
and plasma current, IOH becomes zero and the plasma current is driven by rf
alone, while at higher powers the transformer gets recharged /1/. The
acaling of these effects was found to depend on the accessibility of the
lower hybrid waves and to agree with theoretical predictions /2, 3/. It was
also shown that the current density profile j(r) for rf-current drive is
different from that obtained for inductive current drive and is no longer
directly determined by the electron temperature profile /4, 5/. In this
paper we describe experiments with "tailored"” spectra where phase and
amplitude in each waveguide are specifically set to produce a N.~spectrum
with a definite wing at the high N.—side. Such a wing is considered
essential in explaining the magnitude of the driven currents as observed in
the experiments /6/. These spectra are obtained by appropriately
superimposing in the grill waveguides fields producing each by itself
different N,~spectra, resulting in

u, = (A, | du i(n-1)ag, (1)
Here U, is the wave amplitude in the n-th waveguide of the grill. One set
of such spectra where we used Atp, = W /2, A = 5W/6, and ot and a were
varied, is shown in Fig. 1. Other combinations of Atp, , A¢, , a, andw were
used in order to tailor the wing of the spectrum in different ways (for
example Fig. 6). In the experiment we have excited each one of these
spectra with the same total input power of 400 kW. This was about a power
limit for those experiments because of the very different powers (up to 110
kW) to be applied to the individual waveguides. A density of n, = 6 x 101
cm @ was then chosen in order to obtain a stationary current drive (IOH RF
= 0) in the case of the reference spectrum C 1.

1Academy of Sciences, Leningrad, USSR; Zassigned to JET Joint Undertaking,
England; 3ENEA Frascati, Italy; “University of Washington, Seattle, USA;
SCEN Grenoble, France
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Figure 2 shows the primary current Igy(t) which is necessary to maintain
a constant plasma current Ip before and during the application of LH-power
with the spectra shown in Fig. 1. The curves are displaced for clarity. We
recognise that for spectra with an increasing fraction of power at high N.
the current drive becomes less efficient, i.e. - IOH RF incraasea. The same
IOH RrF Would be obtained with a smaller amount of power, pR?,Cn- if the
applied spectrum were the reference spectrum C 1. In Fig. 3 we plot the
ratio PRF Cn/PRF c1 where Ppp 1 1s the power resulting in IOH RF = 0 for
the spectrum ¢ 1. The LH-drivén current scales, as:

~ pegeP /E -
where RF RE

poe [Pwndn, f PN, | = (N /s ~ 4) J(NE o Mo /)
Nug
and N.y is determined by accessibility or the lower N.-boundary of the
spectrum /7,8/. We therefore may write:

o
Per,cn’Prr,cl = 8! (4 8)g)

The factor (m-g) depends of course on the choice of the spectrum boundaries
N.p and N.j. The two lines in Fig. 3 show the calculated ratio

(#g)cn/ (#8)c1+ For line a we chose Nup = Nugee = 1.5 and the upper boundary
N.] was

Nua -
determined by r = f P(N.)dN./ fP(N“)dN” = 0.97. For line b N.p was
°

°

either N.p = Nugee = 1.5 or determined by r = 0.1 and N.; was determined by
r = 0.9, thus shifting N.; to values greater than 1.5 for the spectra C 7
to C 13. We see that in the experiment the current drive efficiency is
always greater than in the calculation b, while for calculation a this is
true only for spectra C 3 and C 5, but less than calculated for C 9 to C
13. From this we conclude that in using the above equation for g, which is
derived for a rectangular power spectrum /8/, we overemphasise the high

N -part of the spectrum while the low N.,~part 1s more efficient with
respect to current drive. To describe our experimental results in more
detail we would thus need instead of the function g a function which does
not only depend on the boundaries N.j and N.; of the spectrum but also upon
its shape.

We further observed that the signal A +1 as deduced from the equilibrium
field depends remarkably upon the applied spectrum. As an example we show
in Fig. 4 the difference between.A+1 = B889Y- + 1i/2 and 8 (from the
diamagnetic loop). This difference changes when LH-power is applied due to
the wave generated anisotropy in the electron velocity distribution,

Geq“' - B+ which occurs on a fast time scale and is positive, and also
because og a slowly decreasing 1j. The dependence of 1; as a function of
the applied spectrum is shown in Fig. 5 for the set of spectra shown in
Fig. 6. We see that —Al; increases with increasing power in the high N, -
part of the spectrum. This has also been observed in a phase scan where the
shape of the spectrum remains roughly constant but the mean value ¢N,) is
shifted from 2 to 4 with a directivity dropping to zero. The change in 14
is thus not only related to the amount of rf-driven current, but also to
the shape of the spectrum, and the maximum & 1; does not coincide with a
maximum current drive efficiency. This suggests that the higher N.—part of




the

generated current density profile depends on the choice of the spectrum,

and

rf-modified conductivity profile due to bulk heating or suprathermal
electrons.
We should also note that while 1; is decreasing additional power from

the

a further reductlion in the loop voltage.
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spectrum is absorbed further radially outward than the low N.—part. The

is not only determined by the direct rf-driven current, but also by an

decreasing poloidal field energy is available in the plasma, leading to
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BEAT-WAVE CURRENT DRIVE

J.T. MENDONGA

Centro de Electrodinidmica, Instituto Superior Técnico
1096 Lisboa Codex, Portugal

1. Introduction

In recent years, a number of theoretical papers and
experimental results have shown that it was possible to gene
rate steady-state currents in toroidal discharges, by electron
Landau damping of lower hybrid waves. Various other schemes
have also been proposed, including electron-beam injection and
the use of other kinds of waves in the radio-frequency ranges.

A different approach to this problem is considered in the
present work. Here we study the nonlinear excitation of an
electrostatic mode of the plasma, by the beating of the high-
-frequency electromagnetic waves. The subsequent interaction
of the electrostatic osecillations with nearly resonant parti
cles can lead to a current. The frequencies of the two bea
ting waves can be chosen heigher than any resonant frequency
of the plasma, in order to aveid the accessibility problems
which appear in the lower hybrid scheme.

We present the results of both fluid and kinetie calcula
tions. The plasma fluid model can be used to estimate the
saturaticn amplitude of the excited waves. With the kinetic
description we can derive a closed set of equations, descri
bing the evolution of the electrostatic wave amplitude and
the slow modification of the partiele distribution functions.

2. Fluid model

We assume an infinite and homogeneous plasma, in the

presence of a static magnetic field ﬁor BO%. subjected to the
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action of two high-frequency electromagnetic waves, described
by the fields:

E,;
> s K +-_ t
Ej(r.t) 3 & exp (i T 1wjt) c.c. (1)

a

where j=1,2 and &, are the unit polarization vectors. We assume
that the linear dispersion relations D(mj.ﬁj)=o are satisfied
and that the two waves are beating ressonantly at a frequéncia
W=wy -y, which is nearly equal to the frequency of some eigen-
-oscillation of the plasma. In this case, we expect that
the ponderomotive forece induced by the two waves (1) will drive
plasma oscillations with growing amplitude. If collisions are
taken into account, this amplitude will saturate at given level,.

The simplest way to describe the beat-wave excitation
and saturation is using the hydrodynamic equations for the
electron and ion fluids,together with the Poisson equation for
the electrostatic field E. If we look for a forced solution of
these equations of the form

nee N (l-e_vt) exp (ik.r-iwt) +c.c. (2)
where ﬁ=ﬁl—i2. v is the inverse of the saturation time and n,
the electron (a=e) and ion (a=i) density fluctuations, we can
easily obtain:

n k.p ‘
. 0 "o
Hy== m (ru ¥ i’ : (3)

where Ty and Ea are the ponderomotive terms appearing in the
equations of mass and momentum conservation, respectively.

Let us consider, as an exemple, the beat-wave excitation
of electron-plasma oscillations by two electromagnetic waves,
propagating along the magnetic field lines. Eq. (3) then leads
to the following saturation amplitude for the plasma oscilla

tions:

*
n 2 E.E, k w,k w
N> (2) A2 (2L .12 (4)
2e Wy Wow W, Wy W, e~

k

glo
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A detailed exploration of eq. (3) can give us some
information about the most convenient configurations for beat-
-wave current-drive /1/. Further developments of the fluid
model can include nonlinear saturation effects and oscillation
breakdown /2/.

3, Kinetic model

A further step in the theory is to consider a self-consis
tent description of wave-particle interactions, in the frame of
the usual weak-turbulence theory. The saturation levels of the
excited oscillations are determined by quasi-linear processes
which lead to current drive.

It can be shown /3/ that the evolution equation for the
zero-order distribution functions fo&’ takes the form:

(-k)
l+q—“(*:ﬁ)if=-f.f‘-ﬂrﬁ(ﬁ)fﬁ——‘f‘K (5)
[Bt m, %o av| °¢ Ya oa m, 2 av (2w)3

where ﬁ8(§) and foa(ﬁ) are the Fourier components of the
electric field and the corresponding distribution function for
the electrostatic beat wave. They are determined by the quasi-
-linear equations, which can be solved by using a multiple time
scale technique. We can also replace the phenomenological
collision frequency Vo by the rate of collision drag due to
binary collisions between resonant and non-resonant particles.
A steady-state solution is then derived, which is equivalent to
that obtained by Fisch for the lower-hybrid current-drive. The
main diference is that, in the beat-wave case, the diffusion
in phase space is determined directly by the intensity of the
incident electromagnetic waves, and not by the intensity of the
electrostatic oseillations. IT we now apply these results to the
case of two beating GO2 laser beams, with a typical intensity
of 1071 W/en® and assume typical Tokomak parameters (n0=1014cm'%
T,= 10 KeV) we see that a current of .1 (e iy Vth) can be driven
in agreement with previous simulations.

With respect to the other current-drive schemes, the
method described here has the advantage of being insensitive
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to acessibility limitations and to allow for very localized
effeets, which can be useful for current profile control. But
it also has the desadvantage of being a nonlinear or second-
-order effect and to require twc different sources of radiation.

Rerefences

1l - J.T. Mendonga, F. Serra and C. Varandas, Fusion Theory
Meeting, Wébion (1986).

2 - J.T, Mendonga, J. of Plasma Phys. 34, 115 (1985)

3 - J.T. Mendonga and R.M.0. Galvdo, J. of Plasma Phys. (1986).




417

DRI T-110

R. Ando, E. Kako, Y. Ogawa, T. Watari,

Institute of Plasma Physics. Nagoya University,
Nagoya 464, Japan

ABSTRACT

In JIPP T-IIU tokamak the fast wave current drive with five loop
antennas has been successfully carried out at a relatively high density
plasma (nﬁymkg ~ 5). The RF frequency is 40 MHz and the toroidal field is 2
kG, vhich corresponds to w = 13wy . To exclude the effect of the inductive
field, the plasma production and the start-up of the plasma current have been
done with ICRF wave only. The den51tg and temperature of a plasma produced
by the RF wave are that n, ~ 2 x10"w™ and T, ~ 10eV, where only the fast
wave can propagate excluding out the possibility of a slow wave current
drive. This density is two orders of magnitude higher than the density limit
predicted for the slow wave current drive.

The maximum plasma current of 3.5 kA is driven wlth the rf power of
about 400 kW. The efficiency n=Ipn,/P,; is around 2x10'% A-w3 /W, which is
two orders of magnitude lower than that of recent lower hybrid current
drive. We have observed the clear dependence of the current drive efficiency
as a function of the phase difference Ap. When antennas are phased with
Ap = m/4, the maximum efficiency is obtained. A calculation shows that the
wave spectrum is then peaked around Ny ~ 4. However, a large MHD
oscillation is observed, although the safety factor q, is about 10 or more.
The relatively low current drive efficiency observed will be attributed to
the low electron temperature.

1. Introduction: The development of non-inductive current drive is one of
the key issues in the investigation of tokamaks and the lower hybrid slow
wave current drive is the only successful means discovered so far (1,2)

Its density limit, however, makes its prospectives very bleak, and various
alternative candidates have been proposed and discussed in the design work of
DEMO reactor [3) . The current drive experiment presented here belongs to
high speed magnetosonic current drive. Here, rf frequency is chosen much
higher than the ion cyclotron frequency vith a plasma density high enough not
only for a fast wave to propagate, but also for a slow wave to be pushed away
behind the limiter. Any mode conversion processes from fast to slow wave
could not, therefore, occur either because of the natural density fluctuaition
of the plasma or the reflection at the vaccum vessel wall. With such
conversion mechanism of any small rate, a sizable effect will be brought
about because the wave absorption mechanism for a slow wave is much stronger
than that of a fast wave. To avoid the possibility of the slow wave current
drive, the following inequality is, therefore, requried,

2 ? ml 13
o® < ufyledge) = 'im— ) {1)

where all quantities are refered to at the edge of the plasma.
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2. Experimental Results: The experiment vas conducted on JIPP T-IIU
tokamak (R/a = 0.91m/0.23m) with the rf frequency of 40 MHz. The toroidal
field is as low as 0.2 T so that the rf frequency is high enough to avoid the
wave to couple with ions. This frequency corresponds to the 13 wyy . Inside
the vacuum chamber were installed five loop antennas side by side for the
fast wave current drive. The phase differece Ap between each antenna element
is continuously variable. Figure 1 shows the wave Nj- spectrum calculated
using an three dimentional wave excitation code, which is an improved version
of that written by Messiaen et al. (4) , allowing arbitral plasma density
profiles and multi-antenna array. We can see from Fig. 1 that the wave
energy is neatly shaped around Ny =7 when the relative phase difference at
each antenna is Ap=r/2.

The plasma is lit by rf itself with a filling pressure of (2~4)x10™*
torr. Figure 2 shows signals of a typical discharge, where the plasma
current of 3.5 kA is ramped up with the rf power only. The rf pulse shown in
the bottom picture indicates a power level around 300 kW with a pulse length
of about 30 ms. It takes about 7 ms after the turn on of the rf to break the
gas into a discharge. When the plasma is fired, there occurs a sudden
increase in the antenna loading followed by a gradual increase of plasma
current Ip. The one turn voltage V; is negative when the current rises and
positive when it falls. The plasma density sustained by the rf is about
2x10'® w3, which is high enough to make fast wave propagate, and to satisfy
the inequality given by eq. (1). Here, the primary winding of the Ohmic
transformer is short-circuited in order to minimize the energy stored in the
iron core. The signals of the magnetic proble show that the plasma is kept
in the center of the vaccum chamber during the discharge.

The relative phase angle between five antenna array was changed in order
to observe whether the current driven in these experiments is due to
wave/plasma interaction or not. It is important to exclude out possible
equilibrium current. Theories demand that the current should be driven in
the direction to which the wave is emitted, either because of the momentum
input or caused resistivity anisotropy. The direction of the current is
found to be primarily determined by that of the vertical field. The plasma
current driven by the rf is plotted in Fig. 3 as a function of the phase
difference Ap for different direction of the vertical field. When the
vertical field is pointing upwards (downwards), the current flows clock-wise
(counter-clock-wise) and best efficiency is obtained around Ap=n/4
{(Ap=—7/4 ). The results of these two cases are consistent to the theoretical
expectation, where the wave gets its best clock-wise directionality with
Ap=m/2 and counter-clock wise directionality with Ap=-n/2. Quantitatively,
however, the best current drive efficiencies in the experiment are obtained
with a little shallower phasing angles than Ap=+7/2. This may be explained
in terms of the N,- spectrum of the launched wave, In Fig.1 wave
Ny- spectrum is compared for the two cases Ap=n/2 and Ap=n/4, where
experimental parameters are used in the computation. Obviously the wave has
the peak at a lower Ny for Ap=r/4 case than that of Ap=n/2 case. Since the
wave couples to faster electron with a lower Ny , the current drive
efficiency could be better with a shallower phasing than Ap=m/2.

The dependences on the rf power and the plasma density have been
examined. Flgure 4 shows the power dependence of the driven current, where
plasma density is fixed to 2x10'8 p3 The current drive eff1c1ency
w=Ipn./P,; is read out to be around ZAIO' A-w? /W which is two orders of
magnitude lower than that of conventional LH current drive. It may be
attributed to the low electron temperature; because this experiment is a
start-up experiment, electron temperature is low if radiation barrier is not
broken through. It was estimated to be around 10 eV from the time evolution
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of several visible impurity lines.

With Ip=3 kA which yields safety factor q, around 10 or more, the plasma
should have enough rotational transform for good particle confinement. Thus
the plasma is expected to exceed the radiation barrier with the power level
as high as 200 kW. The reason for this low electron temperature (Te ~ 10
eV) is in the MHD instability. There is no adequest theory for explaining
this instability with a safety factor q, as high as 10 and a Reynolds number
as low as S = 2.1x10* . A possible conjecture is that the instability is due
to the evolution of the plasma parameters n. and g, violating the range
allowed by the Murakami's empirical law (1/qy-Br/n.R ~ 0.7 T/w>-m).

3. Discussion and Summary: The merit of an ICRF current drive is in its
nature of density limit free. Experiments in LHCD quotes an empirical law
mﬁg/mgeul as density limit. This value is as high as 5 in our experimental
conditions, demonstrating that this new regime has nothing to do with the
density limit as observed in the LHSWCD, According to the model proposed by
Wegrowe et al. (5] , the density begins to be limited when the coupling of
the wave with ions sets in. This gives the formula for the critical density

1 _ _4.39
mA107) — FF(GHz)

T; _ 10.3
( a +1.6E ) '_‘B;is_ v. 2)

where a is a value around unity. This equation yields the density limit
about 3x10'"® w3 with relevant plasma parameters on the right hand side. The
plasma density in our experiments is 2x10'® m3 far exceeding the value
predicted for LHSW current drive.

In conclusion, we have demonstrated the fast wave current drive at
@ ~ 13 @; with a relatively high density plasma o2 /wé, ~ 5, which is two
orders of magnitudes as large as that predicted by the LHCD theory. The
maximum plasma current is 3.5 kA with the rf power of 400 kW, and the
efficiency is much lower than that of the present LHCD. This low efficiency
seems to be attributed to the low electron temperature (T, ~ 10 eV), because
of the onset of MHD instability. The amplitude of the induced current
depends strongly on the phase differences, and the maximum efficiency is
achieved at Ap ~ /4 (Ny ~ 4).

Acknowledgements: The authors would like to thank members of CS group in
IPP, Nagoya Univ., for fruitful discussion and supports of operations and
diagnostics.
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Figure Captions

Fig. 1

The wave spectra of the five antenna array for (a) Ap=/4 and (b)
Ap=n/2., taking the plasma/antenna coupling of the fast wave into

account. The wave spectrum peaks at a lower Ny for a shallower

phasing angle.

Fig. 2 The time evolution of the plasma current, one turn voltage and the

Fig. 3

Fig. 4

Tp (kA)/4DOKW

programmed vertical field, with P,y = 300 kW.

The plasma current I, versus Ap, where Ap is the relative phase
difference of two antennas next to each other. The plasma current
flows clock-wise (counter-clock-wise) for the solid (broken) line,
when the direction of the vertical field is upwards (downwards).
The power dependence of the driven current Ip as a function of the
injected rf power P,; .
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Abstract

As a basis for investigating the possibility of controlling current
profiles in JET we present a short analysis of transit time magnetic
pumping of electrons by fast magnetosonic waves above the ion cyelotron
frequency.

13 Introduction

The "profile consistency" observed to limit the performances of addi-
tionally heated tokamak discharges stressed the interest of decoupling
their temperature and current density profiles.

The fast magnetosonic wave has been considered as an attractive
candidate for non-inductive current drive /1-2/. Unlike the slow wave in
the lower hybrid frequency range, it has indeed the potentiality of being
efficient at high density and high temperature. Interaction with the bulk
of the electron distribution in the centre of the discharge, although not
the most efficient, would provide the required absorption of the RF power.
In particular the fast wave could be very well suited for driving a
reverse current in the central hot and dense plasma of large tokamaks,
with the hope of suppressing "sawteeth relaxations" /3/.

A mode conversion current drive scheme near a two-ion hybrid
resonance (Bernstein wave current drive) has been proposed /U/, As an
alternative, we shall concentrate in this paper on direct electron current
drive from the high frequency Alfvén wave itself. We shall draw some
preliminary conclusions with respect to wave absorption by the electrons,
bearing in mind that other loss channels such as absorption from ions at
harmoniecs of nci or from high energy fusion products will have to be
avoided or overccme.

2. Electrodynamics of the fast wave above the ion cyclotron freguency

We consider frequencies such that nzci < w? (< Doy ng and densities
higher than the lower hybrid resonance density (u‘p1>> w ?. The wave has

both electrostatic and electromagnetic components, ie, E = - % %% - V4,
its electric field is mostly perpendicular to the equilibrium magnetic
field Boand its magnetic field B parallel to Eo' Parallel currents exist
due to a small parallel electric field but also to the bulk pVB force
exerted on the electron fluid. This force is the only thermal effect
taken into account. Solving Maxwell's zquations within these assumptions,
one cbtains the following results:
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- at densities such that u i))m only the fast branch propagates and
there is no problem of accessibi?ity up to a few harmonics of Q. ;

- near cutoff the wave has all the characteristics of the right
handed circularly polarized whistler mode and then transforms itself into
the high frequency Alfvén wave (HFAW), n = n, = “pifﬂci' at almost
perpendicular propagation.

- ir B, is along 0z, K in the Oxz plane and if « is the angle
between kK and Ox we find the following polarization for the HFAW:

A% il iny ¢ cosa Qg;/w, Ay << Ay, Epo= J kg Ay, B, = kg my Ay
cosa an EX— =3 k0 n; ¢ cosa;

- the energy density carried by the wave is mostly in magnetic and
ion Kinetic energy and can be expressed as

W= W+ Wy o= 2Wg = B2/ug = 0.5 ng Ty Bg|ee/Ty|? where g, is the
usual ratio of electron pressure to magnetic pressure.

3. Interaction of the fast wave with electrons : TTMP vs. LANDAU DAMPING

Both parallel (-eE// force) and perpendicular (-uV//B force) electric
fields act upon the parallel velocity of the guiding centre of the
electrons. However, unlike ions in TTMP heating, electrons see opposite
forces and the interaction vanishes at some critical perpendicular energy
chrit' Because the parallel electric field adjusts itself so as to give
a zero net force on the bulk electron fluid (in the limit of zero electron
inertia and w i >> w) we expect this critical energy to be near the
thermal energ? of the bulk electrons. TTMP diffusion will therefore be
most efficient on electron tails having perpendicular energies a few times
above thermal.

Our detailed calculations show that the total force applied on the
guiding cen%re is e W, - <N Wipi .

F//=_]k°e¢n//m [I-T T cosu:'
so that the critical energy defined above is indeed

Wyopip = W2 + me? w?/w?
where <W > is the average perpendicular energy DF the electron fluid
(<Hl>=T ). It is to be noted that at high density and low frequency
(50 MHZ? chrlt is indeed near T, whereas at higher frequencies (B0O MHz)
it is much larger so that Landau damping is the dominant absorption
process (cf. Fig. 1).

From the expression of the total force given above, it is straight-
forward to obtain the quasilinear diffusion coefficient and the
corresponding damping rate. We assume a Gaussian distribution in k//
space for the wave energy density and, after some algebra, we find that we
can approximate the diffusion coefficient by the following expression:

D

F/r)?
ql = 0.5 <Av//>/At < yx |E2/] exp [—

?ﬁ*_ﬁs|v77|3ﬁ77

n// - n//g \?
—mrr—) ]
where n//g is the peak parallel ﬁavenumber and Any// the half width of the
spectrum. The thermal velocity v, is defined by T, = 5 mv"te and

e¢/TeTz is related to the average wave energy density W by the expression

given at the end of the precedent section.
In high temperature plasmas and at moderate resonant velocities the
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Maxwellian distribution will not be much distorted and we find the
following damping rate for the wave energy:

2
2 2
2Y = dW/Wdt = (Yn/l) w Be Xo exp(-%5%) [1 + (zpiz. #ﬁ— ) }
where Xg = u/k//vte.

4. Absorption of the fast wave and steady state current drive

The results sketched above have been inserted into a Fokker-Planck
code developed at Culham /5/. For a given energy density, ie. a given
maximum diffusion coefficient, we obtain the steady state current density
and absorbed power density and we compute the corresponding absorption
length L o = vp/2Y = v W.(dW/dt)™', where v, is the Alfvén velocity.
Future ca?culations will include trapping and relativistic effects which
may reduce the current drive efficiency.

An example of electron distribution that we obtained is displayed on
Fig. 2 and it is clearly seen that substantial distortions from Maxwellian
distributions take place at high perpendicular energy.

Fig. 3 shows the absorption lengths resulting from high power (- 0.1
MW/m®) quasilinear interaction, as a function of B_ and T_. It is clear
that high B, values (2 5%) and bulk interaction will be required if the
wave is to be absorbed in a few passes, In this respect, the advantage
that the centre of the plasma is accessible to waves with relativistic
phase velocities along the magnetic field may turn out to be of little
practical interest.

Nevertheless, as shown on Fig. U, current drive based on bulk
electron interaction seems feasible in JET with efficiencies (n = j/2%R
Paba) of the order of 0.1 A/W. This is of the same order of magnitude as
lower hybrid current drive efficiencies; however, we must emphasize that
fast wave current drive should occur basically at the centre of the hot
and dense JET discharges whereas lower hybrid current drive should be more
peripheral at high temperatures. Both schemes (LHCD and FWCD) seem
therefore rather complementary as far as profile control is concerned and
could provide the additional "knobs" that one seeks for improving tokamak
performances.

Finally, a suggestion for enhancement of the T.T.M.P. absorption
could be to start from a pre-formed non-Maxwellian distribution having
high perpendicular energy (Y o W,?). Slide-away discharges or synergic
effects from combined lower hybrid and fast wave current drive could for
instance be beneficial.
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Introduction

Among the various proposals to drive non-inductive currents in tokamaks are
suggestions to use radio frequency current drive in the ion cyclotron range
of frequencies. In the so-called minority regime, this could be done by
heating a thermal minority ion species [1], or by heating a neutral beam
injected minority species [2].

In the original proposal by Fisch [1], of current drive using minority ions,
only a qualitative estimate of the current drive efficiency was done. 1In the
subsequent papers [3,4], analytical studies based on the Fokker-Planck
equation were carried out, for thermal and injected minority ions
respectively.

In this paper, we will report on a numerical study of the current drive
efficiency for these two schemes. Only the current carried by the minority
ions will be included, leaving aside possible currents in the electron
species. Electron currents could be created elither by direct interaction
with the wave through Landau- and transit-time damping, or as a "return
current", resulting from momentum transfer from the minority ions.

For the calculations presented here, the effects of toroidicity on the
particle motion along the field lines will be neglected. The Fokker-Planck
equation for the minority ions then reads:

A _c(r) +alr) + 8 (1
at

Here C(f) is the collision operator which has been derived assuning
Maxwellian distributions of equal temperature for the background species, and
using a linearised operator for the self-collisions [5]. Further Q(f) is the
RF- operator, using the quasi-linear approximation [5]. and § is a narrow
Gaussian source function representing neutral beam injection. Also included
in S is a low-temperature Maxwellian sink, with loss rate equalling the
injection rate.

For the wave-particle interaction we will use the equation:

a(r) = Li(v,_ Dy F(va) i) (2)

Vi vy avy

Here Dj is a constant, dependent on the electrical field strength. For F(v,)
we will use the simple model:

F(vy) = exp - (fﬂ_:_ig) (3)
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Numerical Results and Discussion

The scaling given by Fisch [1], for the minority ion current drive is

I (%)
P Ng

where j is the current density and P is the power density.

The results presented here have been calculated using the 2-D finite-element
code BAFIC, [6]. We have used one single set of plasma parameters, For the
ion species we have chosen hydrogen minority ions and deuterium background
ions, with Zgpp =1, Tg = T; = 8keV and ng, = 5% 10'® m~?. Throughout, the
minority ion species concentration has been set at 5%. For the NBI cases,
the injected power density has been set at 0.1MW/m® and the injection point
corresponds to a pitch angle of 15°.

Shown in Fig. 1 is the efficienecy of the pure ICRF scheme for three different
interaction velocities vV, Vs absorbed power density, using a velocity space
interaction width w = 0.5v¢y. For interaction velocities Vo 2 3vth it is
difficult to achieve good numerical convergence. In spite of low power
absorption (< 5kW/m?), very long high-energy tails are produced. Since the
current drive is critically dependent upon the variation of the collision
frequency, the best efficiency is found if the particles stay in a region of
velocity space where this variation is strong. Being pushed too far out in
the tail, electron collisions start tc dominate and the collision frequency
becomes almost constant. Thus, it seems to be difficult to achieve the
optimum efficiencies predicted by Fisch [1], which oceur for v, =~ 5vi,, with
the high power levels expected in forthcoming experiments.

By tuning the wave to a neutral beam injected species, one may hope to
overcome this draw-back, simply because there are now more particles in the
optimum interaction zone, implying less power per particle. That indeed this
scheme has a much more favourable scaling with power is illustrated in Fig.2,
which has been calculated setting the velocity space interaction velocity v,
(Eq.(3)), equal to the NBI injection velocity.

Both schemes are compared in Fig. 3, again using a very low RF power
absorption (- 1kW/m®). Also shown s Fisch's qualitative estimate [1].
Surprisingly good agreement is found. However, as noted above, raising the
RF-absorption for the pure ICRF scheme, the peak efficiency drops
drastically.

The efficiency for combined ICRF/NBI is shown in Fig. 4, for different values
of the velocity space interaction width w (Eq.(3)), again setting the
veloeity space interaction velocity v, equal to the NBI injection velocity.
It is interesting to note that also with homogenous RF-interaction in
velocity space (w = o in Fig. U), there will be considerable currents
resulting from this scheme.
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Conclusions
The current drive efficiency

noealoed  EAZH)
2wR P

has been evaluated for pure ICRF minority heating and for combined ICRF/NBI
(where for the latter scheme j/P denotes the incremental efficiency
associated with the RF-interaction). For low RF-power, the efficiencies for
both schemes agree well with Fisch's qualitative estimate [1]. The pure ICRF
scheme, however, has a very strong power dependence, the efficiencies
dropping dramatically for realistic power densities. This power dependernce
is much less pronounced for the combined scheme.

Using typical JET discharge parameters, it is found that currents of the
order of 2-4MA could be driven with the planned ICRF- and NBI-capacity.
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Figure Captions

Fig.1 Current drive efficiency vs. absorbed RF-power density for the pure
ICRF case: a) Vg=Vyp, b) v =2vyy and ¢) v, =3v,,. The velocity space
interaction width w=0.5vy.

Fig.2 Current drive efficiency vs. absorbed RF power density for the
combined ICRF/NBI case: a) Vo=5Vin b) Vo=2Vyy and c) Vo=3Vyn- The NBI
injection energy is B80keV and w=0.5vth.

Fig.3 Current drive efficiency vs. velocity space interaction velocity for
the two cases. The dashed curve shows Fisch's estimate, [1]. The
absorbed RF power density was kept very low (< S5kW/m*}.

Fig.l4 Current drive efficiency for NBI only and the incremental efficiency
for the combined case (for three different choices of interaction

width), vs. NBI injection velocity (VU=Vinj}‘
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EFFECTS OF EDGE DENSITY MODIFICATION ON WAVEGUIDE COUPLING

DURING LOWER HYBRID CURRENT DRIVE IN A TOKAMAK

K. Matsumoto*’ and K. Ohkubo

Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
xDepartment of Electrical Engineering, Yamagata University,
Yonezawa 992, Japan

<abstract> During lower hybrid current drive, changes in amplitude and phase
of reflected signals at the waveguide grill, and also decreases in the edge
plasma density measured by double probes are monitored. The influence of
plasma density and its gradient at the grill mouth on the coupling between
waveguides and plasma are investigated by a simplified linear grill theory
based on a step plus a ramp density model. It is confirmed from the compari-
son with the theoretical analysis that change in waveguide coupling during
current drive is mainly caused by reduction of.density in the scrape-off
plasma.
I. INTRODUCTION

It has been recently observed that the lower hybrid current drive
(LHCD) by the slow wave of which the refractive index MN: along the magnetic
field is relatively small (= 1 — 2) led to a considerable decreasel:2) in
the density of the scrape—off layer, but the influence of the density drop
to RF coupling was not studied. In this paper, we describe the effect of the
LHCD on the coupling properties which is observed in the JIPP T-IIU tokamak.
We show the detailed comparison with the numerical analysis based on the
simplified formulation of the grill theory in which the step plus ramp
density model®'4’ is adopted for edge density profile at the waveguide
mouth.

The simplified theory is derived by extending the method discussed by
PacherS’ to the case of arbitrary density mwgs at the waveguide mouth. Here
the higher order evanescent modes and an intermediate medium as the vacuum
between the mouth and plasmas are neglected. According to the theory3’, good
coupling is achieved by satisfying the equation fwgd = nco | Nr2-1|, where
nco is the density correspending to the slow wave cutoff. The relation
indicates that the waveguide array should be movable in order to minimize
the reflected RF power for the waves with Nz determined from a given phas-—
ing.

II. EXPERIMENTS AND DISCUSSIONS
(a) RF Measurements

Each high power RF amplified by two klystrons is divided by the magic—T
and fed to the four—waveguide grill. The RF frequency is 800 MHz ( mco =
7.9%x10° cm3 ). Each waveguide mouth with the cross section of 3.5 cm in
width and 247.6 cm in height is separated by a 0.5 cm septum. In order to
control phasing between the waveguides three phase shifters are installed
and in order to maximize the grill coupling the waveguides in bellows is
movable. The conventional directional couplers on the WR 975 waveguides are
mounted to measure the forward and reflected power.

Forward and reflected phases of RF with 800 MHz are monitored as the
following: each picked-up signal at the four special directional couplers
developed by one of the authors®) is mixed with the RF from the local
oscillator with = 799 MHz. The beat signals with = 1 MHz from the IF output
in the mixers are applied to synchroscopes, where the beat signal related
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to forward RF in the first waveguide is connected as a reference to the
external trigger input of synchroscopes. Here, in order to mske monitoring
clear, a ramp signal triggered at RF switched-on time is superposed on the
each beat signal, and beam intensity of synchroscopes is modulated with the
gated 200 Hz rectangular wave triggered at the same time. We can measure the
phases of forward and reflected RF in the each waveguide at interval of 5
msec.
(b) Results and Discussions

Time evolutions of plasma parameters during LHCD are plotted in Figs.
1(a) and (b) for relatively low RF power Prr (= 7B — 40 kW) and for phasing
between the waveguides A ¢ = m/2, where RF power is injected into hydrogen
plasma at B¢ = 26 kG. After RF is applied at ¢ = 112 msec, loop voltage WL
drops to -0.2 volts, and decreasing rate of the plasma current I, reduces,
where small inductive field resulted from LpdIp/dt remains. The position of
plasma column is well-controlled within 0.5 during RF in the horizontal
and the vertical direction (Fig. 1l(c)).

The density ne in scrape—off layer is measured by the fixed three sets
of double probe located at different radial positions, where probes are set
S0 degrees toroidally away from the grill. The time evolution of ne at r =
26.8 cm is plotted in Fig. 1(f) with and without LHCD. The density decreases
by a factor of 2 and its time dependence is similar to the waveform of FL.
As discussed in the reference of (2), the density drop may results from the
decrease in the Bohm diffusion coefficient J; in the scrape-off layer due to
the vanishing DC field. It is noted that scale length of density in the
scrape-off layer and line averaged density Ze are almost unchanged by LHCD.
Therefore, the density gradient near the limiter (r = 24.5 cm) must
increase. The change in density profile in the plasma edge region may be
related to the increase in global confinement time?’ with LHCD (= 3 msec to
= 6 msec). .

The power reflection coefficients | #& |2 and phases arg B for four
waveguides are shown in Fig. 1(g) and (h), where k is a waveguide number and
the waveguide mouth is positioned at r = 27.0 cm. It is found that the
density drop in scrape-off layer influences | R |2 and arg & (k= 1,—,4).
Here we transform the observed phase difference between forward and
reflected signals at the special directional coupler to that at the wave-
guide mouth by using the phase difference between the coupler and the mouth.

By mcving the grill as shown in Fig. 2, we examine the power reflection
coefficients and phases in two inside waveguides at the RF switched-on time
for A ¢ =m /2. We compare the results with the simplified grill theory by
substituting the experimental values of forward electric field (in individ-
ual waveguide) @ (k = 1,-—,4) normalized by that in the first waveguide,
the density and its gradient on the waveguide mouth which are estimated from
the measured density profile:

n(r) [cm2] = 1.8x10'0exp{ - (r [cm] - 27)/0.69 }. (1)

In the theoretical model, the mouths of two outside waveguides are connected
to the wall in the same plane. However, the grill is protruded-into the
scrape—off layer from the wall. Thus, the reflection properties of only two
inside waveguides which are not strongly influenced by the vacuum wall are
discussed. As shown in Fig. 2, the experimental results of | R |2 and arg
FAx in the second and third waveguides during LHCD agree roughly the theoret-—
ical ones.

By changing A ¢ , as shown in Table I, we examine the power reflection
coefficients and phases at the RF turn-on time as functions of #:. The power
reflection coefficients agree approximately with the theoretical values.

Except for the case of A ¢ =0° , deviation of observed phases from the
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theoretical values are within +30° . The reason why both calculated | & |2
and arg R are not the same as both | & |2 and arg £ for A¢ = 0 and g
originates in different @ (k = 1,——,4) in each waveguide, where the largest
deviation of & from the average value is about 10%.

Now we analyse time evolution of power reflection coefficients and
phases of second and third waveguides. As already shown in Fig. 1(g) and
(h), | R |2 and arg R« (k = 2,3) evolve in time due to scrape-off density
drop during LHCD. The calculated results accompanying with experimental ones
are shown in Fig. 3. The RF coupling in LHCD is explained by the density
change in front of the grill. If we wish to obtain good coupling during
LHCD, it should be necessary to control dynamically A: by decreasing A ¢ so
as to satisfy nwge = neco | Ne2-1] .

When the grill was more deeply inserted by 1 cm (r = 26 cm) and RF
power of LHCD increases up to 120-80 kW in A ¢ =z /2, large changes were
observed in reflection coefficients and phases of the reflected signals in
all the waveguides. Especially, the phases during the early time after RF
switched-on remarkably led as compared with ones calculated with density and
its gradient (estimated from Eq. (1)) at the waveguide mouth. Possible
explanation for the above phenomenon is that if the tenuous plasma would be
produced in the waveguides near the grill mouth, large changes both in
amplitude snd phase of reflected signals occur as a result of the movement
of tenuous plasma towards the transmitter®).
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Table 1! | R |2 and arg R (k= 2,3) versus grill phasing
| A |2
experiment calculation
Ag 2nd waveguide| 3rd waveguide| 2nd waveguide | 3rd waveguide
- /2 0.13 0.11 0.14 0.12
0 0.73 0.52 1.76 1.26
/2 0.18 0 0.15 0.13
T 0 0 0.23 0.13
arg R degree)
experiment calculation
Ag 2nd waveguide | 3rd waveguide| 2nd waveguide | 3rd waveguide
-n /2 -165 -190 -197 =177
0 -90 -65 -1B0 ~179
n/2 -192 -180 -156 -179
i1 -20 -45 -11 -14
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ICRF CURRENT-DRIVE BY USE OF PHASE-CONTROL OF ANTENNAS
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Introduction

ICRF wave has been adopted as a major heating method in toroidal plasma
and has obtained considerable success. ICRF wave can also drive the current
by introducing the toroidal momentum using an array of phase-shifted antenna.
In this paper, we present the global analysis of the ICRF current-drive con-
sidering a whole antenna-plasma system. We restrict our analysis to the curr-
ent-drive that electrons directly absorb the wave momentum through Landau
damping. Within the framework of quasi-linear theory, the Fokker-Planck calcu-
lation is combined to the ICRF wave propagation-absorption analysis.

Wave Equation

We employ a one-dimensional model of ICRF wave propagation which includes
the kinetic effects and the plasma inhomogeneity in the x-direction as B(x)=
Bo/ (1hx/R), n_ (x)=(n -8 ) (1=x*/a"3#d , T_()=(1 T ) (1-xP/ad)+1 .  The
plasma is surrounded by the vacuum region a<|x|<b and the resistive wall is
located at x=+b. The multiple antennas with different phases(ﬁl,ﬁz,...,ﬁ ) are
placed in the z-direction at x=-d in this case(a<d<b). We assum that the

plasma is homogeneous in the y- and z-directions. The wave equation is

2
VXV*E - h)_z E = ina{E Ia + EA} i (1)
c
where jA(z;Sl,ﬁz, Lwn ,6N) is the total antenna current. The explicit
form of the induced current js is given in Ref.[1l]. We retain terms up to the

2nd order of kxpi(pi: ion gyroradius) and the kinetic effect parallel to the
magnetic field is described by the plasma dispersion function.

Velocity Space Equation

The evolution of the space-averaged electron distribution function is
governed by the equationm,

of of [GE

P a_ D e —_—t

ot v w ov St ] i
z z coll.
where Dw is the quasi-linear diffusion coefficient and (Gfelﬁt)cﬂll is the

(2)

Fokker-Planck collision term. Introducing the parallel wave number kn=n/R.
the quasi-linear diffusion coefficient is given by
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2
2 A |E_(x) |
L] n n
Dw(vz'x) S z

- "

(w-k v )2+a2 (3

where En(x) is the k“—th Fourier component of the electric field which is
obtained by solving Eq.(1l) and Aﬂ represents the width of each resonance
zone. All available wave numbers are summed up in Eq.(3). The width of each
resonance is essential for determining the steady state DC current. We
assume that the width is the maximum value between the collision frequency
and the trapping frequency, Au = Max{ve(va),JEE;Tf;T75 }. As for the col-
lision operator, a Maxwellian distribution in the perpendicular direction is
assumed and Eq.(2) is integrated over that direction. We employ the model

collision operator in a multiply ionized plasma as

SF ]
EﬁJcollf AT [g(u)( x UF)] i o
Loff

1

3T+ |u|>

where G(x) Yexp (x) [1-6 (V%) ] (1+2x)-2v% (¢: error fumctiom), effzs{ion)zins,“e;
effective ion charge state and u:vz/ve. The collision operator,Eq.(4), is

u2
G(Z_

g(u)=

obtained by interpolating the solution between higher velocity region vz>>ve

>>vi and lower velocity regionm, VPRV RN, with respect to the electron-

i
electron collision. The steady state solution is obtained from Eqs.(2) and
‘ u
(4) as F(u) = Cexp{- I _udu___ } . (5)
0 14D lg(u)

where D (u)-D lunvz and the constant C is determined from conservation of

particles. The DC current is determined from Eq.(5).

Numerical Results[2]

Plasma parameters are taken as follows, R=1.31lm, a=0.35m, d=0.395m, b=0.415
20 -3

ﬁ, f (=w/2w)=18MHz, Bo=1.3T, n OBleO m ,T ( b0~ HO)=4keV, nHOInDD-IOI
ns/nsD(S=E,D and H)=0.05, simulating the JFT -2Mparameters.

Figure 1 illustrates the two-dimensional structure of the RF waves. Five
antennas(Al to As) are set in the high-field-side as shown in Fig.l and their
phases are given by (0,m/4,m/2, 3w/4, ). The fast wave excited by 5-antennas
propagates into the plasma center and the major part of the incident wave
is mode-converted to the ion Bernstein wave(Ex- and E -componen:s)

Figure 2 shows the diffusion coefficient, D (u) (a) and the deviation from
the Maxwellian distribytion, FsF(u)-FM(u) (b) at the radial point x/a=~0.96

(arrow in Fig.1l(c)). The sharp two peaks of the diffusion coefficient due to
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the plasma cavity effect are observed at k R=4 and 5 modes and these waves

mainly contribute to the power absorption and the current-drive.
Figure 3-(a) illustrates the absorption profiles of electrons and ions

averaged over the z-direction and the energy flux. Profiles of the

induced current and the normalized efficiency are shown in Figs.3-(b) and ().
The major part of the incident wave is absorbed by electrons. About 87% of
the emitted power is absorbed by electrons and 10% is the wall loss. The ion
absorptions are very weak in this case. The strong absorption in the central
region and near the plasma surface is due to the Landau damping of the fast
wave and the ion Bernstein wave. The lon Bernstein wave damps off near plasma
surface. Sharp peaks of Pe(x) and J(x) are originated from the peaks of the
wave amplitude. It is found that the current prgfile follows the absorption
profile P_(x). The total induced current, F(Ej_a J(x)dx)=26.0kA/m and
the global current-drive efficiency, J/PE-0.03Afm are obtained,

. Figure 4 shows the density dependence of the global current-drive effici-
ency in the case of '1‘e =4keV. Inverse dependence of the efficiency with

0
respect to the density is observed.

Summary
We have studied the ICRF current-drive by combining the 1-D wave code

and the Fokker-Planck calculation. We have examined the radial profile of
the induced current and the global current-drive efficiency. In the medium

size tokamak, the electron power absorption and the associated driven current
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Fig.1l Two-dimensional structure of the RF waves
in %-2z plane.
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ABSTRACT

The second harmonic electron cyclotron heating (ECH) of Ohmic-heated
(OH) plasma or lower-hybrid (LH) current driven plasma is investigated in
the JFT-2M tokamak. For the OH plasma, it is shown that the ECH makes an
appreciable change in the plasma current profile followed by excitation or
suppression of MHD fluctuations through adjustment of the toroidal magnetic
field. It is also shown that for the LH current driven plasma, the ECH
results in a selective heating of fast electrons at a large down-shifted
electron cyclotron frequency, which suggests to produce high efficient
current drive.

INTRODUCTION

The electron cyclotron heating offers a promising approach to modifying
the radial profiles of electron temperature and plasma current for OH plasma
because the ECH can be highly localized. The optimum profile control could
lead to improvement of the energy confinement, achievement of the high beta
plasma, and prevention of major disruption [1]. On the other hand, an
effect of selective ECH of an LH sustained electron tail is of interest for
improvements of the LH current drive (LHCD). The electron heating for
mildly relativistic energy is the most appreciable method for optimizing the
ratio J/Pg where Pg is the power per unit volume dissipated to sustain the
current J [2].

EXPERIMENTAL SETUP

The experiments have been carried out in the JFT-2M (JAERI Fusion
Torus) tokamak, which has a D shaped vacuum vessel with major radius Rg=
1.31 m and an iron core transformer. The target plasma has the circular or
D-shaped cross section with minor radius defined by inner or outer graphite
limiter in the mid-plane, a. The ECH system consists of two gyrotrons and
two oversized waveguide transmission lines. The rf power is generated by
Varian gyrotron capable of producing 200 kW at frequency fg=60 GHz for up
to 0.1 sec. The rf transmission system consists of single mode sectioms,
two kinds of mode converters, and a conical horn antenna propagating TEjj
mode. The horn antenna, placed outside of torus in the mid-plane, radiates
the electron cyclotron waves with vertical polarization at the injection
angle of 6=10° to the perpendicular of the toroidal magnetic field at the
plasma center. The LH waves are launched by four waveguides array which is
fed by four 0.75 GHz klystrons. The phase difference between adjacent
waveguides is set at 90°. The Brambilla rf spectrum is concentrated between
Ns=1 and 4 in the parallel electron drift direction.

On leave from * Mitsubishi Electric Co., ** Mitsubishi Electric Computer
System Tokyo Co..
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PROFILE CONTROL BY ECH

Figures 1(a)-(c) show the time evolution of the plasma parameters with
and without the ECH pulse for three different toroidal magnetic fields,
By=1.08 T, 1.19 T, and 1.24 T corresponding to the radial positions of the
second haimonic electron cyclotron resonance (ECR) layer of r.=0.01 m,
0.15 m, and 0.21 m, respectively. For these discharges, 240 kW of the ECH
power was radiated into the circular plasma with a=0.27 m and the flux
safety factor at the plasma boundary g >3. The top traces in Figs. 1(a)-(c)
show the envelopment of the MHD fluctuations picked up by the magnetic probe
which have the poloidal mode number of m=3 and the dominant frequency of
fyyp= 4 kHz. It is observed that the MHD fluctuations are suppressed for
By=1.08 T and 1.24 T and those for By =1.19 T are excited by application of
the ECH pulse. The dominant frequency increased by ~2 kHz when the suppres-
sion of the MHD fluctuations occurred, while the frequency decreased in the
case of the excitation., The ECH is found to make_remarkable increases in
A+ 1/2=fp+1;/2-1/2 and stored plasma energy WwPIA ang drop of the loop
voltage for By =1.08 T as shown in Fig. 1(a), where fp is the poloidal beta
and 1; is the internal inductance per unit length. The value of A+ 1/2 was
evaluated from the poloidal magnetic field fitting method, and WPIA yas
determined by the diamagnetic measurement, for which the base line was in
uncertainty. For off-center resonance ECH, it is observed that the signal
of A+1/2 decreases even_for no decreasing the incremental increase of the
stored plasma energy AWPTA during the ECH pulse (see Figs. 1(b) and (c)).
For these discharges, the broadening of the current profile compared with
that of the OH plasma is indicated through the relation of Alj=2(AA- ABPDIA)
where Afp is estimated from AWPTA, Furchermore, it should be noted that
MPTA declines ~20 msec after the initiation of the ECH pulse and falls to
zero level at the end of the ECH pulse (see Fig. l1(b)). This result seems
to indicate a considerable degradation in energy confinement related to the
broadening of the current profile. The similar results have been observed
in the ECH experiments on T-10[3]. Figure 2 shows A\ and ABPDIA as a func-
tion of the toroidal magnetic field as well as the position of ECR layer.
The data points were obtained at the end of ECH pulse. It is found out in
Fig. 2 that no increase of W correlates well with the broadening of the
current profile. Note that the calculated absorbed ECH powers in single path
at the end of the ECH pulse are 230 kW, 120 kW, and 0.1 kW for By =1.08 T,
1,19 T and 1.24 T respectively.

ECH OF LH CURRENT DRIVEN PLASMA

The initial combined experiment of the ECH and LHCD was conducted with
the net radiated ECH power of Ppcy=80 kW and the pulse width of tg=100 msec.
It was observed that the radiated cyclotron waves couple effectively with
fast electrons created by the LH waves at a large down-shifted electron
cyclotron frequency. The measured soft X-ray spectrum and electron cyclotron
emission indicated a selective ECH of the fast electrons with the parallel
velocities satisfying the relativistic cyclotron resonance condition [4].

The experiments with Ppoy= 240 kW and ty= 50 msec have been carried out
to improve the LHCD and to investigate the energy confinement of the LH
current driven plasma. Figure 3 shows the time behavior of the plasma para-
meters for By=1.4 T at which no ECR layer lies in the plasma column. For
this discharge, the target plasma has the D-shaped cross section with minor
radii axb=0.34 m % 0.46 m and the plasma current is feedback-controlled to
keep constant during a flat-top current. The ECH is applied during the LH
pulse which produces the noticeable drop of the loop voltage resultiniAfrom

>

the generation of the LHCD. The ECH makes the marked increases in WP
A+1/2, and electron cyclotron emission and no increase in the averaged
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electron density. It should be noted that the ECH yields the more negative
drop of the loop voltage which suggests an additional current drive by the
ECH. On the other hand, efficient heatings were obtained for By=1.07 T
corresponding to the center resonance heating of the thermal electrons. In
addition, the appreciable interactions of the electron cyclotron waves with
the fast electrons at the peripheral plasma were observed that resulted in
the increases in the loop voltage and the electron density and the decrease
in the electron cyclotron emission. Figure 4 shows AW due to the ECH and
the absorbed ECH power P, as a function of the toroidal magnetic field. The
value of P, was estimated from dwPA/de just after the initiation of the ECH
pulse. The experimental conditions are the same as in Fig. 3 except the
toroidal magnetic field.

Calculated absorbed ECH power in single path and resultant additional
driven current Ipcy under the presence of the fast electrons created by the
LH waves are shown in Fig. 5. 1In the calculation, it was assumed tha the
lower and upper limits of the parallel momentum of the fast electron tail
are P;=0.2 mc and Pyp= 0.7 mc which correspond to the velocities of the
electrons coupled to the LH waves with Ny of 5.0 and 1.5, respectively, where
m is the electron rest mass and ¢ the light velocity. Radial profiles of the
perpendicular temperature T;(r) and the densit% nb(r) of the fast electron
tail are assumed to be TJ_(L')/T_L0= {1- (z/a)?}*T and ny, (r) /oo = {1- (r/a)?}%n
with npg= (Zlce)(un4-I)Irf/{ﬂaz(p1+-p2)}, respectively, where I, ¢ is the
driven current by the LH waves. The result shown in Fig. 5 was calculated
with ap=3 and o, =8, on which the total ECH power absorbed by the fast
electrons depends weakly. It is shown that a peak of Py around B =1.07 T
comes from the bulk electron heating at the plasma center and the increase
in P4y, for B2 1.2 T with increasing By results from the down-shifted ECH.
The calculation also indicates that the more efficient current drive of
the ECH is made for the higher B.. The dependence of the calculated P, on
By with T;g=13- 15 keV seems to be consistent with the observed one. This
suggests that at least ~90 kA of the additional current with a figure of
merit of Ipau/P,p=3.2 A/W for By =1.4 T is driven by the ECH.
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FIGURE CAPTIONS

FIG. 1 Time evolution of the plasma parameters with and without (solid and
dotted lines) the ECH pulse for three different toroidal magnetic
fields.

FIG. 2 Dependence of the incremental increases of A and poloidal beta on
the toroidal magnetic field as well as the position of ECR layer.
Ppop = 240 kW.

FIG. 3 Time behavior of the plasma parameters at By=1.4 T for the combina-
tion of the ECH and the LHCD. Ppoy= 240 kW and Pry= 140 kW.

FIG. 4 Absorbed ECH power and incrementaf increase of the stored plasma
energy versus the toroidal magnetic field.

FIG. 5 Calculated absorbed ECH power and additional current drive by ECH
versus the toroidal magnetic field as a parameter of the perpendicu-
lar temperature of the fast electrons.
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INTRINSIC ELECTRON RADIAL TRANSPORT ASSOCIATED WITH A LARGE AMPLITUDE

FAST WAVE USED FOR CURRENT DRIVE

D. Jovanovich and G.J. Morales

Physics Department, University of California at Los Angeles, Los Angeles, CA
90024, UsA

Abstract: An analytical study is made of the cross-field transport caused
by the combined action of the perpendicular electric and magnetic fields of
a fast wave used to generate a current by Landau damping on resonant
electrons.

Introduction: At the present time there exists considerable interest in the
possibility of using fast waves of frequency larger than the ion gyrofre-
quency (wy > R4) to generate steady-state currents in tokamak devices. The
underlying idea is to accelerate resonant electrons (v = wy/k,) with the
component of the wave electric field E, along the confining magnetic field
B,+ Most theoretical studies of this topic have concentrated on effects
pertaining to pure velocity-space modifications caused by E,. However, fast
waves are known to carry their energy primarily through the oscillating
magnetic field and perpendicular electric field E; the part associated with
E, being relatively small. Consequently, in the process of accelerating
electrons for current drive purposes the wave causes an intrinsic radial
displacement through the combined action of the E| x By drift and the per-—
pendicular wave magnetic field, which for the electrons behaves as a low
frequency magnetic fluctuation akin to those frequently invoked to explain
anomalous electron heat transport.

The present study aims to illustrate the principal features of the
intrinsic radial transport by considering the prototype problem in a simpli-
fied geometry, namely the modification of the average electron distribution
function, in velocity as well as in configuration space, produced by a
Landau damped (temporally) fast wave in a slab plasma. To further ellucidate
the process, some examples of particle trajectories are investigated
numerically.

Analysis: We envision a slab plasma confined by a uniform magnetic field

BOE in which the zero order density ng(x) varies in the % direction perpend-
icular to z) and the invariant direction is f. A temporally damped fast

wave 1s assumed to propagate unidirectionally along 5, but to exhibit a
standing wave pattern in the x direction. For the sake of brevity, we do
not discuss the general case including y propagation; here we consider

= 0 only. Since the real part of the wave frequency wy is much smaller

k
t{an the electron gyrofrequency g, but much larger than the electron
collision frequency, the electron behavior is described by a collisionless

drift-kinetic equation

f%; + v %;)f(:,v,t) - V-[gnf(g,v,t)] + A, %; f(r,v,t) =0 (L




where v = (E x z)(c/B ) + vB /B is the perpendicular drift caused by the
wave fields E and BL’ and A = (—eE + F)/m is the parallel acceleration in

which the mirror force F, produced by the wave, appears. For sufficiently
large w,, F is small compared to the electrical force, so we neglect it in
the present discussion. The quantity v is the velocity component along z,
and the gyro—averaged distribution f(r,v,t) has been integrated over
perpendicular velocities. The first order perturbed distribution function
£) = (1/2){£1(x,v)exp[i(kz - wt) J+coc. }, with w = wy + 1y, v < 0, |¥| << g,
is obtained by linearizing Eq. (1) around the initial time 1ndependent
distribution f,(x,v).

" The slow time (compared to 27/w.) evolution of the spatially averaged
(along z) modified distribution fz(x v,t) = <E(r,v,t)> = f,(x,v) is
calculated to order |E|2 from -

2 g, s V'((\_rD(l)

e 3 g
3t f2 f1>) o i (<Ezf1>) ’ (2)

where the first order drift ED(I) is obtained from a knowledge of the first
order wave fields., Upon evaluation of the right—hand side of Eq. (2) and
integration over v, we obtain the slow time evolution of the averaged plasma
density n(x,t)

d 2 ]
3¢ nix,t) = % (e Tt) e { o [(Bosb] (x) (E (x)n (x))]
(3)
= )2(" (- )2 £ (" (on, ()]}
y v Boug y z R ¥

where a = 1 + (uw,/y) arg Ez, ng = (y/k)(3éy/v)(v = wy/k) is the density of
resonant particles that contribute to current drive, and =n_ = n, is the
bulk density. Two physically different radial transport mechanfsms are pre=
sent in Eq. (3): 1) diffusion, represented by a second spatial derivative;
2) flow, described by a first spatial derivative. The diffusion term does
not exhibit a wave-particle resonance, and can be understood physically as
arising from a diffusion coefficient D ~ (Ax)Z2/At, where the displacement,
Ax, is due to the E x B drift in one wave cycle, i.e., ~ (cEy/BoMb),

and the characteristic decorrelation time is the damping time. i.e., D
(c/Byuy) 2|Ey| 2Y. The flow terms contain a nonresonant (bulk plasma) contri=-
bution that” 1s physically related to a bulk radial velocity vy ~ (Ax/At),
where Ax ~ (AZ)(Bx/BQ), with the parallel displacement Az caused by the non-
resonant acceleration due to E, ~ (eEz/mnb ), and the effective inter—
action time being, again, At ~ 1/1 to yield vy ~ vk(Ra/upy)(e/Bouwg)?2 EyEg.
The physical picture behind the resonant flow is similar, but the parallel
displacement is modified kinetically because the resonant particles see a
constant field, i.e., now Az ~ (eE,/m)/(kv)Z.

The consequence of the cross—field bulk diffusion and flow is an
enhancement in the zero order heat confinement. If the current drive
scenario is tried on a target plasma carrying a bulk current, then these
terms also cause a rearrangement of the current profile. The resonant
particle radial flow may decrease the tail confinement, but a beneficial
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by-product is that it helps to broaden the RF driven current profile. It
should be mentioned that in the presence of a k| spectrum of waves.
Equation (3) generalizes (to order |E|2) to a sum over k,,

The previous discussion pertains to small wave amplitudes such that
particle trapping does not occur. We have considered the single wave
trapping case and find that the familiar phase-mixing in (v,z) phase space
results in a flattening of the resonant particle density profile about a
shifted radial equilibrium. Figure 1 illustrates some features associated
with the radial transport of resonant electrons in the trapping regime. The
bottom half displays the (Av,z) phase-space (elliptical trajectory) in the
wave frame and just below it the corresponding radial displacement (Ax,z)
inthe presence of a single wave having scaled strength p = 0.1, where p =
cEyky/woBy. The non-zero radial displacement associated with the bouncing
particle is evident. The top-half of the figure displays the corresponding
behavior found in the presence of 3 neighboring waves, each of amplitude
p = 0.1. The (Av,z) phase-space (top panel) shows a complicated sequence of
partial trapping and free streaming that results in the net radial
displacement (Ax,z) pattern shown in the lower panel.
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Fig. 1 Simultaneous phase-space (Av,z) and radial displacement (Ax,z)
pattern for a trapped particle. Bottom half is a single wave case. Top
half shows the effect of 3 neighboring waves of equal amplitude and
frequency but different kje




The behavior of a passing particle under the combined action of a single
wave of amplitude p = 0.1 and a random (noise) uniform electric field in the
y direction is illustrated in Fig. 2. The top half shows the phase-space

(4v,z) and radial displacement (Ax,z) when the wave effect in the x direc-

tion is turned off, but with E, and random E, present. The bottom half shows
the behavior when the radial effect of the wave is turned on. It is found
that the particle executes radial oscillations about a randomly diffusing
center. Strong Ax nonlinearities are found (not shown) at levels of p 2 2

1 P T TS |

I 1 I i T ] 1} I I
. ANANAANNNNNAAAAATS

A\
VAR AN AR TATATRTATAY
T NE— % & e
- B .‘;H,\_Fv\/~MP\—xf\\&g’r\v,Jhwf\u-ndﬁVdJ’*-3 :3

LA
= BT

.......... Pagp—

har V/\U;f\V/\v/\/\/\‘,/\u/\\//\Vr\V/\v/\v/\v/\v/\/\]" o

-3

il!lllllill!lll
-\.§ h‘i- o

Fig. 2 Combined effect of single wave and random electric field in y direc-
tion on phase space (Av,z) and radial displacement (Ax,z). In top half,
radial wave effect is off; in bottom half is on.
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SAWTOOTH STABILIZATION AND ELECTRON HEATING BY HIGH
WAVES IN ALCATOR C TORRES L IR

M. Porkolab, S. Knowlton, Y. Takase, S. Texter, P. Bonoli
C. Gomez, R. Granetz, D. Gwinn, S. McDermott, J. ;
Center, MIT, Cambridge, Massachusetts 02139 USA

C. Fiore,
Terry —- Plasma Fusion

Lower hybrid current drive and electron heating experiments were
carried out in sawtoothing discharges in Alcator C (Ry, = 64 cm, a = 16.5
cm) at "moderate” magnetic fields. Sawtooth stabilization experiments
were performed at B = 6.2 T, f_ = 1.1 x 1014 n~ » with adjacent wave-
guides phased at Ap = 90°, while electron heating experiments were carried
out at B = 5.5 T, A, = 1.5 x 10! cm™, with aé = 180°. Up to three
sets of 4 x 4 wavegui%e arrays, operating at f = 4.6 GHz, were employed
for injecting up to 1.5 MW of rf power in the lower hybrid frequency
regime./l,Z/ In contrast to previous experiments on Alcator C /3/ in
which SiC-coated carbon limiters were used, molybdenum Ilimiters were
employed in the present experiments. The advantage of using melybdenum
limiters is that Z.ff did not increase nearly as much as in previous ex-—
periments, and the grill mouths were not contaminated by carbon deposits;
hence the rf power handling of each grill was outstanding. The disadvan-
tage of operating with molybdenum limiters is that the high-Z impurity
radiation from the center of the plasma rose significantly during rf
injection. The radiation was monitored by spectroscopic means, and in
these experiments was found to be a small fraction of the total injected
poOwer.

ELECTRON HEATING EXPERIMENTS

In Fig. 1 we display the time history of a typical heating shot with
Prg = 1.0 MW for Ay = 180° phasing of the waveguide arrays. For the deu-
terium plasma parameters He = 1.4 x 1014 cm_3, I =260 kA, and B= 5.5 T,
the value of Z.ff TOose from 1.5 prior to rf injection to 2.1 during the
rf pulse. The ion temperature increase measured by neutron yield was
ATy = 250--300 eV, which was consistent with charge exchange neutral diag-
nostic measurements of Ty. The electron temperature rise, as measured by
Thomson scattering, was approximately ATg, = 600 eV from an initial value
of Teg = 1200 eV with no apparent change in the electron temperature
profile. The resistive loop voltage decreased from 1.8 volt to 1.3 volt
during the rf injection, in agreement with the observed electron heating
and rise in Zggg. The total energy content of the plasma was calculated
from the kinetic temperature profile measurements of a number of similar
shots. The results are plotted in Fig. 2 as a function of total injected
power (Pgor = Poh + Prg). We notice that the slope of the curve is reduced
from that of a straight line which would connect the origin to the initial
ohmic heating points, indicating a deterioration of the global energy con-—
finement time, Tg. In the same plot we also indicate with the solid line
the predictions of the Kaye-Goldston scaling for NBI-heated plasmas./4/
We see that the present results do not deviate greatly from such a scaling.
This is further demonstrated in Fig. 3 where we display a plot of tg
versus Pyor, as deduced from the data in Fig. 2. We have also added a
second set of data points which are obtained by subtracting the total
power radiated by molybdenum, as deduced by spectroscopic measurements of
the molybdenum line emission (the radiated power due to iron was found to
be negligible). The maximum radiated power remained within 10-20% of the
total injected power up to the P.g = 1.0 MW (Pp,, = 1.3 MW) level (at
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5.5 T, Ppg = 1.0 MW, A¢ = 180°.

higher powers the radiated power began to increase significantly, and the
data were not used). Bolometric measurements of the inner half of the
plasma column supported these conclusions. Thus, within experimental
error the results are similar to Kaye-Goldston scaling for input power.
However, detailed experimental studies of confinement scaling with plasma
current were not carried out, and hence a full comparison with such a
scaling law is not established here. Furthermore, the injected rf power
in these experiments did not exceed the ohmic power by more than a factor
of ~ 3, while the empirical Kaye-Goldston scaling was obtained for values
near and above this level.

Numerical studies of these results were carried out using the Bonoli-
Englade LH ray tracing and transport code./5/ It was found that approxi-
mately 25% of the injected rf power is absorbed by electron-ion collisions
in the plasma periphery. The remaining 75% of the power was absorbed via
electron Landau damping. The experimentally measured temperature increases
were found to be consistent with not more than a 30% increase in y[
relative to Xg (where ; is the electron thermal diffusivity). This
apparent degradation in confinement is also consistent with the earlier
SiC limiter results in which a 40% larger increase in Tg (ATg = 1.0 keV)
and a 100% larger increase in T; (AT; = 600 eV) were observed./3/ Code
modeling, which included a simulation of the large increase of Zg¢f
associated with the carbon and silicon injection, indicated that the
larger temperature rises were a consequence of the significant reduction
of deuterons due to the injection of low Z impurity ions and of an increase
in input ohmic power. The agreement with Kaye-Goldston scaling may be
coincidental, and further experiments at even higher rf power will be
needed to clarify confinement scalings of lower hybrid heated plasmas.
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SAWTOOTH STABILIZATION EXPERIMENTS

Sawtooth stabilization experiments were carried out in the current
drive mode of operation (A¢p = 90°) at I_ = 250 kA, r'\e = 1.1 x 10!% cm™
Br = 6 T, q(a) = 5. As shown in Fig. 4, the sawteeth in the central soft
x=-ray signal were suppressed during the rf pulse. Sawtooth suppression
was also evident on the electron cyclotron emission. The large increase
in the x-ray emission resulted from an increase in metallic impurities
(molybdenum). However, when the relative waveguide phasing was changed
to A¢ = 180° in discharges with similar parameters, similar impurity
injection was observed, yet the sawteeth were not suppressed, but became
even larger (see Fig. 1). Furthermore, in both current drive and heating
modes of operation the central electron temperature increased by compar-
able values (ATg ~ 500 eV) above the initial ohmic values. These results
suggest that the stabilization is associated with rf current drive, rather
than by central cooling due to enhanced impurity radiation. The central
temperature increased with rf power even in the current drive mode and
the temperature profile remained nearly constant. The sawtooth inversion
radius also remained nearly constant at r = 3 cm, at least up to the
threshold power level above which sawteeth were stabilized, and hence were
no longer observable. The sawteeth were eliminated once the rf power
exceeded the initial OH power level, Pop = 450 kW. This is shown in Fig.
5, where we see that Prf?’ 500 kW is necessary to eliminate the sawteeth.
At signficantly higher powers (Pr Z 850 kW) the sawteeth were stabhilized
only for time durations of At ~ EO msec into the rf pulse, but then re-
turned for the remainder of the pulse. (We note that 50 msec is approx-—
imately the L/R time constant). Based on these results, it is not clear
whether the q(0) > 1 condition is attained during the rf pulse (which
would stabilize sawteeth), or a more subtle effect is operative, such as
stabilization by replacement of a fraction of the resistive ohmic current
with nearly collisionless current carried by the rf-driven tail electrons.
Our estimates from the loop voltage drop and heating indicate that under
these conditions only 15-20% of the total current is replaced by rf-
driven currents. Code modeling indicates similar values, and also predicts
that the local rf current generation is not sufficiently large to raise
q(0) above unity. At present it has not been estabhlished if either an
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improved energy confinement time, or increased impurity concentration
near the plasma center accompanies the sawtooth elimination. Further
studies will be carried out to answer some of these questions.
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ENERGY DEPOSITION PROFILE CALCULATION FOR LH WAVES
AND COMPARISON WITH FT EXPERIMENT
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INTRODUCTION

A realistic description of the physics of heating and current drive
by LH waves in tokamaks would involve wave propagation in toroidal plasmas,
absorption by strongly distorted electron and ion distribution functions,
and transport processes [1,2]. If we want to do something simpler, retaining
the physics, we may adopt a simplified model for the propagation, keeping
the calculation of the absorption by the strongly distorted distribution
functions [3]. Transport processes take place on a longer time scale with
respect to the quasi-linear generation of the tail distribution function
(d.f.) and can be neglected at least in a first approach. In this paper
we present a calculation of the power deposition profile in LH heated plas-
mas, using such a model. In Sec. 2 the model is briefly described; in Sec. 3
the results obtained in applying it to FT experiments [4] are discussed;
conclusions follow.

THE MODEL

A WKB approximation in cylindrical geometry is used in the treatment
of the wave propagation, as well as a cold plasma dispersion relation in
the electrostatic limit. As a consequence of the cylindrical geometry and
of the fact that the poloidal wave momentum launched by the grill is vanish-
ing, nj has only the radial component, while oy has only the z component
and it is a constant of motion. Furthermore, we restrict our attention
only to those solutions providing all the absorption during the first inward
pass. Within this scheme the equation determining the n, -spectrum of the
wave energy density w(n") at each radial position, in the steady state, is

d{v w.r)=—2Crw (1)
dr Br

with the boundary condition at r=a

W =

(a.n")vgr(a,n”) PRF(nu)/ZHR 2la £2)

here v is the radial component of the group velocity, P F(nli) is the
power Spectrum at the plasma edge and I'=ye+YH+YD+vc is the absorption re:as
due to resonant wave particle interaction (ye refers to the electron
YH to a minority of hydrogen and YD to deuterons) and to nonresonant col
lisional absorption on thermal electrons (ve) [5].
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Equation (1) is coupled through the y's to the equations for the elec-
tron and ion d.f., which in turn depend on W through the RF quasi-linear
diffusion term. At each radial position the electron tail d.f. is described
by the steady state 1-D equation [6]:

v,
L s o] - )
The

pte)
BV“ (D QL Bv“ fe(v“) e

(The notations are the same as in Ref.[G].)

_Similar equations [1] are assumed to hold for the two ion species
present in the plasma (a minority of hydrogen in a deuterium plasma). In
this case the perpendicular dynamic has to be retained:

B Sl [ (1) afi {g) )28
ot B " L (D v, Gyt Thl) £i(vy)] = (4)

where C:L is given in Ref.[7].

Following Valeo [1], to prevent the solution from extending to un-
physically high energies, we truncate the ion d.f. at some velocity v
which is connected with some physical process (for example banana-losses).
Solving the coupled Eqs (1-4) means finding the particle distribution func-
tions with the self-consistent power spectrum. This can be easily done,
since in order to find the distribution functions relevant to a certain
radial shell we only need the power leaving the previous radial shell.

THE RESULTS

The model has been applied to a typical FT discharge in the electron
heating regime [4]. Two different peak temperatures are considered: the
one (Te=1.7 keV) relative to the ohmic phase at the beginning of the RF
pulse and the other relative to the steady state heated phase (Te=3 keV).
The other plasma parameters were ne=6.10"7cm” , B=B T. The Brambilla spec-
trum of the 2x2 waveguides grill was used.

Figure 1 shows the absorbed power density vs radius for Te-l 7 keV
(full line) and for Te—3 keV (dotted line), while Fig.2 shows the residual
power and the integrated absorbed power vs radius in the two cases.

It is worth mentioning that, although most power is launched within
n; €3, the power spectrum is actually extending up to my=6 (see Fig.3).
The power at high n; plays an important role, as in the 0-D case [8]; when
the conditions for the absorption of this part of the power spectrum occur,
also a fraction of the power at low n; is absorbed. This is shown by Fig.3
where the power spectrum at the plasma edge and at r=5 cm and at r=1 are
shown. Coming back to Fig.2, we can comment on it in this way: at the be-
ginning of the RF pulse only 50Z of the power is absorbed at the first
inward pass, while in the heated phase, almost all the power is absorbed.
This is consistent with preliminary B poloidal measurements performed on
FT in spite of the cppper shell [9]. We get similar results when the 2x4




451

(ONOM) power spectrum is used, but the deposition profile is more peripheri-
cal and a larger fraction of the power is absorbed both in the low and
the high temperature cases.

When the density is increased, absorption by a 2% hydrogen minority
begins to play a role; an average density ne=1.1 10**cm ° has to be reached
in order to have more power absorbed by the hydrogen ions than by the elec-
trons. The deposition profile for this case is shown in Figs 4 and 5, where
standard FT density and temperature profiles were used. Although the model
can reproduce the sharp switching off of the wave electron interaction
experimentally observed [10], it glves a density limit a factor 2 higher
than the experimental one (ne=5 101%cm ).

To conclude, we summarize the main results:

a) In the low density regime, where electron heating works, most power,
in the heated phase, is absorbed within half radius by the electrons,
without invoking any ad hoc broadening of the n, spectrum,

b) The deposition profile depends on the launched spectrum.

c) At higher density absorption by a minority of hydrogen ions begins to
play a role, giving rise to a density limit in the electron wave inter-
action which is a factor 2 higher than the experimental one.
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Fig. 1 Power density profile absorb-
ed by the electrons at fie=6x10%3 cm-2
a) Te=1.7 keV; b) Te=3 keV
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Fig. 4 Power density profile at fie=
=1.6x1013, Te=1.2 keV, Ti=1 keV.

a) absorption by hydrogen minority;
b) absorption by electrons
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Fig. 2 Residual power vs r (d),c))
and integrated absorbed power vs r
(a), b)) at fe = 6x1013 cp-3, Fyll
lines Te=1.7 keV; dotted lines Te=
= 3 keV

Fig. 3 Power Spectrum vs n, for
Te=3 keV. a) at the edge; b) at
r=5 cm; c) at r=lcm.
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Fig. 5 The same plasma as Fig. 4.
a) residual power wvs r; b) inte-
grated power absorbed by hydrogen
minority; c) integrated power ab-
sorbed by electrons
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LOWER HYBRID WAVE ACCESSIBILITY AS A MEANS FOR CURRENT PROFILE CONTROL

G. BRIFFOD - C. GORMEZANO - F. PARLANGE - D, VAN HOUTTE

Association EURATOM-CEA - Départenent de
Rechenches sur La Fusdon Contrndlée
CENG-85X - 38041 Gnrenobfe Cédex (France)

Powerful ICRH experiments on JET /1/ and Neutral Beam Injection of various
species on TFIR /2/ have recently confirmed the insensitivity of the tempe-
rature and safety factor profile shapes to the heating profile and the
important role played by the sawtooth activity on the overall performances.
In order to overcome these limitations, we propose in this paper, in a Toko-
mak operating at constant plasma current :

. to control the resistive part of the current by driving and H.F. current
by Lower Hybrid Wave.

. Te act on the current profile, with the constraint that q(o) > 1 by con-
trolling the wave penetration.

Constant plasma current Tokomak discharges in which a part of the current is
driven by L.H.W. have been extensively studied on PETULA /3/ and this mode
of operation has proven to be very efficient in stabilizing the sawtooth and
M.H.D. activity /4/.

CONTROL OF THE OHMIC PART OF THE PLASMA CURRENT

In a purely ohmic Tokamak discharge, j(r) and T(r) are connected through the
conductivity. The current profile can usually bg expressed as :
q(a)

Jp=J@y (1 - L)V with J(o) = - (v +1) and q(o) =
a® ma?

a being the plasma radius. If in this discharge, operating at constant plas-
ma current, a part of the current is driven by L.H.W. the loop voltage and
the ohmic current drop in order to satisfy : I, = I + Igp = CSC (1)
where Igp is the total H.F. current which includes the additional term com-—
puted by N. Fisch /5/ in presence of a D.C. electric field. Then, by the
control of the H.F. power, IHF can be adjusted in order that the safety
factor on the axis due to the ohmic part of the plasma current is such that
q(o) = 1. This condition and the fact that Iy, remains connected to the tem-—
perature permit to write : ;

.+ q(a) q(a)
Jq = Jogoy (1 =57 with gy = J(g) —=- and Ig= I —= (2)

‘ o a q(a), ¥ * .
with the condition Iyp = Ip - I = Ip =~ T (3

The current profile Jp = Jg + Jyp is then fixed by the radial localization
of Jyp. If there is no H.F. current on axis, q(o) is fixed by the ohmic part
of the plasma current.

CONTROL OF THE CURRENT PROFILE

In the current drive regime, w > wry , the wave is mainly electrostatic and




its penetration inside the plasma is fixed by the accessibility condition :

N,)j ®Nace(o) = (1 + 1,02 _E; B 2)1/2 + (1,02 ———01/2
B¢ £ Bo?

. If the wave index N// is greater than Nace(o) On axis, the wave reaches
the plasma center and Jgp is peaked on the axis. The safety factor is then
fixed by the sum of the two currents. The stabilization of the sawtooth
which is observed in these conditions /7/ is due to the generation inside
the q = 1 surface of an H.F. current carried by energetic electrons
(Vvy) = C/Ng)).
« IE Wiy 15 lnwer than Nacc(o)n the wave penetration is limited to a radius
r = rg fixed by acce531b111cy condition N// = N,... Moreover, if the width
of the spectrum, AN//, is such that N,; + 1/24N// < Nace(o)» JHF is loca-
lised in a ring around the axis. In this case, the safety factor on axis is
fixed by Ip alone, and the comstraint gq, > 1 is satisfied by the condition
(3). In absence of an analytical expression of JHF! due to the gap problem,

the current profile has been modelized [8/ by Jyp = J* {1 - ( al rs) }

Two examples of the variation of the current profile.which can be obtalned
by the localization of JH are shown in the Fig. 1 for :
Ua) ™ 2, ¥ 3 and rg = 0,5a and rg =0,75a

Ja

Jak Jp ¥t

Jp=Jdwrda

APPLICATION TO JET

Fig. 3 reproduces two JET temperature profiles /9/. One of these profiles

is measured at t = 6 sec. when some skin effect is still present and the
plasma free of sawtooth relaxation. The other one is measured at t=8.5 sec.
when sawtooth activity has developped. To maintain q(o) = 1 with the parame-
ters of this discharge ; mp = 2.6 103, By = 3.45 T, I, = 2.86 MA the requi-
red H.F. current is : Iyp = I, (1 - :(iz - 0.7 MA

assuming v = 4.5 and q(a) = 4.1 . From the curve Nyoo = ECTF) displayed on
Fig. 2 for £ = 4 GHz it can be seen that localization of Iyp on a ring of
radius r = rg = 0.4 a is obtained with a wave spectrum such that :

N//max = 1.91 <Nyy > = 1.61 ANyy [ <Ny/> = 0.37
The number Ng and the width b of the waveguides needed to produce this spec-

trum are Ng =% /2595 p -8 A g0 cm forap=T
Ad ANy 21 <N/ > 2

This grill can be easily made with 6 multijunctions /10/ of 4 waveguides
each. The control of the phase between the multijunctions allowing the loca-
lization of Jyp to be changed at a given demsity or the localization to be
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kept constant when the density change. The power required to drive this H.F.
n(10'") Rm) TwrQw) o

n
In this estimation, @ = 2.6 10'%, I, = 0.7 MA, R=3 mand v = 1.8 . The
value of the efficiency n is taken from PETULA-B data /11/ obtained for
similar conditions ; £ = 3.7 GHz, @ = 3.1 10'%, By = 2.8 T,
Iyp/I, = AV/V = 0.3 (cf. Fig. 4). It should be noted that the improvement in
tﬂe efficiency due to the D.C. electric field is greater on PETULA-B than
on JET. However, this effect must be compensated by the higher magnetic
field in JET (3.4 T) and the better directivity of the grill envisaged for
JET as compared to the present PETULA-B grill. More detailed informations
on this extrapolation may be found in ref. /12/. ‘

current is : Py =

a L] £ = o}
SCALING EXPERIMENTS ON PETULA

In view of an application on JET, experiments have been performed at high
density, i = 6.10'%, By = 2.8 T, with 400 kW, 3.7 GHz generator and a

grill allowing a wave spectrum with an <N;/> ranging from 1.7 to 2.7 to be
launched /6/.

For <N//> = 1.7 and @i = 6.10*%, the wave index is lower than Nace(o) om
the axis. However, the wave penetrates inside the plasma as it can be seen
from the fact that :

+ The reflection coefficient remains unchanged and is very low indicating
that the wave is not reflected back into the grill /13/.

. Significant loop voltage drop is observed and sawtooth activity disap-
pears.,

Sawtooth stabilization is obtained for Igp/I, = AV/V = 0.3 and for H.F.
power of the order of the ohmic power /7/. For N / = 2.7 and the same den- I
sity, sawtooth relaxation cannot be suppressed with the available power. i

In the whole range of density where sawtooth stabilization is observed
fi=1¢to6 10'3, the accessibility condition, for <N;y/> = 1.7, changesfrom
N7/ > Nace(o) -t0.N/7 < Nace(o) - However, no evidence of a modification of
the radial-profile of Jyp with density can be concluded from our present
measurements. This may be due to the fact that in small size Tokamak like
PETULA, significant H.F. current can only be driven in the central part of
the plasma where the higher temperature (1 KeV) provide the fast electroms
required to carry the current. On JET where the same temperature is obser-
ved at r = 0.75 a, and reaches more than 2 KeV at r = 0.5 a, the localisa-
tion of H.F. current should be easier.
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CONCLUSION

Lower Hybrid waves at 3.7 GHz and <N;;/> = 1.7 have been launched in Tokamak
discharges where <N;;><Nace(o). The H.F. current generated in these condi-
tions allow the sawtooth activity to be stabilized up to a density of

6 10*? p/em?.

On the basis of these results and on the fact that in hot plasma, the radial
localisaticn of the wave should be easier it appears that in Tokamak opera-
ting at constant plasma current the replacement of a part of the ohmic
current by an equivalent H.F. current carried by fast electrons along the
lines of force and radially localized can be a new and efficient way to con-
trol the equilibrium and the stability of hot and dense plasma.
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Abstract

In the high density regime of f,/fiy=1(pump frequency: f,=800 MHz ;
ftn is lower hybrid frequency), m=2 tearing modes and major disruptions
at q(a)~8 are suppressed through rf current drive and/or production of
high energy tail electrons by injection of fast waves near the lower
hybrid frequency. Stabilization of m=2 tearing modes is observed in
following three cases: in case I n~5x10' em™ , B;=1.2 T, in case II
~9x10%em® , 1.7 T, and in case III ~1.5x10" cw™® , =2.4 T. The
frequency of the poloidal field fluctuations decreases by about 70 % in
case I and by about 30 % in case II during the rf pulse. On the other
hand, the frequency increases by about 30 % in case III. The
stabilization in cases I and II is considered to be achieved by slow
wave current drive localized in the outer plasma region ( r/a=0.5 ).
since most of the fast waves launched can be mode-converted to slow
waves in this region. The stabilization in case III, where most of the
rf power in fast waves can be transmitted to the central high density
plasma, is inferred to be due to fast wave current drive and or
production of high energy tail electrons assisted by an ohmic heating
field.

1. Introduction

In many tokamaks, major disruptions were studied for low 3; or high
B: plasmas sustained by an ohmic heating current alone. These
experiments showed that a large magnetic island caused by the m/n=2'1
tearing mode had a dominant role to trigger the major disruption.
According to resistive mhd theory, tailoring of a current density
profile is quite effective for suppression of m=2 tearing mode and
disruptions (1,2) . As methods for tailoring the profile the following
two options are possible: (i) local electron heating just outside the
q=2 surface, and (ii) current profile control by rf current drive. The @
former option was successfully tested in the JIPP T-II tokamak using an i
additional current rise by the ohmic heating field [3.4] . and in T-10
using off-axis electron cyclotron heating (5] . The latter option is
more advantageous than the former one because the current density
profile is determined by the power spectrum of launched waves almost
independent of electron energy transport. It has been pointed out by
recent theoretical work that the local current drive in phase with
island rotation is most efficient (6-8] . Several experimental
supports on the latter option are obtained from lower hybrid current
drive experiments: in PETULA-B large island of m=2 tearing modes are |

suppressed (9] , and in PLT sawteeth oscillations are suppressed
exhibiting an enhanced bulk electron heating near the plasma
center [10) . In this paper, we present the suppression of m-2 modes

and disruptions through current drive and’or production of high energy
tail electrons by injection of fast waves.
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2. Experimental Setup

The experiments are carried out in the JIPP T-IIU tokamak ( R, = 91
om, a. =23 cm ) at By=1.2-2.4 T and n,=0.3-1.6x10" cm™® . The fast
magnetosonlc waves at f,=800 MHz are launched with powers up to 150 kW
into hydrogen plasmas from a four-element dipole antenna array [(11] ,
vhere f, roughly corresponds to the 20-th to 40-th ion cyclotron
harmonic. In the experiments, the phase difference between adjacent
antennas has been set at Ap=0° to minimize the rf power reflected. The
ohmically heated target plasmas are produced in the following operation
regime of safety factor at plasma surface q{a)=2.5-3.5 and
ne/(B:/R)=0.5 , where m=2 tearing modes are strongly excited and major
disruptions frequently occur.

3. Stabilization in Low and Medium Density Regimes ( cases I and II )
When more than 60 kW rf power is injected into low density plasmas
(n=7=10"% cm'a) with large m=2 fluctuations ( By/By=1.5-2 % ) which
bring about major disruptions, the plasma current is almost replaced by
rf-driven current ( I./I,=1 ). Then, the amplitude of the fluctuations
is clearly reduced to the noise level { =0.1 % ) as shown in Fig.1.
The rf power injected is roughly a third of the ohmic input in the case
without rf. A dramatic reduction in frequency of the fluctuations is
observed during the rf pulse. Note that the direction of the mode
rotation is that of electron diamagnetic drift. The reduction in the
frequency is consistent with the decrease in bulk electron temperatiure
due to rf current drive. This result suggests that a tokamak plasma
sustained by rf-driven current alone is quite stable agalnst low-m
tearing modes. In the medium density regime of n.=7- 9% 10'¢ em™ ( case
IT ), the plasma current is partially replaced by rf-driven current
( n=I1,4/1,<0.3 ). Then, both amplitude and frequency of the modes are
reduced roughly by the factor (1-n).

4. Stabilization in High Density Regime ( case III )

In the fast wave current drive, we encountered the so-called
density limit (11] which is similar to that in lower hybrid current
drive, i.e., m»=8x%10'% cm? . The stablllzation of tearing modes has
been tried in the higher density m.=1.4—-1.6x10'% cm® at B;=2.4 T. The
relative amplitude of fluctuations in the case without rf is about 0.3 %
and grows to more than 2 %, then the discharge is disrupted. The
fluctuation amplitude is clearly reduced to less than 0.1 % by injection
of fast waves ( Fig.2 ). By the application of rf, the plasma current
rises accompanying the slight decrease in a loop voltage. The second
harmonic electron cyclotron emission near the plasma center increases by
about 50 %. Note that the tail electron temperature derived from X-ray
spectra increases from ~4 keV to ~9 keV. The energy spectra of charge
exchanged neutrals exhibit only a slight tail component ( ni;/nj,=5-10
% on assumption of bi-Maxwellian; n;;/nj, is a ratio of tail ion
component to the bulk one ). 1In contrast to cases I and II, the
frequency of the poloidal field fluctuations gradually increases during
the rf pulse. The increase in the frequency may be due to the increase
in bulk electron temperature by collisional power flow from tail
electrons.

In Fig.3, we summarize the stabilization effects by fast wave
current drive and,or production of high energy tail electrons for the
above three cases. This figure shows the relative amplitude of m=2 mode
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fluctuations as a function of rf power injected into the t ;

; 5 orus.
figure also shows the results in lower hybrid current drive Ezin;T:ls
~wavegu1de grill (12] , where the phase difference between adjacent
waveguide is set at Ap=90°. They are essentially similar to those in

case II.

5. Discussion

From a linear theory of propagation of fast waves near the lower
hybrid frequency, we calculate the range of ny for propagation without
mode conversion to slow waves, i.e., 1.65n,<2.1 for case I,
1.4<n;=2.3 for case II and 1.2<n;<2.4 for case III. The power
spectrum of launched waves spreads in the range of 1=m;<2.2 at Ap=0°.
For case I, most of rf power may be deposited in the outer plasma region
of r/a==0.5. The stabilization is considered to be due to current drive
by slow waves mode-converted in the outer region. In case II. fast
waves with about 30 % of launched power can propagate into the plasma
center, The fast waves with the remaining power will be mode-converted
in the outer plasma region and absorbed there. In this case, also
mode-converted slow waves will play an essential role in current drive
and stabilization of tearing modes. The case III is in a typical regime
where fast waves launched with most of the rf power can penetrate in the
plasma center. The fast waves will produce high energy tail electrons
around that region. A peaked current density profile which is stable
against the m=2 tearing mode [l) 1is expected through current drive
and/or high energy tail production assisted by an ohmic heating field.
The above discussion seems to be consistent with the experimental
observations.

The rf power required to stabilize the m=2 mode seems to be
appreciably larger than the theoretical prediction. although the
prediction depends on the detailed shape of the current density
profile. It is inferred that in this experiment rf-driven current
and/or high energy tail electrons are not always generated
preferentially in the O-point of a magnetic island against Lhe X-point.
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Fig.1 Discharge characteristics in the low density regime ( case I );
I,: plasma current, n.: line-averaged electron density, Pgy @ ohmic
input. P,y : net rf power, By/By @ relative amplitude of poloidal
fluctuations, and P(f): power spectrum of the fluctuations.

Fig.2 Discharge behavior in the high density regime ( case III ); Iy:
second harmonic electron cyclotron emission.
Fig.3 Relative amplitude of m=2 modes as a function of net rf power for
cases I,II, IIT and that for lower hybrid current drive.
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