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FOREWORD

Considerable progress towards demonstrating the feasibility of controlled
fusion as well as economically favourable fusion reactor characteristics was
reported at the Ninth IAEA Conference on Plasma Physics and Controlled
Nuclear Fusion Research. This progress extends to all approaches to controlled
fusion and fusion technology.

The Conference was organized by the Agency in co-operation with the
United States Department of Energy, with the assistance of the Princeton Plasma
Physics Laboratory. It took place on 1—8 September, 1982, in Baltimore,
Maryland, USA; and was attended by 488 participants and 145 observers from
31 countries and five international organizations. One hundred and forty-seven
papers were presented at the technical sessions, including two poster sessions.
They included contributions on theory, open and closed magnetic confinement
systems, inertial confinement systems, and related technology. The traditional
Artsimovich Memorial Lecture was given at the beginning of the Conference.

These Proceedings, which include all the technical papers and four con-
ference summaries, are published in English as a supplement to the IAEA journal,
Nuclear Fusion.

The Agency promotes close international co-operation among plasma and
fusion physicists and engineers of all countries by organizing these periodic
conferences on controlled nuclear fusion and by holding seminars, workshops
and specialists’ meetings on appropriate topics. It is hoped that the present
publication, as part of these activities, will contribute to the rapid demonstra-
tion of fusion power as one of the world’s future energy resources.
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The papers and discussions have been edited by the editorial staff of the International
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expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.
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Abstract

HIGH-POWER ICRF AND ICRF PLUS NEUTRAL-BEAM HEATING ON PLT.

PLT ICRF experiments with RF powers up to & 3 MW have demonstrated efficient
plasma heating in both the minority fundamental and the second harmonic ion-cyclotron
regimes. In the minority 3He regime, ion temperatures of & 3 keV have been produced along
with =& | kW of D-*He fusion power and substantial electron heating. In the second harmonic H
regime, an equivalent averaged ion energy of ~ 4 keV has been achieved. Combined ICRF plus
neutral-beam heating experiments with auxiliary powers totalling up to 4.5 MW have provided
insight into auxiliary heating performance at stored plasma energy levels up to = 100 kJ. Values
of fi5 in the range of 1.5—2% have been attained for By & 17 kG. Energetic discharges with
e up to =6 X 10' cm™ at By & 28 kG have also been investigated. Preliminary confinement
studies suggest that energetic ion losses may contribute to a direct loss of the input RF power
in the H minority heating regime but are insignificant in the *He minority case. The energy
confinement time for the H minority regime is reduced somewhat from the Ohmic value.

INTRODUCT I ON

Since the previous IAEA meeting[1l], the power levels of
the ICRF experiments have been increased substantially while
maintaining the fon heating efficiencies observed at lower
power and providing substantial electron heating. These

* University of Maryland, College Park, Maryland, USA.
* Permanent address: CEN de Fontenay-aux-Roses, France.
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results permit extrapolation to future devices (TFTR, FED,
etc.) with higher stored energy and B [2-4], [nvestigations
of the stability and transport properties at these higher
power levels have now begun.

In This paper, the present status of the high-power
ICRF and ICRF plus NB experiments is presented. The com-
bination of up to 6 half-turn loop antennae located at the
outside of the toruswith improved feedthroughs[5]now provides
up to ~ 1.6 MW at 25 MHz and up to ~ 3 MW at 42 MHz. The
lower frequency is used for TheBHeand H minority heating
regimes at ~25 kG and 17 kG, respectively, while the higher
frequency provides heating in the H minority and H second
harmonic regimes at B¢ ~ 28 kG and 14 kG. Up to 2.5 MW of
NB power is currently available.

Emphasis is placed on heating efficiencies obtained in
the various regimes and the energy confinement for the
minority regime with and without the addition of neutral beams.
The influence of m = 2 MHD instability and possibly ener-

getic particle losses on the heating performance is discussed.

2. |ON HEATING
2.1.Minority lon Heating

The central deuterium temperature increments obtained
for the 3He minority, H beam, and H minority plus D¢
neutral beam injection regimes are summarized in Fig. 1a
for a range of densities and powers up to ﬁe ~ 6 X 1013cm_3
and Paux ~ 4.5 MW. Both the highest value of Td(o) and Tthe
best ion heating efficiencies have been achieved in the 3He
minority case[3].Td(o) has been increased from ~ 0.7 keV to

~ 2.8 keV at He = 3.2 X 1013 cm_3 with 1.3 MW of 25 MHz rf

power. The ion heating efficiency in this case is ~5 x 1013
eV cm—B/kW as compared with ~ 3 x 1013 ev cm_3/kw for the

H minority case. Both the negligible charge-exchange [oss



TAEA-CN41/1-1

{a) {(b)

LI SR I Bt T 3000 T T T
3
2800 4 :e m:’:@m - 05 3WW Sk Anervas
® NB+ICRF | 005 2WMW Four Antemnas . |
2400+ / ] 005 1MW Two Antennas
A
__ 2000 | 2000 -
> —
> 3
}a 1600 — z L -
[
<Q o ,0
1200~ — ]
1000 —
L)
800+ _
\
o+ ----m=2 =
400} %/CEG . o 7
S R R S R N B B | | | |
0 0.2 04 06 08 1O 0 0.2 04 06 08 10
P/ g (MW/10"cm™3) P/ T (MW /10 cm™)

FIG.1. Plasma ion heating rates with (a) minority ICRF and H minority — D° beam heating
and (b) H second harmonic heating.

and the stronger coupling to the deuterium ions of the ener-
getic 3He ions contribute to the better ion heating perfor-
mance in the 3He minority regime.

The deleterious effect on ion heating by m = 2 MHD activ-
ity is demonstrated in Fig. la. Similar degradation of the
electron heating in the minority regimes also occurs. Thus,
as in the studies of ohmic and NB heating, the m = 2 insta-

bility must be avoided to optimize heating performance.

2.2. Second Harmonic Heating
The highest rf power coupled into PLT to date, 3.2 MW,
has been reached in the hydrogen second harmonic regime with

the 42 MHz rf system. The central hydrogen energy distri-

bution measured with a passive charge-exchange system {(confirmed

with a diagnostic neutral beam) is non-Maxwellian (Fig. 2a) in
general agreement with the theory of quasi-linear velocity
space diffusionl[6]. The energy contained in such a distribution

can be described in terms of the average ion energy <E > or,

h
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FIG.2. Second harmonic heating characteristics in H with By =~ 14 kG, N~ 3.8 X 10 em™3,
and Ppp ~2,8 MW. (a) Charge-exchange distribution; (b) Terr versus time.

for comparison to the minority ion heating case, by an effective
Tempera+ure[3]Teff =.2/3 <Eha Teff versus fime for P . ~ 3 MW

is given in Fig. 2b, where a maximum value of Teff ~ 3 keV is
attained. Fig. 1b illustrates the scaling of AT .. with Prf/ne
for several combinations of antennae. An ion heating efficiency
comparable to that of the minority H regime is obtained. Note
that if a similar distribution is produced in a deuterium

plasma by second harmonic heating at Teff = 3,2 keV the fusion out-
put would be ~ 4 times that for the thermal case assuming

adequate confinement of the energetic tail of the non-Maxweliian

distribution.

2.3, ICRF Plus Neutral Beam Heating

Earlier investigations have revealed that in the 3He
minority regime with H® beam injection, for which there is
no direct rf-beam ion interaction, the ICRF and NB ion heating
increments are essentially additivel7]. However, rf beam ion
interaction is expected in the hydrogen minority regime with

He (wCH) and D° (Zutd) beam injection. The beam energy dis-
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tribution measured by charge-exchange for H® injection has been
observed to fall off at a substantially slower rate above the
beam injection energy during {CRF heatingl[8]

The high-power results reported here are for the H
minority - D° beam regime for which the interaction is
expected to be less than in the H® beam case. However, ion
temperature must be measured from Doppler broadening of impur-
ity lines since energetic components are added to both the H
and D ion energy distributions. This regime has been employed
to achieve toroidal B8 values on PLT in the range of ~ 1.6 -
2.2% with ~ 3 MW of ICRF plus NB power [3,4]. In addition, the
heating properties of the H minority - D® beam regime have
been studied at higher toroidal field B¢ ~ 28 kG, for ICRF@)IUE3
NB power levels up to 4.5 MW and Ne ranging up fo ~ 6 x 10 “cm .
The values of Td(o) deduced for the bulk deuterium component
from Doppler broadening measurements of hydrogen-like titanium
fine radiation are plotted in Fig. 1a. The NB + [CRF data
points lie somewhat above the minority hydrogen curve, indicating
an ion heating efficiency of ~ 3.5 eV x 1013 cm—3/kw for the

conditions studied.

ENERGETIC PARTICLE MEASUREMENTS DURING ICRF HEATING
3.1. Energetic “He lon Effects

In the 3He minority case not only have D-D fusion neu-
tron fluxes exceeded 1012 n/sec, but also the D—3He fusion
proton fluxes measured with surface barrier detectors at the
plasma edge have reached levels up to » 3 X 1014 p/sec which
approaches ~1 kW of fusion power[9]. The presence of an ener-
getic 3He fon tail has been further demonstrated by the width
measured for the escaping proton energy spectrum centered about
14.7 MeV corresponding to a reacting 3He energy of greater than
~ 200 keV (Fig. 3a). Finally, the D—3He reaction rate has been

- a
found to be proportional to Ng 3Prf {2<0<3.5) with no evidence
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FIG.3. Energetic particle measurements. (a) Proton spectrum from D-3He reactions and

(b) bolometer probe measurements for Py ~ 1 MW (for H minority case, the OH level has
been subtracted).

for saturation up to the highest powers[10].A one-dimensional
mode ! based on the minority distribution predicted from quasi-
linear diffusion theory[2]has been usedto calculate the D—BHe
reaction rate. The experimental power scaling can be described
by assuming a Gaussian rf deposition profile with a width of

~ 12 cm in the core plasma containing ~10% 3He minority.

3.2. Energetic Particle Losses in the Minority Regime

Good confinement of the energetic ions created by
ICRF heating continues to be a major consideration for op-
timizing the heating performance. Charge-exchange losses of
the energetic ions have been suggested as a contributing
cause of the reduced ion heating efficiency in The hydgrogen
regimes. |In addition,direct energetic ion losses at the

plasma periphery may potentially be significant.
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Measurements of the energetic ions at the periphery are
made with a particle bolometer located at the limiter radius[11]
Measurements of the energetic neutrals produced in the plasma
are made with a fast ion charge-exchange system[12]. The bolo-
meter is covered by a stainless-steel cylinder with acceptance
slits along its axis which is oriented along the major radius
(insert in Fig. 3b). Rotation about this axis provides dis-
crimination between particles having different gyroradii and
different ratios of V,/V, with respect to the magnetic field.
The charge-exchange system allows discrimination of V,/V, by
scanning in the horizontal midplane of the plasma.

The particle bolometer measurements of energetic ions
during ICRF heating of a deuterium plasma with hydrogen (42 MHz)
and 3He (25 MHz) minorities are given in Fig. 3b. The flux in
the 3He minority regime is indistinguishable from the ohmic
level. The observed flux in the H minority regime peaks at
~ 50° relative to the plasma current direction and represents
particles with large gyroradii having v,/V, ~ 1.2 - 1.3.
(Energetic ion fluxes during co-and counter-injection are
centered about 0° and 180°, respectively.)- From geometric
considerations, these particles have V, > 10 keV and could give
a direct power loss of up to ~ 15% of the input power if the
flux is uniform both toroidally and poloidally. The absence
of energetic ion flux in the case of 3He minority heating
might partially explain the better heating efficiency observed
for that regime.

Charge-exchange analyzer measurements made during H
minority heating at 42 MHz indicate the presence of energetic
trapped ions (91 keV) that just fit+ inside the PLT plasma
with their banana tips located near the top and bottom of the
fokamak. These ions intersect the ion cyclotron layer near
the high voltage points of the rf antennae. |1 is possible
that these ions could be those measured directiy by the bolo-

meter probe.
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Evaluation of fthe energetic ion losses due to surface
wave acceleration is important to the power balance and can

potentially be controlled with appropriate antenna design.

4. ELECTRON HEATING

In the minority regimes substantial electron heating has
been obtained at the higher power levels[3,4]. For the 3He
minority case Td(?) > Te(o) has been observed in contrast fo
Td(o) < Te(o) for the H minority case. Transport studies
reveal that the electron heating can be accounted for by coup-
ling to the energetic minority ions in the 3He minority case,
but that direct wave electron heating could also be occurring,
especially in the minority H case.

Systematic studies of the electron heating have begun in
the H minority regime, with and without D° beam injection.

Initial results of electron heating in the H minority, H® beam,and
H minority plus D° beam regimes obtained for similar target

plasma conditions are given in Fig. 4 for Ee up to ~ 6 x 1013

<:m_3 and auxiliary power,Paux, up to ~ 4.5 MW,

The rate of central incremental electron heating (Fig. 4a),
measured by Thomson scattering, Yee and 2wce emission and x-ray
pulse height analysis, is generally higher for the H minority plus
D® beam case and is comparable to the incremental ion heating rate
(~ 3 eV x 1013cm_3/kW). However, the change in electron energy for
all three cases (Fig. 4b) is roughly linear in power, in keeping with
tThe Te profile being more peaked for the combined ICRF + NB heating
regime. The incremental volume heating efficiency,@/ﬁAE/PAUXV
of ~ 1.0 eV x 1013 cm_3/kW best fits the set of data in Fig. 4b.

The scaling of electron stored energy with Ee is shown in
Fig. 4c for constant power levels. Small increases in Ee with
ng are indicated for the ohmic and ICRF cases whereas Ee is
relatively constant in the ICRF + NB case. The ohmic data for

this study does not represent the best ﬁe scaling observed on
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PLT and suggests that the confinement properties of the target

plasma have not been optimized, especially at higher ﬁe

5. ENERGY CONF INEMENT
Combining the electron and ion heating results for the
case studied in the previous section yields the energy con-
finement times plotted in Fig. 5. The global confinement
e = (Fe * Ed)/(Prf + Pnb * Pon
all of the energy loss processes whereas the "fransport" con-
= (B, + Ed)/(Prf + Pn

time, defined as 1 ), incorporates

finement time, defined as TeT b + Poh -

PCX - Prad)’ represents primarily conduction and convection
losses inside the radius where the charge-exchange and radiation
losses are subtracted. Other possible losses such as direct
energetic ion loss are under investigation but have not been

separated out in the calculation of t Also, The energy stored

ET"
in The energetic ions has not been included here.

o generally increases somewhat with ﬁe (Fig. 5a) for the
ohmic, ICRF and ICRF + NB regimes. (The ohmic case is affected

by m = 2 MHD activity at the higher densities.) progres-

T
sively decreases upon adding ICRF and then ICRF + Eg power.
The TeT values shown in Fig. 5b are obtained at a minor
radius of 30 cm within which most of the energetic ion
charge-exchange losses occur and ~ 15% of the input power is
radiated. AT the higher densities the "transport" confinement
in the ICRF case is approaching that of the ohmic case and Ter
of up fo ~40 msec is obtained in the ICRF + NB case. Thus
it is possibte that by incorporating the energetic Ton contri-
butions to the stored energy and the direct rf power loss, the

reduction in TeT in the |CRF case could be removed altogether.

Extensive investigation over a greater power range will be re-
quired to determine the actual! functional dependence of Tgp on
Prf' In the ICRF + NB case, TeT is substantially below

the ohmic value over the density range shown (Fig. 5b), and at
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least at the higher densities appear to be a function of
the total power (Fig. 5¢). This result suggests that an
energy confinement time lower than the ohmic value charac-
terizes the auxiliary heated discharge at large auxiliary

power.

6. CONCLUSION

The ICRF heating and ICRF plus NB heating experiments on
PLT have demonstrated efficient ion and electron heating at
multimegawatt power levels and densities up to the mid—]O13
cm range. Taken together, the heating results for the
minority and second harmonic regimes strongly support
The use of minority - second harmonic regimes to achieve the
desired high-8 operation for fusion devices.

The observed energy confinement time in the ICRF + NB
regime is less than that for the ICRF regime which is less
than the ohmic value for the conditions studied. Energetic
ion losses appear to be important in both auxiliary heating

cases. Moreover, the plasma energy confinement time may de-

pend on the auxiliary power level.
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DISCUSSION

P.E. VANDENPLAS: Could you comment on the relationship between
energy confinement time and impurities in the case of OH, ICRH, NI and
ICRNH+NI?

D. HWANG: In the PLT discharges, the total radiated power integrated
to the limiter is 20% of the input power for Ohmic heating, 30—35% for ICRF,
20-30% for co-injection, 30—35% for counter-injection and about 35% for
ICRF+NI. The profile of the radiation is hollow because of the carbon limiter.
Within three-quarters of the minor radius less than 50% of the total radiated
power is produced, so radiation is not a dominating factor in the energy balance.

F. SOLDNER: In the case of hydrogen second harmonic heating you
calculate an effective temperature from the distorted ion energy distribution.
What is the increase in the bulk ion temperature in that case?

D. HWANG: The stored energy is divided, with 70% in the bulk and 30%
in the tail,

F. SOLDNER: What are the decay times of the high-energy tail and of the
bulk ion temperature increase?

D. HWANG: The decay time 75 ~ 0.5 Typyk-

F. SOLDNER: Does that mean that the energy in the tail is not thermalized?

D. HWANG: Although the tail distribution can be represented by a
Maxwellian, the scanning charge-exchange measurement shows the distribution
to be anisotropic in velocity space with a higher perpendicular velocity.
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Abstract

DOMINANT ROLE OF WAVE CONVERSION MECHANISM IN TFR ION CYCLOTRON
HEATING EXPERIMENTS.

Experimental evidence demonstrating the essential role played by the wave conversion
layer in TFR ICRF experiments is reviewed: the mode structure of the wave in the torus,
the conditions for efficient heating of both ions and electrons, local generation of the slow
wave as evidenced from the scattering of a laser beam, and ejection of a third ion species in
the prescribed conditions lead to a general agreement with theoretical schemes.

In a tokamak plasma containing two ion species, wave propagation in the
ion cyclotron range of frequency (ICRF) is characterized by the existence of
a wave conversion layer (WCL) and a cut-off layer, located, respectively, at the
two major radii Ry and R,, such that

—n2). =(] - n2). =
(5= g, = (k= npg, =0

Here, n| is the wave refractive index component parallel to the tokamak confining
field,

S=1- E wf,i/(wz Y wgl)
i

L=1-2 wlif{wwg - wh)
i

As we know from Budden’s cold-plasma model [1], the presence of these
two layers, located between the cyclotron layers of the two ion species, will
introduce a significant asymmetry into the propagation and damping characteristics
of the fast wave, depending on whether the wave is generated from the high- or
low-field side of the torus:

17



18 EQUIPE TFR

a) When the wave is emitted from the low-field side (LFS) and the densities
of the two ion species are comparable, the wave will undergo refiection at the
cut-off layer; its energy will be mainly confined between this layer and the outer
wall, and its damping will be determined by the transparency of the critical region.

b) When the wave is generated from the high-field side (HFS), it will be
converted into a slow electrostatic mode transporting the RF-energy backward,
in the vicinity of the equatorial plane, towards the cyclotron layer of the high-Z/M
species in the upper and lower regions of the torus. The slow wave will then be
absorbed effectively by electron Landau and ion cyclotron damping [2].

This picture should be modified for a hot plasma containing a sufficiently
small amount of minority species; in this case the WCL will be smoothed out by
thermal effects and the wave will now be able to cross the critical region without
reflection or strong damping [11].

The experiments summarized here confirm the validity of this theoretical
scheme; by describing the predicted asymmetry in the wave structure, the heating
effects actually observed in the expected conditions, a direct observation of the
slow wave, and the effect of the local resonance on a third ion species when its
cyclotron resonance coincides with the WCL.

1. INFLUENCE OF WCL ON WAVE STRUCTURE

A series of data on the wave structure, derived from signals of the magnetic
probes located near the torus wall and from the evolution of the antenna radiation
resistance during the RF puise, leads to a general — although qualitative —
confirmation of the model.

In experimental conditions such that the WCL is absent from the plasma
(w > wg), or located on its very edge (single-ion plasma), the evolution of n,
during the RF pulse leads to a sequence of sharp toroidal eigenmodes with
Q-values reaching 500. This fact was observed during the first ICRF experiments
in earlier tokamaks [3].

When the WCL is inside the plasma, however, the wave pattern strongly
depends on the location of the emitting antenna:

a) Most experiments in TFR were done by using antennas short-circuited on
the HFS of the plasma and characterized by an electrical length close to A/4
(at 60 MHz); the wave power is mainly radiated near the equatorial plane and
propagates towards the LFS. In a high-density D-plasma (5, = 1014 cm ™)
containing a large fraction of H (20%) and for w/ wcH, conditions such that the
WCL is near the plasma axis, no evidence of resonant cavity modes is noticed and
the wave is clearly damped in the immediate vicinity of the antenna. This is in
agreement with Budden’s model which predicts, in these conditions, that the
wave power should be completely absorbed in a single transit through the WCL.



IAEA-CN-41/1-2 19

However, in a lower-density D-plasma (f, & 3 X 10'® cm™) and provided ny/np,
is lower than 5%, an occurrence of low-Q toroidal modes is observed; thermal
effects, which lead, in this case, to partial transparency of the critical region
(for nyg/np 2 kv, /w), determine,in these conditions, toroidal damping lengths
that are comparable to the torus circumference.

b) A series of experiments using an antenna located on the LFS of the
torus underlines the striking contrast with the previous situation: for
n, = 10! cm™ and ny/npy = 20% (1% of the predicted power absorption during
a transit across the WCL), sharp peaks occur in the probe signals, with a
corresponding 50% time modulation of the antenna loading resistance R. This is
in strong contrast with the perfectly flat R(t) signal observed in the same plasma
conditions but with the antenna radiating from the HFS (Fig. 1).

2. PLASMA HEATING

RF energy coupled from the HFS should be transferred effectively,
in the vicinity of the WCL, to the three components of the plasma: to the
electrons by Landau damping of the slow wave, to the protons by cyclotron
damping of the cyclotron wave generated outside the tokamak equatorial plane,
and to the deuterons by equipartition with the protons and, to a lesser extent,
by harmonic cyclotron damping. Measurements of the temperature evolution
during the RF pulse confirm that this picture remains valid over a wide range of
RF power. The most important heating effects have been obtained in a high-
density (n,= 10'* cm™3) D-plasma containing 20% of H, by locating the WCL
in the centre of the plasma (f = 60 MHz, B = 45 kG). In conditions where the
w = wey layer is located 14 cm away from the plasma axis, the RF power
generated from the HFS by two sets of antennas has been coupled to the plasma
up to a level of 2.2 MW [4]. As isshown in Fig. 2, the increase in the
D-temperature on the axis remains a linear function of the RF power up to the
highest level. Most measurements were done at an RF power level of 1.3 to
1.5 MW. In these conditions, T;q increases from 0.8 to 1.6 keV, the corresponding
ion thermal energy growing from 9 to 15 kJ.

While the energy distribution function of D remains Maxwellian up to
15 keV, a substantial distortion of this function is observed at high power for the
H population, as was expected from theory [5]. However, the average thermal
energy per proton does not exceed the corresponding value for deuterons by
more than 15 to 20%.

The various diagnostics measuring To(r) lead to the results shown in Fig, 2,
where some saturation of the heating effect at high RF power should be attributed
to an increasing contamination by metallic impurities [4]. For 1.3 MW delivered
by the generator, T, grows from 1 to 1.5 keV with an increase in the total
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FIG.1. Loading resistance of two antennas coupling RF power from (a) low- or (b) high-field

side of plasma. Plasma conditions: n 5= 1.5 X 10" em=3; nH/nD = 0.2; B¢ = 45 kG;
f=60MH:z
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FIG.2. Increase in D and e temperature for R F-power delivered by generator between 0.5
and 2.2 MW, n 5= 1.5 X 10" em™3; By= 45 kG, [ = 60 MHz. Comparison of D and If
energy distribution functions for Pg = 1L3MW.

electron thermal energy from 9 to 13.5 kJ. That electron heating results from
direct interaction with the wave is suggested by two observations:

a) At apower level of | MW, dT./dt, when the RF pulse is applied is
40 keV - s™1, compared to 25 keV - s™! for the ions. This indicates that a large
fraction of the electron heating power is not due to collisional transfer.

b) Direct information on the electron velocity distribution function is
obtained from an analysis of the electron cyclotron emission {6]: the radiation
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FIG.3. AT, radial profile derived from w,, radiation detected from the low-field side (+)
and the high-field side (®). Solid line is average ATe measured by Thomson scattering in same
conditions as in Fig. 2, Pg =] MW

detected by two horns located on the inner and outer sides of the torus at a
given frequency w originates from the high-field part of the plasma, where
wee{R) > w. While radiation towards the LFS of the torus is necessarily
re-emitted as blackbody thermal radiation, the light radiated in the

opposite direction, towards the HFS, contains a contribution from the supra-
thermal part of the electron distribution function. The occurrence of such an
asymmetry is actually observed during the RF pulse, indicating that, at least, a
part of the electron heating is due to direct interaction between the wave

and the electron population (Fig. 3).

3. HEATING WITH w < wy

A series of experiments was carried out at 60 MHz at a toroidal field of 49 kG
in a D-plasma containing 30 to 40% of H (i, = 10'* cm™). In these conditions,
the w = wy layer is outside the plasma (24 cm from the axis) while the WCL, as
is shown in Fig. 4, is now a closed surface encircling the plasma axis. Strong
electron heating is observed, T, rising from 1 to 1.7 keV for an RF-power level
of 1 MW, while the loop voltage drops from 2 to 1 V. lon heating, evidenced from
the neutron rate and charge-exchange measurements, in this case leads to a
ATjg of 0.4 keV (Fig. 4). Fast increase in T, is another evidence for direct
interaction of the electrons with the slow wave generated by wave conversion and
damped by Landau damping. The ion heating mechanism is, however, less
obvious: cyclotron damping of the slow wave in the central area where
w = 0.8 wey would requirek values larger than 2 cm™!, which is incompatible
with the values computed near the WCL. On the other hand, collisional power
transfer from the electrons does not explain the fast rise of T; when RF is applied.
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FIG.4. Position of wave conversion layer and measured T y(t) and Tio(t/ forn,,=1.5x 10% cm=3;
nH/nD =035 =60 MHz; B¢ = 49 kG.

Several explanations may be considered: collisional damping of the motions
induced in opposite phase by the wave in the two ion species, cyclotron
acceleration of an impurity in the vicinity of the WCL with subsequent fast
collisional transfer to the other ion species, or damping by a non-linear mechanism.
More detailed experimerital data and an evaluation of the wave electric field in

the WCL would be required for a better understanding of this effect.

4. EVIDENCE OF MODE CONVERSION FROM COHERENT SCATTERING
OF A CO,LASER BEAM [7]

Direct observation of the wave conversion process was made possible
through the analysis of the coherent scattered light of a vertical CO, laser beam
(10.6 um) crossing the plasma axis in one port of TFR, between the two sections
of an HFS antenna. The scattered light as analysed by homodyne techniques
allows detecting perturbations induced by the RF corresponding to k, values
(along the major radius) of 8, 11 and 14 cm™. Although the location of the
laser beam is fixed, an analysis of the wave structure on both sides of the WCL
remains possible by scanning the ny / np, ratio in a series of experiments and, hence,
moving the critical region with respect to the laser beam.

Frequency analysis of the scattered signal gives a spectrum centred around
the RF frequency (60 MHz) and similar to the one shown in Fig. 5. The general
shape of such a signal can be interpreted as follows: the electron density
fluctuations and, hence, the scattered light observed during the RF pulse have
two origins:
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a) the slow mode (Bernstein or ion cyclotron wave), characterized by
an electric field polarized along x, leading to electron density fluctuations and,
hence, to light scattered at the frequency wq of the RF generator and at an angle
from the laser beam defined by the k,-value of the slow wave. This corresponds
to the central peak of the detected frequency spectrum.

b) non-linear coupling between the fast wave and the drift modes naturally
present in the plasma and characterized by a frequency spectrum of about
500 kHz bandwidth. This will lead to the broad-band part of the scattered light
whose spectral densities S, can be related to the one of the drift wave S, by

d
S2/8, = 1/(2e0B,)* (K B3 + (—— Eyp)?]

where ky 4y is the drift mode wave number and EyF the average value of the fast
wave electric field along the line of observation.

A0S (dh)
N
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FIG.5. Example of scattered signal detected at 1.35 mrad from the laser beam fk,=8 cm"‘}.
Comparison of signal radiances corresponding to the (a) fast and (b) slow modes as function
of WCL position.

Figure 5 shows, for example, the amplitudes of the two components of the
scattered signal corresponding to k, = 8 cm™, as measured in a series of
experiments at 60 MHz, 47 kG, 100 kW RF power, by varying ny/ny
between 10 and 45%; this variation moves the WCL between R =93 cm and
R=110cm.

Several conclusions can be derived from the shape of these signals:

a) Curve a which related to the amplitude of the fast wave shows a
maximum for ny/npy = 0.33, a value which corresponds to the exact coincidence
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FIG.6. Ratio of radiances at end of and before RF pulse of one Ar X VI line (A = 354 A)
versus nH/nD. Locations of WCL and Ar'®* harmonic resonance coincide for nH/nD = 0.47.

of the WCL and the laser beam. This indicates a large amplification of E,
or its derivative at the WCL.

b)  The V-shape of curve b, corresponding to the slow mode, confirms the
model-predicted propagation of the Bernstein wave on the HFS and of the ion
cyclotron wave on the LFS of the WCL. For nH/nD =0.33, the scattered light
is emitted from a region near the WCL where the slow modes are characterized by
relatively small k, (22 ¢cm™) and, hence, do not appreciably contribute to the
signal corresponding to k, =8 cm™. This is not the case on both sides of the
WCL, where the k,-values computed for the slow waves do reach values near
8 cm™! and, hence, should lead to large scattered signals, as is actually observed.

5. EJECTION OF RESONANT IMPURITIES [8]

If the nH/nD plasma contains a low-density third ion species and the
experimental conditions are such that one of the harmonic cyclotron resonances
of this species coincides with the location of the WCL, one expects strong
perpendicular acceleration of these ions, leading to a Jarge banana structure of
their trajectories and — for a sufficiently high RF-field — to their ejection from
the plasma. This mechanism, suggested earlier for plasma purification [9],
has been confirmed experimentally by adding a small amount (0.1%) of Ar to a
D-plasma containing variable proportions of H (30 to 70% ) and coupling
600 kW RF power at 60 MHz and for B, =51 kG.

An appreciable reduction in the radiance of every line of the Ar ions
observed, independently of the nH/nD ratio; the origin of this effect remains
obscure. However, for nH/nD between 0.4 and 0.5, a much faster and deeper
decay of the radiances occurs, reducing the intensity of Ar XVI lines to
15% of their initial value for nH/nD =0.47 (Fig. 6). This corresponds exactly
to the coincidence of the WCL with the second-harmonic cyclotron layer of the
Ar'%*jon. Numerical simulation, discussed in more detail in another paper at this
Conference shows that the decay of Ar!¢* should be followed by a corresponding
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decrease in the densities of the other slates of ionization, in good agreement with
the observations.
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DISCUSSION

J.C. HOSEA: In your discussion of RF pump-out of Ar'é*, you state
that the pump-out eéffect should be a function of the electric field strength at the
two-ion hybrid resonance layer and hence a function of the RF power level. In
your brief experiment, was it possible to determine the power dependence of
the pump-out rate?

J. ADAM: The experiments on RF pump-out were performed during the
last weeks of operation of TFR in August 1981. The data collected are
unfortunately insufficient for me to answer your question, but this is certainly
an important point which will be further investigated as soon as TFR is
back in operation.

F.W. PERKINS: With regard to the unexplained ion heating under ion-ion
hybrid resonance conditions, what fraction of the ion heating can be explained
by electron temperature increases and the resultant collisional energy transfer,
and what part remains to be explained?

J. ADAM: Simulation of the temperature evolution during RF-heating at
high magnetic field, assuming no direct heating of ions by the wave, was
done using a 1-D code. Taking into account the observed level of impurity,
equipartition cannot explain more than half the measured heating of the ions.
Moreover, the initial rate of heating of D ions, when the RF is applied, is clearly
inconsistent with the hypothesis of ion heating by collisions.
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Abstract

ENERGY AND IMPURITY TRANSPORT IN THE ALCATOR C TOKAMAK.

Energy and impurity confinement times, 7 and 71, have been investigated in Ohmically
heated Alcator C discharges in the following parameter range: density n <8 X 10%® m™3,
current Ip < 0.75 MA and toroidal field By <13 T. Geometrical dependences have been
studied by operation with full circular apertures of various major and minor radii, R, ap.

In all cases the dependence of energy confinement time on n is characterized by a low-density
regime, in which electron conduction dominates and 7 increases linearly with 1, and a high-
density regime, in which ion conduction dominates and Te increases only slowly or not at all
with n. At all densities, the dependence of 7 on a, js weak. Ath=2X 102 m™3,

the results of size-scaling experiments are summarized by the relation g & 2% R23,

At high density, the inferred ion thermal conductivity X; apparently exceeds the neoclassical
value of Hinton and Hazeltine by a factor which varies from 2 to about 4 depending on geometry
and plasma parameters. Other interpretations of the data are, however, possible. Impurity
confinement has also been studied in these discharges using the laser blow-off technique. The
principal new results concerning T, are (1) independence of the charge and mass of the

injected impurity ion; (2) a linear dependence on ag; (3) a rapid deterioration as a function of
the amplitude of the m = 2,3 tearing modes; and (4) an approximately linear dependence on
the effective charge.
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1. INTRODUCTION

Energy and impurity confinement in ohmically heated dis-
charges in ALCATOR C have been investigated over the following
wide range of plasma and machine parameters: line-averaged
density 0.5 x 1020 < /i < 8 x 102%m-3, plasma currents 0.10
< I, < 0.75 MA and toroidal magnetic field By < 13 T. In addi-
tion, we have operated with a variety of limiter configurations
in order to study the dependence of energy and impurity con-
finement time on plasma size and geometry. Full circular molyb-
denum limiters have been used with minor radii ag of 0.165 m,
0.13 m and 0.1 m, the Tatter having been moved to major radii
of 0.577 and 0.705 m in addition to the nominal value of 0.64 m
used in all other cases. These limiter configurations have per-
mitted operation with a range of aspect ratios, 3.9 < A < 7.05.
The energy confinement studies reported below include only deu-
terium discharges which exhibit sawtooth activity, i.e. q{0)<7,

Impurity confinement studies have also been made on non-
sawtoothing discharges and in hydrogen and helium working gases
in addition to deuterium.

2.  ENERGY CONFINEMENT

A commonly used model of tokamak energy confinement is one
in which electron confinement time tge is given by an empirically
justified formula of the form Tpe & ﬁa%, together with
an ion confinement time based on neoclassical theory. In this
paper we deal with some important deviations from this formula-
tion and present an improved model which is more consistent
with the experimental observations. The modifications to the
previous model include enhanced ion transport which reduces
global energy confinement at high density and the introduction
of a strong dependence of confinement on major radius in the
low-density, electron-dominated regime.

Confinement times observed for various limiter configura-
tions are shown as a function of density in Figure 1{a-e). Each
exhibits a linear region at lower density and a slower rise or
saturation as the density increases above n>2.5x102%m-3. Com-
parison of the absolute values of the confinement times
reveals a significant departure from the empirical scaling.
We would expect that the confinement times with a=0.10m (Figure
1b,c,d) should be smaller than those with a=0.165m (Figure 1a)
by a factor of nearly three; the data, however, indicate a
much weaker dependence on minor radius. In addition, comparison
of Figures 1b,c,d indicates a significant dependence of confine-
ment on major radius, which is not considered in the empirical
formulation.
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FIG.2. Global energy confinement time atn =2 X 10% m~3 yersus the regression parameter
obtained for a power law fit to data from Alcator A and five configurations of Alcator C.

The FT point, shown with both scales divided by two, was not used in performing the
regression.
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FIG.3. Central electron and ion temperatures for B, = 10T, R = 0.64 m, ay = 0.165 m.
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FIG.4. FElectron energy confinement times, evaluated at 0.75 of the limiter radius. The two
sets of points result from assuming ion thermal diffusivity of one and four times the neo-
classical value.

Regression analysis of the data for fixed density n=2x
1020m=3 under the assumption that the geometrical dependence
of confinement is of the form rEacR“a‘J leads to the fit shown
in Figure 2. Here a data point from ALCATOR A (R=.54m, a=.10m)
has been included in the analysis along with data from ALCATOR
C. The resulting expression

v (n=2x 1020 m3) = 228 R2:2? 408 msec (1)
is also found to be in goo%1ﬁgreement with the point from the

FT tokamak (R=0.83, a=.20m) which was not included in the
regression.

Introducing this geometrical factor, we find that the con-
finement times in the lower density range, n<2.5x102%m-3, can
be well represented by a modified scaling law of the form

tg = 1.15 x 10721 i r?:3 308 sec (2)
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FIG.5. Gross electron energy confinement times plotted against plasma current for
n=3XI10® m3 R =064m a=0.165m. The solid curve represents the expected result for
Tpe =15 ms, ion thermal conduction four times the neoclassical value.

which is shown as the solid line in Figure la-e. For compari-
son, the exprefsjon 1g=3.8x10721na?, which was inferred from
ALCATOR A datal?2), is shown as a dashed line in each figure.
It is apparent that while the two forms are indistinguishable
for the R=0.64, a=.165m case, the new form (2) gives much
better agreement with the small 1limiter data at the lower

densities.

At higher densities each of the data sets shows a signifi-
cant departure from the anticipated linear behavior. To exam-
ine this effect in more detail we consider a set of shots at a
toroidal field of 10 Tesla with a=0.165m. The behavior of
central electron and ion temperatures as a function of density
is illustrated in Figure 3. The difference between Te(0) and
Ti(0) at the higher densities is too large to be accounted for
by neoclassical ion thermal conduction, assuming that the elec-
tron-ion power transfer is not less than classical.

We may evaluate the electron energy confinement time, given
by 1ge = Wo/Pe where Wo is the electron energy content and Pg
is the net power to the electrons, i.e. the ohmic power dimin-
ished by the ion heat loss @Qj. In order to evaluate tpe it
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is necessary to introduce a model for the ion heat flux. Figure
4 shows the result of determining tge for the data shown in
Figure 3, using two models for calculating Qy.

In the first case the ion thermal diffusivity, Xi» 18
taken to be that given by the neoclassical formu]ation[3]. In
the second case the value of x4 is enhanced by a factor of
four, which is found to be compatible, within experimental
error, with the measured difference between central electron
and ion temperatures. In each case the electron temperature
and density profiles are taken as given and a self-consistent
jon temperature profile is inferred from the ion power balance
equation using the assumed model of y .

It may be seen that neoclassical ion thermal conduction
as given in [3] is not sufficient to explain the observed dif-
ference between central electron and ion temperatures or to
account for the non-linear dependence of global confinement
on density. If the ion thermal diffusivity is taken to be neo-
classical then we conclude that the electron confinement time
does not increase significantly with density for n,>3x1029, How-
ever, ion conduction of four times the neoclassical value is
consistent with the temperature data and implies a linear

dependence of ¢, on f.

To further investigate the problem of energy transport at
middle to high density, n>2x1020m-3, and to test the scaling
of the apparent anomalous ijon conduction, we have conducted a
series of experiments to determine the scaling of confinement
with plasma current at fixed density, toroidal field, and
machine geometry. In Figure 5 we present the results of a scan
at ng=3x1020m~3, B,=10 Tesla, R=.64 and a=.165m. The gross
etecEron confinement time, tpe*, defined as the electron
energy content divided by the total ohmic power input, is seen
to increase with plasma current up to Ip=700 kA. The solid
curve gives the predicted dependence under the assumptions that
the true electron confinement time, at r/a=0.75, remains con-
stant at tpe=15 msec, the ion conduction scales as the neo-
classical value with an enhancement factor of four, the elec-
tron temperature profile is Gaussian in shape, and the resis-
tivity is given by the Spitzer formula with Zgff=1.2. The ap-
parent degradation of confinement at the highest current can
be understood as being due to increased radiative power loss;
the central radiated power, which amounts to only 10-15% of
the central ohmic power for Ip<600 kA, rises rapidly to over
30% for 1p>700 kA, due to increased Mo levels.

) We therefore conclude that the dependence of global
confinement on density and current in the mid-to-high density
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FIG.6. Normalized chordal brightnesses from different ionization states of injected silicon.
The dashed curves are predictions from the computer model.

regime is consistent with enhanced ion thermal transport; for
this data set, the required anomaly factor on xi relative to
the Hinton and Hazeltine value is approximately four, and the
factor seems to be independent of current over the range 250<Ip
<720 kA. However, due to experimental uncertainties and partic-
ularly to the lack of a measurement of the ion temperature pro-
file it is not possible to discriminate unambiguously between
electron and ion transport. An alternative model, consistent
with the data, would require enhanced ion losses only in the
central region, to account for the observed difference between
Te(0) and Ti(0). The anomalous electron transport would then
have a less favorable dependence on density than that implied
by the empirical scaling law, together with a favorable depen-
dence on plasma current.
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In the case of the reduced-aperture limiters, the depar-
ture of the confinement from the linear dependence at higher
density may also be ascribed to the role of ion transport.
However, the anomaly factor appears to depend on geometry,
with an enhancement of two being sufficient to account for
some of the behavior, particularly for the R=0.705m data.
Whether this apparent improvement in ion transport is in fact
due to geometry or is an indirect result arising from changes
in profiles or boundary conditions is not yet clear.

3. IMPURITY CONFINEMENT

In order to study thf ?artic1e transport of impurities, the
laser blow-off technique 4] has been utilized to inject trace
amounts of various impurities into ALCATOR C plasmas. Aluminum,
silicon, titanium and molybdenum have been injected, and sub-
sequent emissions from the varfious charge states have been
monitored with a variety of UV and X-ray instruments.

A detailed look at specific Si emission lines (with the
backgrounds subtracted off) during a sequence of similar deuter-
ium discharges (BT=6.O T, I=385 kA, 1,=3.6x1020 m~3, T 0=1100
eV, and qy=3.13) is provided in Figure 8_ The norma]izeg chordal
brightnesses of sodium-, beryllium-, helium-, and hydrogen-
Tike silicon, as well as the central chord soft X-ray
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FIG.7. Silicon confinement time as a function of minor radius for hydrogen and
deuterium discharges.
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(hv 2 1 keV) brightness are shown as functions of time after
the injection. For comparison, the results of a computer cal-
culation modeling the process assuming diffusion only, with a
spatially uniform diffusion coefficient D=.26m2/sec, are shown
as the dashed curves. The agreement is excellent. A similar
calcul tion, assuming the transport is due to neoclassical pro-
cesses alone, yields results which are clearly inconsistent
with the experimental observations, as the calculated influx
is too slow, and the impurities are predicted to remain at the
center of the plasma for a much longer time than is observed.

The falling signals of Si'2* and Si13* in Fig. 6 are well
described by an exponential decay. This characteristic decay
time is interpreted as the global particle coq;gfement time
(rI) for non-recycling injected trace 'Tpurities 4, In pre-
vious studies, on the ALCATOR A device[6 , it was found that
T7 was proportional to the mass of the background majority ion
species (my,,) times qil, and that t; was independent of n,.
These resu?%s have been confirmed by the results on ALCATOR E.
Fig. 7 shows the silicon confinement time as a function of 1im-
iter radius for hydrogen and deuterium discharges on ALCATOR C
at fixed qp . The data are consistent with a linear dependence
on minor radius. The dependence of 1 on major radius is shown
in Fig. 8. In this case, the results are not so clear-cut,
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the dependence being best described as t «RY, 1/2<y<1; how-
ever, within experimental errors, y=0 would also be consistent
with the data. At Tlow densities (ng<2x1020), the impurity
confinement times increase, apparently in tandem with an accom-
panying increase in the Zgge of the plasma due to intrinsic
impurities. Over the range 1<Z,ff<3, the results can be de-
scribed by 711 = Zegf/Zyg. A1l of these results for the scaling
of impurity confinement time may be summarized by an empirical
scaling law:

2.4 x 102 ay my,
tylms) = J R-75

ag Ihg

Leff

(3)

with R and ag inm, myq in amu, and where Zyq is the charge of
the background majority ion species. Note that the dependences
on major radius and Zagg/lpg should not be interpreted too
1iterally, since other scalings would be in equally good aaree-
ment with the data. It is, however, well established empirically
from these results that t; is approximately proportional to

-1
a Mhg G
At the highest densities obtainable at a particular magnetic

field, the impurity confinement times are somewhat shorter
than at lower densities. This decrease of impurity confinement
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FIG.9. The impurity confinement time as a function of m = 2 amplitude for injections into
helium and deuterium discharges.
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time is not believed to be due to a direct density dependence,
per se, but rather to the increase in m=2 and m=3 MHD aﬁtivity
which is observed at these high densities on ALCATOR cL71, This
is borne out by the observation that the thresholds for both
MHD activity and impurity confinement deterioration occur at a
higher density when the field is increased from 6 to 8 T. The
degradation of 1impurity confinement with an increasing level
of MHD activity is shown by the upper points in Fig. 9. These
data are from injections of aluminum into 4He plasmas. If it
is assumed that the MHD activity introduces a new transport
mechanism whose diffusion coefficient depends only upon the
MHD fluctuation Tevel, and that this adds 1linearly to the
diffusion present without significant MHD activity (as given
by Eq.(3)), then

-1
e 1
Teotal = LMD * Tl-eq.(3) (4)

A fit to the YHe data yields = HD«(AB)'“ , and is shown as
the dashed 1ine in Fig. 8. Ther%ehav1or for injections into
deuterium plasmas may then be determined by using Eq. (4) with
the same tyyp(AB), and is shown as the solid line in Fig. 8,
consistent with the data.
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DISCUSSION

F. SANTINI: How can you tf:ll that :[he 7 scaling deterioration is due to
ionsrather than to electrons, since T, and Tj are very close?

S.M. WOLFE: The difference between Te and Ti is in fact larger than
expected for neoclassical ion heat loss. In particular, the power flow from
electrons to ions implied by the observed difference suggests an enhancement of the
central ion heat flux by the factors indicated in the paper. Assuming the same
enhancement in the transport coefficient over the profile gives results consistent
with the observed 7 scaling.

F. SANTINI: In the FT tokamak the electron thermal conductivity is
found to increase with current if other plasma parameters are kept fixed. You
have shown an opposite tendency in your experiment; could you comment on
this?

S.M. WOLEE: In fact, our interpretation of the current scaling experiments
is that the ion thermal conductivity decreases with current, as expected for
neoclassical-like transport. The electron confinement time is modelled as being
current-independent, leading to a favourable scaling of global confinement
with I,

G. von GIERKE: I do not want to defend any scaling law, but I do have
doubts whether the stated minor-radius dependence is conclusive. Changing the
limiter radius alters the distance to the wall, and hence the limiter shadow. This
can have a strong influence on the boundary layer and, therefore, on the
confinement time.

S.M. WOLFE: In the case where a = 0.10 m and R = 0.577 and 0.705 m,
the minimum distance to the wall is the same as for the a = 0.165 m case
(A =~ 2.5 cm); the average plasma-to-wall distance is of course increased by the
same amount for each of the former configurations. The major radius dependence
of confinement cannot therefore be explained in these terms. Furthermore, in
Alcator A (a= 0.10 m, R = 0.54 m) the wall-to-limiter separation was the same
as for the a = 0.165 m case in Alcator C. Therefore it seems to me that the
limiter shadow thickness does not correlate well with energy confinement in
these experiments and does not account for the observed scaling.

K. MOLVIG: I want to make some comments on the interpretation of your
results, since I know you are reluctant to do so. First, the observation that
confinement increases with size cubed, Tgx L3: this type of behaviour is a
generic property of saturated drift-wave microturbulence, irrespective of specific
models, and your observations lend support to that interpretation of the
underlying source of the anomaly. Secondly, the observation of improvement
with major radius gives some clues to the details of this turbulence. Specifically,
major radius dependence would arise from either shear or toroidicity (and trapped
particles). Since these effects lead to opposite dependences, and since shear
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would go the other way from your observations (7¢ « R ™), the implication is
that toroidicity and trapped particles are causing the anomaly. This interpretation
is general and needs qualification, of course, but it should serve as stimulus and

a direction indicator for theoretical efforts.

S.M. WOLFE: I agree in general with your comment. The fact that
confinement scales with the third power of a linear dimension is certainly
suggestive of a diffusivity which depends on a scale length, while toroidal effects
are a likely source of a favourable R-dependence. I would like to point out that
these results were obtained in Ohmically heated discharges, and the fact that the
power is not independent of the transport in this case, owing to the Tg3/2
dependence of the resistivity, complicates the analysis. There can exist quite
different forms of thermal conductivity, arising from different driving terms,
saturation mechanisms, etc., which lead to the observed geometrical scaling for
an Ohmic plasma.

R.J. TAYLOR: You are arguing that you can properly extract the
a-dependence from your experiments. Since you are programming the minor
radius by means of a limiter, the relative importance of the plasma interaction can
change in ways not yet understood. No absolute relationship can at present be
established, therefore, although you imply that it can.

S.M. WOLFE: Although it is impossible to eliminate all ““hidden variables”
from any experiment of this kind, I feel that we have considered the most likely
effects, such as differences in impurity levels and the change in limiter-to-wall
spacing referred to by Dr. von Gierke. In addition, the successful extrapolation
of our results to other machines constitutes supporting evidence. I think the
direct interpretation, that a® scaling does not hold and that the major radius
has a strong influence on confinement, is the most likely explanation of our data.

H.L. BERK: Since the ion classical transport coefficient depends on the
difference between electron and ion temperature, the absolute ion transport
formula must depend sensitively on the ion temperature measurement. What is
the uncertainty in the final ion transport coefficient?

S.M. WOLFE: The uncertainties in the electron and ion temperatures are
each typically about 10%. For the cases discussed, the range of the anomaly
factor in the ion conductivity is about 3 to 5 with respect to the Hinton and
Hazeltine values. An anomaly factor of 1 is well outside the error bars for
these cases.
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Abstract

LOWER-HYBRID HEATING EXPERIMENTS IN THE FRASCATI TOKAMAK (FT).

RF power at the LH frequency (2.45 GHz) has been launched in FT. The maximum
injected power was 250 kW corresponding to 6 kW - cm™2. In low-density D operation
(n=4X10'" cm3)a strong interaction with ¢lectrons causes current-drive effects and elec-
tron and ion bulk heating. Atn = 104 cm™3, fast neutral tail in H and neutron enhancement
in D have been observed. At higher densities, this ion-wave interaction tends to disappear
with the onset of parametric decay instabilities.

INTRODUCTION

RF power in the LH range of frequencies (2.45 GHz) was in-
jected in FT {1] (R =83 cm, a = 20 cm, B_ = 60 - 80 kG, Ip=300 -
- 400 kA). The grill is a 2 x 2 wavegui&% structure, each wave-
guide being 7.1 cm high and 1.5 cm wide. The grill characteris-
tics related to the plasma conditions are given in Ref. [2]. A
power up to 250 kW corresponding to 6 kW/cm® was coupled to the
plasma. The experiment was performed with plasmas having peak ion
and electron temperatures of about 1 keV and peak density up to
4 x 10'% cm-2 in D and 2 x 10** cm-3 in H. In most conditions
electrons and ions are strongly coupled [1] so that the electron

* ENEA Fellow.
** Guest.
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energy confinement time is the principal relaxation time. Ohmic
power is in the range 400-700 kW, i.e. 2-3 times the maximum RF
power used. The main results are: a) coupling characteristics are
in satisfactory agreement with theoretical predictions; b) in D
plasmas for 3 x 103 < A < 5 x 10'3 cm-3 strong interaction with
electrons has been observed, an electron peak temperature increase
of about 400 eV and an ion temperature increase of about 200 eV
with a net power of 110 kW was measured; c¢) in D at i = 10'% cm-2
a twofold neutron enhancement occurs; d) in H plasma energetic
ion tails were observed for fi_ < 1.5 x 101% cm-3. At higher den-
sities parametric decay occur?, probably playing a role in wave
penetration and absorption. Except for the study of coupling,
all the results here reported were obtained with a phase of 180°.

COUPLING

The RF power system, described in Ref. [3], is fed by two
klystrons of 500 kW x 1 s each. At present this system delivers
power to a 2 x 2 waveguide grill which has ceramic breaks 15 cm
away from its mouth, to insulate the pressurized parts of the
waveguides. The structure can move radially 3 cm. Except in oper-
ations at very low density (n 2 2 x 103 cm~-3), the grill mouth
was at 2.5 cm from the plasma edge since here the reflection
coefficient exhibited an appreciable minimum. Measurements by
Langmuir probes in the limiter shadow [4] show that edge densi-
ties (at the grill mouth) higher than 10 n. (nC = cutoff density)
favour higher reflected power and discharges in the grill. Para-
metric decay instabilities with peaks at the harmonics of the
ion cyclotron frequency are generated at the piasma border. The
relative signal tends to disappear when the edge density n is
reduced (2 n_) and the edge electron temperature is above éﬁout
10 eV. This %endency agrees with the predictions for the thre-
shold of rescnant decay instabilities [5].

Tests of power transmission of the plasma have been per-
formed by exciting only teft (right) waveguides and measuring
the backward power in the other right {(left) waveguides. Figure
1 shows the latter power as a function of the power transmitted
through the adjacent waveguides. A linear relationship is appa-
rent. The full line is the result of a coupling code [6] which
takes into account also a density step at the grill mouth and
uses experimental values of n /n_ and grad n. For standard excit-
ation of both 1left and righ¥ w%veguides of the grill with the
same amplitude but different phase, the reflected power as a
function of the phase is shown in Fig. 2. The coupling code with
n. = 1011 cm-3 = 2n_ gives the full 1line for grad n = 2 x 1011
cih-¢ and the dashed 1line for grad n = 1 x 1012 cm-%4. The measured
values are n = 10! cm-3, grad n ¢ 10'2 cm-%. The low values of
n /n_ fitting the experimental results are connected [6] with the
18w Yalues of ni (< 2.5) excited by our grill {2].



IAEA-CN-41/1-4 43

12+
Pg (kW)

grad n =102 4

1 1 ! 1 i 1
] 40 80 120
PT (kW)

FIG.1. Backward power in the right (or left) waveguides versus power transmitted in the left
{or right) waveguides. The line represents the result of a coupling code assuming the
experimental values for n,,/n, and grad n.
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FIG.2. Reflectivity versus phase between adjacent waveguides at RF power 35 kW and 120 kW.

INTERACTION WITH ELECTRONS

As expected by the low n,-spectrum excited by our grill, a
direct interaction with electrons takes place only at relatively
low density when energetic electron tails develop.

Operating in D at B_ =60 kG, =3 -5 x 1013 cm-3 and
F 100 - 200 kW a strong interaction of waves with electrons
s been observed. In Figure 3 a case with i = 3 x 10'3 cm-2 and
= 120 kW is shown. The main features are: a decrease of the
op voltage and of the hard X-ray emission, an ocutward shift of

P
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the plasma column, a slow increase of current, an increase of T
(Thomson scattering, 2w__ and soft X-ray emission) and T, (CX)?
The emission in the w requency range contains a strong enhance-
ment  during the RF Bﬁlse and trains of bursts, whose timing is
indicated in Fig. 3. Radial T. profiles with and without RF are
shown in Fig. 4. An electron énergy tail accelerated by LH waves
close to the plasma center seems responsible for the current
drive effects and for the bulk electron heating. The latter is
due to tail energy thermalization via non-collisional phenomena
{e.g. anomalous Doppler instability [7]) as indicated by the
bursts in w__ emission. A typical spectrum in the w__ range is
shown in Fiﬁ. 5. Strong enhancement over the therma¥®Tevel

appears around Wp s 1.5 W and w > 3 w_, as an effect of the high
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FIG.7. 7 keV fast neutral hydrogen flux versus radius of viewed chord during RF.
n=9X10%3cem3 P=120kW.

energy electrons. The optically thick 2 Weg emission is only sensi-
tive to the bulk temperature -and the Trelative enhancement
agrees withother T_ measurements. Bulk ion heating (no tails are
observed) takes p]é%e via classical collisional transfer from the
electrons in agreement with the observed rise and decay time of
T. (~ 50 ms). Since energy transfer from the e-fast tail to
elbulk lasts also after the RF shut-off (see Fig. 3), Te does not
drop immediately and T, keeps growing for another 50 ms (the CX
acquisition time is 10 ms).

As the density is increased at the same current, the above
effects become weaker, and above B = 7 x 103 cm-3 electron-wave
interaction is negligible. This density dependence seems to be
connected with a decrease of the fast electron component as the
streaming parameter (« Ip/ne) decreases.

INTERACTIGN WITH IONS

In H-plasma, Tlinear turning points (LTP) are expected for
ny = 2 at density 1.3 x 10'% cm-® at 80 kG and 1.6 x 10*% cm-%
at 60 kG. Energetic ion tails have been observed perpendicularly
by neutral analyzer at B8 =60 kG and in the range of peak density
0.8 - 1.5 x 1014 cm~3. Fr1gure 6 shows a typical energy spectrum
of neutrals before and during the RF pulse at a power of 140 kW.
Since the CX neutral analyzer looks at the plasma with an extre-
mely small angle {x~ 10-3 rad) around the direction perpendicular
to BO, the observed neutrals came from ions with high perpendicu-
lar velocity which are trapped in the B_ ripples (0.4% to 3% from
center to edge). In time the signal decays in less than an acqui-
sition interval. A vertical tilting of the analyzer shows a
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FIG.8. Neutron emission versus time in a D plasma at 60 kG with n,=1X 10" em™3.

strong up-down asymmetry. The result of a vertical scan during
the RF pulse at energy of 7 keV is shown in Fig. 7. Very few
counts are recorded when one looks through a chord crossing more
than 7 cm from the center on the side opposite the ion toroidal
drift. This is taken as evidence that the fast neutrals are
coming from the plasma center and the increase in signal as the
chord approaches the border is due to fast ions drifting into re-
gions of higher neutral density, as has been verified by invert-
ing the direction of the toroidal B_ field. For peak density
roughly above 1.5 x 10%% cm-3, decay instability signal increases
significantly and the fast neutrals disappear. The spectral ana-
lysis of a RF probe shows sideband peaks separated from the pump
frequency by harmonics of w_.. Up to 10 satellites are present, de-
pending on the density and %émperature profiles of the discharge.
Resonant decay instability justifies this feature and an evalua-
tion of the threshold [5] for its onset is in rough agreement
with the observed density and temperature at the border.
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In D plasma turning points for n, = 2 are expected at ﬁe =
= 3.5 x 101% cm~-3 for 80 kG. A less extensive campaign has béen
done in D at LTP regimes. The onset of decay signal is oberved at
fi> 2 x 101% cm-3. Even at lower densities fast neutrals were not
observed in the measured range 1 - 10 keV. Only for A = 10'% cm-3
neutron emission has shown an appreciable relative enhancement
(100%), probably due to a weak tail of very high energy (Fig. 8).

This discrepancy between H and D behaviour at densities be-
low their respective thresholds for parametric decay onset could
be due to the different perpendicular energy of the ions resonat-
ing with the waves [8]. For the actual plasma conditions of the
experiments, ray-tracing caiculations in toroidal geometry indi-
cate an internal decrease of n,.and part of the RF spectrum can
meet the LTP only in H-discharges. In these conditions, no direct
effect on the bulk is expected but an ion. tail should develop
above a minimum resonant energy & . Indeed, for the main part of
the ray trajectories, € _is around 10 keV for H, while in D-plasma
it is above 80 keV.

Finally, during the RF pulse no significant increase of impu-
rities (C, 0, Fe) was observed.
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DISCUSSION

V.S. STRELKOV: How do you explain the small decay in T, (t) and T;(t)
after heating?

F. De MARCO: Bulk heating takes place via energy transfer from a fast
electron beam accelerated by RF. As indicated by the activity in the w_,
emission, this transfer is non-collisional and lasts for about 100 ms after
RF shut-off.

J.J. SCHUSS: Is the increase in plasma conductivity during your low-density
RF experiments consistent with that expected from the electron temperature
increase?

F. De MARCO: An evaluation of the plasma resistance decrease through
the temperature profiles can justify the voltage drop. Nevertheless, owing to the
uncertainties in the measurements, an appreciable contribution of current drive
cannot be excluded.

R. HAWRYLUK: In the electron heating regime, did Z.g, the power radiated
by impurities, or the MHD activity change during the RF pulse?

F. De MARCO: A significant variation of Z.¢ can be excluded. In some
discharges a weak increase in the iron line radiation as well as some change in
MHD activity have been observed. Their influence on the power balance and
discharge behaviour remains to be investigated.

C.S. LIU: In your observation of parametric decay of the lower hybrid
wave, does the ion-cyclotron sideband correspond to the local ion-cyclotron
frequency at the centre or at the edge of the plasma?

F. De MARCO: The RF probe is located 180° in the toroidal direction away
from the grill and at a poloidal angle corresponding to R = 95 cm. The
frequency shift of the sidebands corresponds to locations 75 < R < 100 cm. This
indicates that detected decay instabilities do not take place in front of the
grille only. Of course, a minor radius determination can be deduced only by
making an assumption about the poloidal location.
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Abstract

HIGH-BETA POLOIDAL PLASMAS AND CURRENT DRIVE BY ECRH ON TOSCA.

High-power ECRH has been used on the TOSCA device to produce high values of beta
poloidal and to investigate current drive. Plasmas with values of poloidal beta up to 2.5 have
been produced by gas puffing and Ohmic heating alone. The value of poloidal beta decreases
as the current increases. Experiments and theory on wave-driven currents are in reasonable
agreement but give low efficiency. This current decreases as the resonance is moved to the
outside of the tokamak, providing possible evidence for the reduction of the current due to
trapped electrons.

1. INTRODUCTION

The small tokamak, TOSCA (R=0.3m, a=0.08m) has been used
to investigate the production and behaviour of high poloidal
beta plasmas using both ECRH and ohmic heating alone. The ECRH
plasmas [1] have low density and high temperature whereas the
ohmically heated plasmas have high density but relatively low
temperature. In the electron cyclotron resonance heating
experiments, microwave power has been injected at a frequency of
28 GHz for pulse lengths of up to 3 ms and power levels of up
to 200 kW from the low field side of the torus using the TEp;
mode in an oversized circular waveguide. Investigations have
been at the second harmonic(B¢=0.ST) as accessibility conditions
for the radio frequency power give a maximum beta twice that of
the fundamental for a given temperature. Preionisation at the
fundamental with an 18 GHz radio frequency source (800 W) makes
it possible to obtain a large range of line-averaged electron
densities, efficient plasma start-up with a substantial saving
in volt-seconds, and the removal of the initial non-thermal
cyclotron emission from the plasma. The plasma position is
feedback-controlled to * 2 mm.

* University of Oxford, UK.
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2. HIGH POLOIDAL BETA PLASMAS WITH ECRH

Using high-power electron cyclotron resonance heating,it
is possible to heat plasmas in small tokamaks to high values of
toroidal and poloidal beta to test beta limits. Strong absorp-
tion and local heating can occurl{2]. It is easy to reach regimes
of operation where the absorbed radio frequency power dominates
the ohmic heating power, which 1s typically 10 kW in these
experiments, The initial target plasmas for ECRH have to have
central densities less than 5 x 1018m~3 for the extraordinary
mode at the second harmonic to be strongly absorbed. The
absorption per single pass initially 1s & 30% theoretically but
this quickly rises due to the electron temperature increase
during the heating. To avoid runaway in the initial target
plasmas, preionisation at the fumdamental, 18 GHz, has been used
and this permits an initial loop voltage of as little as 6V. In
additlon the initial plasma carries only a small current,
typically less than 6 kA, though after the heating pulse is
applied the current can be raised without producing a runaway
discharge, -

Under these conditions very strong absorption of the RF power
occurs. Careful control of the vertical field is required to
maintain the plasma position as the plasma energy content can
increase by more than an order of magnitude. The vertical field
increase can be up to 4 75% and the soft X~ray emission may
increase by up to 100 times over a width of some 2 cm about the
resonance. Strong heating is observed provided the resonance is
in the central hot core of the plasma (¥ 3 cm). Figure 1 shows
the variation in poloidal beta, By, obtained from a diamagnetic
loop as a function of plasma current for a number of discharges
in which this current is varied slowly during the heating pulse.
The injected power in these cases was 100 kW. It is worthy of
note that although B reaches a value comparable to the aspect
ratio (R/a, & 5) for these plasmas, the separatrix would not be
expected to invade the plasma during the heating pulse, which is
applied for less than a field diffusion time,

The variation of B with I is close to that expected if the
energy confinement time remained constant with the current
variation. The global energy confinement time can be estimated
from the rise and fall times of the plasma energy content,
typically 300-400us. The heating efficiency is then 50-75%.
This energy confinement time is comparable to that before the
application of the RF. Also shown on Fig. 1 are spot points at
power inputs of 50 and 150 kW for a current of ¢ 5 kA. The
maximum plasma energy and R do not increase linearly with the
incident power. It is not clear whether the saturation is due
to nonlinear effects associated with the radio frequency heating
or that some other beta-~induced phenomena are present in the
plasma.
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FIG.1. Byasa function of I, for a number of discharges. The dashed line is the behaviour
expected for fixed energy confinement time. The square boxes are for high-density Ohmic
discharges. The circles are for 50 kW and triangles for 150 kW. The left-hand curve shows a
discharge which is characterized by a minor disruption. The shaded curve is an ideal MHD
stability limit,

Many calculations have been made on both ballooning mode
and kink mode limits for tokamak plasmas [3]. These all indicate
that the critical B should vary approximately inversely with the
plasma current. The absolute value to compare with these experi-
ments is model-dependent. In these hot electron plasmas, finite-
ion Larmor radius effects are unlikely to enhance the stability
significantly and, as the plasma is relatively small in the high-q
discharges, wall stabilisation will be very weak. Shown in Fig.1
is a particular stability 1imitl4] which intercepts the experi-
mental observations when BTa3. For higher values, nonlinear MHD
effects might influence the confinement time though there is
little evidence to support this. These plasmas, as is usual for
tokamak plasmas at large g, do not exhibit sawtooth activity and
no significant (Sbg/Bo < 0.1%) mode activity is observed on
external coils. The current distribution is probably frozen in
by the high-temperature plasma and the situation is thus akin to
the flux-conserving tokamak. When the current is slowly
increased to & 9 kA an m=2 mode appears late in the heating pulse
and then disappears only to reappear again as the current decays
after the RF has been turned off. This is shown in Fig. 2
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FIG.2. m=2 mode activity induced by ECRH when the current and density are
increased. This discharge is curve A in Fig.1. (Here the length £ <a.)

together with the evolution of plasma energy which appears weakly
correlated with the mode activity, unlike most ohmic discharges
where the activity does not affect the plasma energy except close
to the time of disruption. At these lower q values (v 3 for ap
& 6 cm) some B-induced MHD mode activity may be present. The
average value of beta is ¢ 1%. Figure 3 shows the plasma energy
variation during the heating pulse for a number of discharges as
the position of the resonance is varied. Discharges with the
resonance on the outside are often characterised by a small dis-
ruption acompanied by a negative voltage spike and a drop in
plasma energy though only a small transient drop in By (Fig 1,
left-hand curve), whereas with the resonance on the inside no
such phenomenon is observed. This is possibly a beta-related
phenomenon as it is not observed at lower power inputs, It
should be noted that, as on many other ECRH experiments{5], the
line-of-sight density drops initially on application of the heat-
ing pulse and then returns to its original level when the ECRH is
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FIG.3. Evolution of the plasma energy during ECRH at power levels of 100 and 150 kW at
different resonant positions. The influence of a disruption when the resonance is moved
outwards is shown.

turned off. The drop appears to be associated with a redistrib-
ution of density in the plasma column. If the density is in-
creased during the heating pulse (Fig 2) then efficient heating
is maintained until the extraordinary mode (X-mode) cut-off
appears in the plasma. The value of By does decrease at higher
densities{1],

3. HIGH POLOIDAL BETA PLASMAS WITH OHMIC HEATING

Plasmas with poloidal beta values of up to 2.5 have been
created by gas puffing to high densities (g 2.5 X 1019m-3) at low
magnetic fields and relatively low electron temperatures as shown
in Fig 1. The B; values are substantially below the ECRH results
but the power input in the ohmic discharges is typically only
3230 kW. Ion heat conduction losses will dominate in these low
magnetic field plasmas (B,v0.5 T) Figure 4 shows a set of wave-
forms for a gas-puffed discharge where the final By reaches umity.
This is accompanied by strong sawteeth and also m=£ activity
shortly before disruption. The density limit here is in accord
with that obtained on many other tokamaks (and pinches) namely:
I/N % 10-14A.m{6] where N is the line density. Note that the ECR-
heated plasmas at higher values of 81 for the same current are
not accompanied by such mode activity, indicating a current and
pressure profile more favourable for stability.
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FIG.4. Waveforms for a high-density Ohmic discharge in which By — 1 accompanied by
sawtooth activity which terminates in a disruption. This is point B on Fig.1.

4. PLASMA CURRENTS DRIVEN BY LOCALISED ECRH POWER ABSORPTION
The method of driving the plasma current in a tokamak by

asymmetric ECRH is expected to be particularly sensitive to the
presence of trapped electronsl?]. "This sensitivity is due to

the diffusion in the electron's perpendicular velocity generated
by the wave which drives these electrons from the passing to the
trapped region of velocity space. The current is diminished both
by the reduction in the number of current carriers and by the
depletion of the passing resonant electrons. The latter effect
causes an asymmetry in the electron distribution function which
appears as a current flowing in the opposite direction to the
Fisch-Boozer current(8], This depletion-driven current component
is the basis of Ohkawa's[9] current-drive scheme and can become
dominant at small aspect ratios and can reverse the net current.

When the wave power is absorbed locally, the reduction in
current due to trapping on a given flux surface depends on the
poloidal angle 6, of the power absorption. The present calcul-
ation determines the current flowing on the flux surface as a
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function of 8, for the local values of power density Py and
parallel wave vector k;, as obtained from a ray-tracing code
for example. For a given flux surface, and neglecting electron-
electron collisions, the electron Fokker-Planck equation can be
used together with poloidal and toroidal magnetic fields of the

form
(BG’B¢) = [b(x)/h, Bo/h]
(where h = 1 + € cos 8) to obtain an equation for the distribution

function of the passing particles. Conventional 'banana' regime
analysis[10] gives

5 3f§
vei i < v"/B>u E +

01 oF
-1 (2B 9 ] £ m
+1v2Do (§-pB) 2 (—2> (— + B ——)(p Slv,-v_) )J =0 (1
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where the subscript p denotes passing particles, the second term
is the quasi—lineaE diffusion operator rewritten in terms of
u(=v¢/2B) and £(=v~/2), & is the cyclotron harmonic number, w and
Q are the wave frequency and electron gyrofrequency respectively,
D is a constant in velocity space proporticnal to the wave
intensity, v, =(w—%Q)k|,and Ey is a Maxwellian distribution. In

eq(l), B = (Bé+B§)i, o=v) /vyt vei=ZvO(V/Ve)—3,

4

1

v =(2T/m)2, v_ = 121%-2&21, T, m and n are the electron
e o} 2T3/2

temperature, mass and density respectively, Z is the effective plasma
charge and &nA is the Coulomb logarithm. The triangular brackets
denote a flux surface average.

Integrating eq(1l) with respect to u gives
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where H is the Heaviside function, ug = (Zg-vg)/ZBa and the
subscript a denotes evaluation at 6 = 0,- Using eq. 2,the
current density is found to be
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FIG.6. Plasma current in TOSCA driven by ECRH as a function of ECR position. The current
drive efficiency is about 0.01 A per watt of injected power in this case.
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_ 272 _ _ =
where x=m&/T, A—H/E,‘xo—vo/ve, XX Bmax/(B ax~By)s AB uo/i. ‘
The current density is expressed in units o nev, and q 1n units
of nmvévo.

Values of <J>/Pd from eq (3), normalised to J/P; for a
uniform field, are shown in Fig. 5 as a function of € for
fundamental ECRH (£=1), for x =1 and poloidal angles 6_=0, 900,
135° and 180°, © K

The current is strongly dependent on € and reverses direction
as the Ohkawa component, driven by the depletion of the passing
electrons, exceeds the forward component driven by the reduced
collisionality. The curves for different values of 64 show that -
the current is most sensitive to trapping at small poloidal angles
as expected since the smaller the value of 6, the greater the
fraction of trapped electrons in the resonance zone.

Some preliminary experimental evidence for the effect of
electron trapping on ECRH-driven currents has been found on the
TOSCA tokamak. In this experiment an angled antenna was used
and an injected power level of 85 kW. The target plasma was
formed by an ohmic discharge with a plasma current of 8.4 kA. The
line-average plasma density was & 5 x 1018m~3. The ECR resonance
position was scanned across the major radius by varying the
toroidal field from 0.44 T to 0,54 T. The observed ECRH-driven
current is shown in Fig. 6 as a function of the distance between
the resonance on the equatorial plane and the minor axis (R=0.3 m),
The dramatic reduction in current observed as the resonance is
moved outwards is qualitatively in agreement with the above
calculation since ¢ increases and 6, decreases with this movement.

CONCLUSIONS

Very high values of poloidal beta have been obtained by
both ECRH and ohmic heating alone. These values have equalled
the aspect ratio and challenged optimised beta limits. The high
values do not necessarily lead to disruptions or enhanced MHD
activity and the confinement does not appear to be impaired.
The poloidal beta decreases with increasing plasma current but
this may be due to a power input limitation in the present
experiments. Experiments on ECRH current drive give relatively
low efficiency and this efficiency falls when the resonance is
in the region where trapped electrons may exist, which is in
accord with theoretical predictions.
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DISCUSSION

D. HWANG: Do you have any scaling of the decrease in sawtooth
activity with increasing PRy or toroidal magnetic field?

D.C. ROBINSON: In the low-density high-q discharges in which strong
absorption occurs, sawtooth activity is not observed. If the density is raised
so that sawtooth activity is seen, then poor absorption of the RF power is
obtained and no influence on the sawtooth activity is observed.

A. KITSUNEZAKI: What is the confinement time as f; increases,
particularly when fy = R/a?

D.C. ROBINSON: When B; exceeds about 3 for a power input of 100 kW,
the confinement time starts to decrease, and when ] = 5 at low plasma currents
the confinement time has decreased by a factor of 2 (see Fig.1). It should be
noted that the reduction in confinement is unlikely to be due to the invasion of
the separatrix into the plasma, as the heating pulse duration is less than the
field diffusion time.

H.W. PIEKAAR: The purpose of ECRH is to obtain efficient heating by
deposition of energy as f(R). Can you comment on this? And do you absorb
your power in a single pass, and if so, by what mechanism?

D.C. ROBINSON: The temperature profile obtained from soft X-ray
observations varies as the resonance position is moved through the plasma by
varying the magnetic field in low-density plasmas. Strongly peaked profiles are
obtained with the resonance on the magnetic axis, whereas flat to hollow profiles
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are obtained with the resonance on the inside edge of the plasma. At the high
temperatures obtained in these plasmas the extraordinary mode is almost completely
absorbed in a single pass at the second harmonic.

P. EFTHIMION: During the ECRH experiment the line-average density
drops to half its value with the application of power. Is it possible that the
observed increase in the soft X-ray signal is due not to electron heating but to
an impurity influx?

D.C. ROBINSON: There is no evidence for any impurity influx from
spectroscopic observations in the edge regions of the plasma provided the walls
have been conditioned.

P. EFTHIMION: What do you attribute the change in the density profile to?

D.C. ROBINSON: It is possible that the change in density profile is due
to an inverse wave pinch effect associated with the large increase in 81 and
decrease in voltage.
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Abstract

MEASUREMENT OF TRANSPORT COEFFICIENTS IN THE T-10 DEVICE.

A description is given of experiments for determining the transport coefficients from
measurements of the radial profiles of the plasma parameters in the T-10 in regimes with
different magnetic fields B, different q(ay ) and different densities. It is shown that heat
conductivity is determined by different mechanisms in three distinctive zones of the discharge.

1. INTRODUCTION

Estimates of the electron heat conductivity, ke = neXe, made in the T-10
in regimes with a longitudinal magnetic field, B, = 15 kG, a discharge current
I, =240 kA [q(ap) = 2] and an average density Tle = (2—3) X 10 cm 73 [1, 2]
have shown that in the region of the column with maximum electron temperature
(Te) gradient (the gradient region given by r = 0.5ap ), we have k, =
(2—3) X 107 cm™" -s™L. 'This value is considerably smaller than that given by
the Alcator scaling [3] but is in good agreement with the T-11 scaling [4]. In
experiments involving plasma heating at the second electron cyclotron resonance
harmonic [2] it has been shown (though not to any high degree of accuracy)
that the dependence of k, on T, under such discharge conditions is weak, being
not stronger than ke ~ T$, where la] < 0.5.

When, however, B, is increased to 30 kG and I, is kept constant
(q(ap) = 4-4.5), values of ke = 0.6 X 10'7 were obtained in the plasma core

63
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(r < (1/3) ap) [5]; these are much smaller than all the usual scalings and less than
ten times greater than the neoclassical values,

To determine the reasons for such a low heat conductivity (in the plasma
core) and to find the dependence of the anomalous behaviour of k¢ on the
plasma parameters, studies have been carried out over a wide range of discharge
parameters. The results are given below.

2. DIAGNOSTICS AND EXPERIMENTAL CONDITIONS

For measuring the parameters required in the calculation of the electron
and ion heat conductivities ke and xj, we used the following diagnostic techniques:

1. The electron temperature in the steady-state stage of the discharge was
measured (averaged over a time interval At = 200 ms) from the X-ray
spectra by means of two Si(Li) detectors which scanned the plasma column
in mutually perpendicular directions. No deviations from a Maxwellian
shape were observed over the energy range E = 1.5—10 keV. The results
of the X-ray measurements were also used to determine the effective
plasma charge Ze¢r.

Measurements of the Te(r) profile by the Thomson scattering technique
have also been carried out in regime V (Fig.1). This figure shows that T, (r)
profiles measured by the two techniques mentioned differ substan-
tially. Therefore, the calculations of the electron heat conductivity, e,
are carried out independently by using both profiles. The two techniques
have yielded good agreement in previous experiments {5, 7] for regimes
similar to those designated as Il and I'V.

2. Theion temperature T; was determined from the spectra of the charge-
exchange neutrals. The values of Tj in the peripheral region of the column
were determined for all regimes from the Doppler broadening of the
C V and O Vion lines. In the plasma core, Tj was also monitored from
the intensity of the neutron emission.

3. In all the regimes studied, the sawtooth oscillations were observed by means
of a pin-hole camera with simultaneous recording of the signals from ten
surface-barrier Si-detectors.

4. The radial distribution of the radiative losses from the plasma column was
determined by means of a nine-channel system of pyroelectric detectors.

5. The total energy confinement time was found from diamagnetic measurements.
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FIG.1. Electron (Tg) and ion(T;) radial temperature profiles for regimes IV (see Table I).
1 — experimental points as results of measurements along chords; 2 — Te(r) after Abel
inversion; T (regime V)-laser profile of Te; re-radius of phase reversal in sawtooth oscillations.
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TABLE 1. PRINCIPAL PARAMETERS OF FIVE DISCHARGE REGIMES

Regimes I I 111 v \Y
B, (kG) 30 30 16 30 30
Ip (kA) 430 430 240 - 240 580
aq(aL) 2.4 2.4 2.3 4.4 1.8
e (X10'3) (em™) 4.5 2.7 3.4 3.9 5.3
red (ms) 70--87 45-57 4 40-53 79-90
100 at i = 6.0
7% (ms) 7677 48-49  23-24 44-46  65-67

Five different discharge regimes in the tokamak were studied. The principal
parameters are given in Table I. In this table, q(ay ) is the safety factor at the
limiter (ay, = 32.5 cm): r% is the total energy life-time determined from the
diamagnetic measurements; and T% is the life-time calculated from the measured
T, and T profiles. Regimes 111 and 1V were similar to those described in Refs [1, 5].

3. DETERMINATION OF THE HEAT CONDUCTIVITIES

The electron and ion heat conductivities were determined from the steady-
state energy balance equations in the corresponding components:

dT
(QOH>~<Qei>_<Qrad> + LT Ky dre =0 nH

dT;
<Qei>+ar”‘i€r“=0 (2)

Here,

T
{Q)=27R, '27Tf Q(r)rdr
0
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It follows from Eqgs (1) and (2) that the ‘heat conduction’ fluxes Qxe and Q;,
determined in this way include also the diffusion fluxes and, in the case of the ions,
the charge-exchange losses as well. Thus, Eqs (1) and (2) yield somewhat over-
estimated values for «¢ and ;.

The current density j(r) was calculated on the assumption that the electrical
field E; was constant across the radius and that the conductivity was of the
Spitzer form with toroidal corrections; the experimentally determined Zggs
profiles were used.

The calculations have shown that the total current,

a

1, = 27rf (r) rdr

0

differs from the measured value by no more than 10—12%. The quantities
raE and TE are in good agreement with each other, with an accuracy not worse
than 10—15%, as follows from Table 1.

For comparing the calculated thermal conductivities with the neoclassical
values, we used the approximation equation

Kpl K

pl Kban

aneo = KPS —_ (3)
Kpl + Kban

where kps, kp] and kpap are the values of «; for the Pfirsch-Schliiter, plateau
and banana regions, respectively [6].

In the calculation of the deuteron density, allowance was made for the
presence of impurities, the amount of which was determined from the measured
value of Zesr(r).

The greatest uncertainty in the measured parameters occurred with the
ion temperature T; and was due to the fact that it was necessary to introduce
corrections for the opacity of the plasma and to allow for the neutral-spectrum
distortions caused by trapped particles.

The analysis of these processes has shown that the experimental value,
T$*P (Fig.1), should be increased by no more than 20%. In this connection,

a value of T; = 1.2 T{*P has been used in the calculations. Some profiles of
measured and calculated parameters are given in Figs 1 to 3. The electron and
ion heat conductivity coefficients have been found from those profiles. The
value of q(0) is found to be appreciably less than one in regimes with low
q(ar) and T-10, i.e. in the regimes where strong sawtooth oscillations occur.
If we assume that the current density in the region r <r for some reason
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{calculated).

(e.g. an anomalously high resistance at r < rg) corresponds to q = 1, serious
contradictions in the energy balance will emerge. In thiscase, the Joule energy
deposition {Qgpp’ inside ry is found to be less than or equal to the heat transfer
from electrons to ions, {Qey).

4. ELECTRON HEAT CONDUCTIVITY

The electron heat conductivity coefficients, ke(r) = neXe, for the various
regimes calculated from the measurement results are given in Fig.4. From the
point of view of heat transport by electrons, we can distinguish three regions
of the plasma column:

Region I — the sawtooth oscillation region (r < rg). The enhanced value
of k¢ in this region for regimes with small g(ay ) most probably reflects the fact
that the temperature gradient d Te/dr is determined not by a thermal conduction
mechanism but by convective flux in the sawtooth oscillation process. If there
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FIG.4. a)b)c)d)e) Electron heat conductivity coefficients, ko. [e) — electron heat con-
ductivity as a result of laser measurements);” f) Electron diffusion coefficient, D¢ (regime ).

are no sawtooth oscillations (the regime of Ref.[5]) or if their region of existence
is small (regime IV, rs = 5 cm), the values of ke in the plasma core, 1 < (1/3) ag,
are small: ke < 0.6 X 10'7 for the regime of Ref.[5] and xe ~ 0.4 X 10%7

for regime [V.

In this connection, the question arises whether the low ke values in the plasma
core are simply a characteristic of regimes with large q(ap ) or whether they
represent a general phenomenon which is difficult to detect in regimes with
q(ar) = 2, because of the presence of the sawtooth oscillations. To analyse this
problem, let us turn to Fig.6a, which shows oscillograms of the sawtooth
oscillations in the given region of the column, obtained by means of the
surface-barrier detectors.

From the energy balance for instants of time before (t,) and after (t;) the
internal disruption, we derive the following connection between the electron
energy life-times associated with heat conduction 7%, and the convective flux TR
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where 782" = 2 Tgt/(81/1); Tt is the period of the sawtooth oscillations, I the
intensity of the X-ray signal and 81 is its amplitude in the sawtooth oscillations.
In the above equation, we have allowed for the fact that the intensity of the
experimentally observed X-ray radiation, I(t), is related to n.Te by the following

expression’

d neTe 1 dl
— T =———— 5
at (neTe) 7 1 dt (5)

where ne Te is the time average of the energy, and have neglected the change in
the Joule heating in the oscillation process (which leads to a lower bound for T'ée ).

The steady-state calculations give good agreement between
TEe(Ts) = (3/2) (ng To) VI{{Qom? — (Qep — (Qpag’}

and 782", A characteristic feature of the sawtooth oscillations (Fig.6) is the
almost linear increase of I(t) in the relaxation phase, i.e. the small difference
between (81/dt), and (81/9t);. Thus, for regimes with q(aL) = 2, 7§, > 782"
For example, for regime [ with Ty = 1012 ms and 8I/I = 0.2—0.3, we have
T’é(rs) > 150-200 ms, i.e. it is greater than T’}‘E, characteristic of the ‘gradient
region’. Thus, the low values of the electron heat conductivity in the plasma
core are not only characteristic of regimes with large q(a; ).

Region III — periphery of the plasma column. In regime [V with its large
q(arp), the heat conductivity k. increases with r; this rise begins in the region
of the resonance surface q(r) = 2 (Fig.4d). As q(ay ) increases on the column
boundary the enhanced-conductivity region is shifted and when q(ay) = 2 it is
appreciable only for low value of longitudinal field B, = 16 kG (Fig.4c). We may,
therefore, assume that if the resonance surface q = 2 is either outside or actually
on the boundary of the plasma column, there is no enhancement of the heat
conductivity at the periphery. This may indicate that the increase in conductivity
is related to an MHD activity, i.e. convective transport near the resonance
surface. The existence of such processes can be inferred from Fig.6b, which
shows, for purposes of comparison, oscillograms of the X-ray signal from the
surface-barrier detectors (regime I V) during observation of the core (h = Q)
and the peripheral (h > rg) regions (h is the observation chord). The last part
also exhibits characteristic sawtooth oscillations but the period is quite different
from that in the core.
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TABLE II. VARIOUS QUANTITIES IN FIVE DISCHARGE REGIMES

Regime I II 111 v v
r 19 19 19 10 21
Ke (X107 (em™-s7h) 1.2 1.8 2.7 0.4 1.0 (2.0-laser)
Te(eV) 800 900 460 970 910
e (1071%) (em™) 5.4 3.2 4.1 5.8 6.2
Zest 1.6 1.8 2.6 3.1 1.5
q 1.2 1.2 1.0 1.4 1.0
hv

100 -TE m 1 j/

80t {/}

60 F o

af !

v
20} oo
0 J1 2 3 4 5 6x 1013

FIG.5. Total energy confinement time, Ty, versus average density, ne, from diamagnetic
measurements.

Region II — main gradient region. In this intermediate region, where the
radial gradient of the electron temperature dTe/dr is maximum, the heat
conductivity has its lowest value. In regime II, where there is a low value of the
magnetic field, the width of this region is small and it may be assumed that the
values of k¢ in such cases may show the influence of the two other regions,

i.e. the convective transport in the core and the enhanced heat conductivity of
the peripheral zone. For small g(ay ) = 2, the gradient region shifts outwards
with increasing density and can thus be seen even from the initial T¢(r) and
ne(r) profiles, which become wider while the zone between the wall and the
good-confinement region gets narrower. [t is, therefore, important that there
should be no resonance surface q = 2 in this zone since otherwise a region of
enhanced transport occurs which might overlap (for large n.) with the gradient
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FIG.6. Soft-X-ray sawtooth oscillations: a) regime V; observation along chord, h=+4 cm.
(+) sign corresponds to measurements in external region along major radius, R=Rqth.
b) regime II; sawtooth oscillations in zone withr < rg (h =6 cm}and r > rg (h =—19 cm).

zone and this should lead to impairment of the energy confinement in the
plasma. We believe, in fact, that an important feature of the results obtained on
the T-10 is that it is possible to achieve regimes with a high density in the absence
of a resonance surface q = 2 inside the plasma.

Since the main gradient region determines the energy confinement in the
electron component, it is of interest to consider how the thermal conductivity
Ke varies with the discharge parameters in this particular region. The values of
Ke in this zone determined for the different regimes are summarized in Table I1.

In all regimes, except that with a low field, By = 1.6 T, k. is substantially
lower (two to four times lower than k. corresponding to the T-II scaling law).
Note that, for low ¢, ke tends to decrease with rising ne and B;. This is not
inconsistent with diamagnetic-measurement results shown in Fig.5. The
dependence of the total energy confinement time, 75, on the line-average density
is close to linear in the range of T = (2—6) X 10'® cm™3.

5. MEASUREMENT OF THE ELECTRON DIFFUSION COEFFICIENT

Measurements of the electron diffusion coefficient were made in regime 111
by the gas-puffing method. The puffing valve was opened for 10—12 ms, which
led to a density change of Ang/ne 2 0.02. The electron influx profile was
determined from the neutral-atom ionization.
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From a model solution of the diffusion equation

Ine(r,t) _ 13 one(r,t) 19
———at =S(r,t) + rx 1D, (1) ———at ] + [r ne(r,t)vp] 6)

ror

we were able to determine Dg(r,t) from the condition for best agreement between
the time change in the profile ny(r,t) and the experimental results. In Eq.(6),
S(r,t) = f(r)P(t) is the electron influx produced by the ionization of the neutrals.
The radial profile of the influx f(r) was determined from the profile for the
increment 6ne(r,t), 8 ms after the start of the puffing. The best agreement
between the experimental ne(r,t) profile and the mode! was obtained for a value
of the steady-state neutral flux into the plasma Pg= 8 X 10'5 cm™-s7L

The pinching rate v, was found to have a neoclassical value (20 cm -s71).
The experimental results are given in Fig.4e. The estimates are upper bounds,
since with anomalous pinching by an increase in vy at the periphery with
simultaneous decreases in De and Pg it is possible to satisfy both the steady-state
equation and the equation describing the time change in the density increment.

As can be seen from Fig.4f the three regions discussed above are also found
in the radial dependence D¢(r). In the main gradient region (r < 0.5ap), the
diffusion coefficient is-a minimum — D, = 800 * 300 cm?-s™!. An increase in
D by a factor of about four is observed at the periphery. Since Vrne vanishes
inside the zone r < 15, it is impossible to reach any conclusion about the
behaviour of D, in this zone.

In the minimum region, the value of D is ~10% of the heat conductivity
coefficient xe = Ke/ne and a factor of 4—5 greater than the neoclassical value D’eleo.

By comparison with earlier experiments carried out in a similar regime
with a smaller density (e = 1.4 X 103 em™3) (1], the diffusion coefficient in our
experiments was a factor of 2—2.5 smaller (it is inversely proportional to the
density).

6. ION HEAT CONDUCTIVITY

The values determined for the anomaly factor Kb, =/« are shown
in Fig.4. It follows from Eq (4) that the ion heat flux determined in this way
also includes the losses connected with diffusion and charge exchange. Estimates
for a density A, & 4.5 X 10'* cm™ and a neutral-atom concentration
ng(ar) =~ 10'® ¢cm™3 show that allowance for charge exchange becomes important
when r > (2/3)ar.

The normally observed increase in Kim at the periphery of the plasma column
may therefore be caused by an increase in the fraction of the losses involving
charge exchange and in the relative importance of the diffusion fluxes. The
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TABLE IIl. RESULTS OF CALCULATIONS IN REGION r = (1/2)—(2/3)ar

Regimes I i} 11 v v

ki (X107 (em™ s7%) 4-3 2.4-2 4-3.5 3.5-2 3.5-4.5
i

K, 3 5 2 1.5 3.5

uncertainty in the determination of k;j is much greater than that for k.. We
shall therefore discuss only the main gradient region [r = (1/2)—(2/3)ay,]. The
results of the calculations are given in Table III.

It can be seen from these data that for large q(ap) (regime IV), when the
electron thermal conductivity «e in the central regions of the column is low,
Kan = 1.5, i.e. the ions can be considered as neoclassical. The extent of the ion
anomaly increases with decreasing q. For constant conditions relating to q, the
ion anomaly is greater for lower densities (regime II, Kim = 4):. finally, for
identical q(ay ), Kap decreases as the toroidal field gets smaller (regime III).

We also carried out calculations of the ion temperature in the plasma core
assuming a neoclassical ion thermal conductivity and using the experimental
values of Te(r), ne(r) and Zege(r). To ensure that the calculated T; did not
contradict the experimental results for Tf"p (r) and the neutron radiation yield,
it was necessary in the calculations tointroduce an anomaly factor K}, which
was close to those in Table 111 for the main gradient region.

In the x; calculations we did not allow for the fact that part of the flux
{Qep is transferred to the impurity ions. For Zegr ~ 2, this fraction amounts to
~15% of {Qep). For all regimes except 111 and IV the corrections are within
the limits of accuracy. Moreover, comparative estimates of the thermal
conduction fluxes carried by deuterons and impurity ions shows that the
contribution of impurities to the thermal conduction losses is small. These
estimates do not contradict the results obtained in the regimes with the
greatest values of Zegr (11 and IV), where the ion anomaly factor Kim is least,
although no allowance was made for the transfer from electrons to impurity ions.

We can thus say that under the conditions of the T-10 experiment it is
impossible to describe the ion thermal transport in terms of neoclassical
theory [6] in regimes with large H; and small q(ap.). The decision of whether the
ion heat transfer is neoclassical requires the losses due to diffusion or locally
trapped particles to be taken into account accurately.

DISCUSSION

Over the last decade there has been lively discussion amongst tokamak
physicists with regard to scaling laws which could be used to describe the whole
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range of available results and to predict the parameters of next-generation devices.
The scaling laws are usually written down in the form of a product of the
plasma parameters

T = qa nﬁT7

From a consideration of the above results on the measurement of the local
heat conductivities we can say that this approach is invalid, in principle.
Different laws govern the particle and energy confinement in different zones of
the discharge.

If we want to find a scaling law for this situation, the expression for the
energy confinement time must be taken not as a simple product but as a more
complicated function for which the freedom of choice of the functions then
becomes very great. A better approach, therefore, is to gain an understanding
of the processes which occur in each zone. The fact that zone III is shifted
radially together with g = 2 as the transport coefficients increase shows that
MHD-instabilities play an important and possibly a decisive role in the processes
leading to high values of ke and De. A study of these processes would probably
enable us to find conditions under which the transport coefficients here would
not be so large. A simpler approach, though, is to explore the possibility of
working with a plasma in which q(ay) = 2 and zone III does not exist at all
(regime V). However, in this case, there is a very wide zone [ inside r < rg,
where rapid scattering of heat and particles occurs because of the development
of sawtooth oscillations. If the current density could be re-distributed so as to
reduce the activity of the m = | mode, it ought to be possibie to achieve better
confinement conditions than currently exist.

The question of the magnitude of the heat transport coefficients in zone Il
is a complicated one which requires detailed study since, as we pointed out
above, zones I and III may have a considerable effect on the value of the thermal
conductivity in zone II.
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DISCUSSION

M. NAGAMI: Your comparison of typical discharges shows that Tg
decreases with Bt while the other parameters are fixed. How do you explain
this in terms of x. or g = | or 2 location in minor radius?

V.S. STRELKOV: It may be concluded from a comparison of regimes 111
and IV that 7 decreases as B decreases. Examination of the local values of
Xe(r) shows a difference between the regimes due to the wider zone g <1 in
the lower-field case and to the influence of convective transfer in this zone on
the value of x. outside the zone q < I.

B. COPPI: Is the thermal conductivity you measured in the regxon outside
the g = 1 surface lower than in other experiments?

V.S. STRELKOV: Yes, the minimum local value of the thermal conductivity
we obtained is several times smaller than in the Alcator scaling.

R.R. PARKER: Dr. Strelkov, you stated that the ion thermal conductivity
did not differ substantially from neoclassical calculations (except in one regime).
By what factor was this an ‘anomaly’, and according to what theory? Is the
dependence of x; on radius also consistent with the neoclassical theory?

V.S. STRELKOV: The comparison of the experimental values for the ion
thermal conductivity coefficient was performed using the usual neoclassical
theory. Sufficient experimental data on the ion thermal conductivity coefficient
have not yet been obtained, so it is difficult to compare the data with the
theoretical dependence of x; on the radius.

D. OVERSKEI: For the past several years you have been performing ECRH
experiments on T-10. Would you please comment on the results; or more
directly, on the variance in X, or De with the application of ECRH?

V.S. STRELKOV: The influence of ECRH on the total energy confinement
time 7g is discussed in the paper presented by the T-10 group last year at the
Tenth European Conference on Controlled Fusion and Plasma Physics, Moscow,
USSR (14—19 September 1981). Detailed investigation of the dependence of
the local values of x. and D, in ECRH has not yet been completed.

F.B. MARCUS: In previous results from T-10, you reported asymmetries
in plasma profiles. Were these observed in these studies, and did they have any effect?

V.S, STRELKOV: Asymmetries in the electron temperature profile have
been seen in low-density regimes. In the high-density regimes discussed in our
paper, there was no asymmetry in the distribution of Te(r).
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Abstract

ALFVEN WAVE EXPERIMENTS IN TCA.

The low-power experiments carried out on the TCA tokamak have shown that the antenna
system excites the shear Alfvén wave as predicted by numerical codes, The existence of sets
of discrete spectra corresponding to global eigenmodes of the Alfvén wave has been experimentally
shown. Preliminary higher power experiments have produced increases in electron and ion
temperatures accompanied by a substantial increase in the radiated power loss. Indications are
that metal impurities are playing a dominant role, but their source has not yet been determined.
It appears that energy is transferred directly both to the electrons and to the ions. The antenna
structure was completely unshielded for these experiments.

1. INTRODUCTION

TCA is a tokamak built with the express aim of studying the
launching and absorption of Alfvén Waves. It has been working
since mid-1980, was described in detail in Ref. [1], and has the

following operating characteristics :

R, a = 0.605, 0.14-0,18 m
Bs = 0,78 - 1.51 7T
Ip g 135 kA during = 100 ms
q = 2.2 - 22
19 .3
Neg =0.8 -9%6 10" m~, D, and H,
Tagr Tio € 900, 250 eV

* Present address: Australian National University, Canberra, Australia.
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In this experiment we aim to excite the Shear Alfvén Wave
resonance at the radial position at which the toroidal transit
time of the Shear Alfvén Wave is an integral number of periods of
an applied generator frequency. This leads to the requirement
that

2nR 2mn ) (n + m/q(r))? B¢2
= ;s w(r) = (1)
Va © e o(r) R

where n and m are the toroidal and poloidal modenumbers. Since
both the g and density profiles are functions of minor radius in
a tokamak discharge, we obtain a set of continua for the various
combinations n,m., At a particular applied frequency there may be
several resonant surfaces at different minor radii for different
modes. Energy can be transferred from an external antenna system,
via a surface wave, to this resonant layer where it can be
absorbed, or alternatively converted to other waves which may
dissipate elsewhere. The basic theory of the excitation of Shear
Alfvén Waves has already been treated in detail by many authors
[2,3] and is currently being studied at Lausanne using an ideal
MHD approach and at Austin using a kinetic model. The resonant
frequency given by Eq. (1) is of the order of several megahertz
in present tokamaks, far the low-n modes, and is generally much
less than the ion-cyclotron frequency; the ratio w/wei is given
by

w/o_; = 0.073 x (A/mg)/? x (n + n/q)/R

in which njg and q are the ion density and safety factor at the
Shear Alfvén Wave resonant layer and A is the atomic mass.

In our experiment the waves are excited by an antenna
structure inside the vacuum vessel |4]. The complete structure
comprises eight groups of three wide stainless steel antenna
plates sited above and below the plasma at four equally spaced
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toroidal locations. The phase of the current in each group can be
inverted, creating several possible excitation structures which
can couple preferentially to different n,m modes. The rf system
[5] was commissioned in Spring 1981 and the first year was spent
maostly on low power experiments to understand the mechanism of
antenna loading. Since the Grencble conference, work has been
started on higher power experiments. The tokamak is equipped with
fairly standard diagnostics not all of which are fully
commissioned. In this present paper we shall briefly describe the
low power studies, followed by the high power experiments

presently underway.

2. LOW POWER EXPERIMENTS

Some low power experiments at 2.6 and 5.0 MHz have already
been reparted |[6,7| and the results will be summarized here. The
first result is that the value of the antenna loading resistance
has been shown to scale correctly as a function of applied
frequency and magnetic field, and is independent of the antenna
current. Fine structure in the antenna loading as a function of
the plasma density was observed near the thresholds of the Shear
Alfvén Wave continua, but for only one sign of helicity of the
waves. These resonance peaks have been attributed to global
eigenmodes of the Alfvén Wave (Discrete Alfvén Waves) which occur
just below the continua and are described in ideal MHD theory
|8]; the existence of this discrete spectrum had already been
indicated theoretically by Goedbloed. Since the antenna loading
is roughly doubled at these resonances, they may also offer an
interest for plasma heating. The identification of the wave mode
structure at the loading peaks, first made by its corresponding
threshold, has been confirmed by magnetic pick-up coil
measurements made inside the vacuum vessel.

During these studies the solid screens placed either side of

the antennae were removed and the loading was thereby doubled due
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FIG.1. Variation in loading resistance as the antenna-plasma spacing is varied.

to an improved magnetic field distribution at the plasma
surface. The loading is typically = 120 m? per group outside
the peaks for a full aperture plasma corresponding to = 12 for
the full antenna system. This figure agrees well with ideal MHD
calculations. The variation of the loading as a function of the
plasma density agrees better with theoretical estimates if the
w/wej corrections are added to the MHD calculations [9] .

The antenna loading as a function of antenna-plasma
separation has been studied by changing the plasma position | 7]
and recently by varying the limiter radii from 714 to 1B cm. The
latter measurements have confirmed the previous value of a
decrease of %10% per centimetre of additional space as shown in
Fig. 1. The evanescence of the wave in the tenuous plasma between
the antenna and the limiter radius 1is negligible at this low
frequency and the reduction in loading resistance is a purely

geametrical effect.

3. HIGHER POWER STUDIES

Experiments have been performed at 2.6 MHz using rf power of
up to 150 kW for 30 ms, which is a power similar to the Qhmic
heating power. The antennae were phased so as to excite
predominantly the n = 2, m = 1 mode. We find that the antenna

loading resistance remains constant up to the maximum power
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FIG.2. Evolution of (a) ion temperature and (b} electron temperature during the rf pulse.

delivered and that the increased loading of the antennae which
resulted from the removal of the side-screens did not lead to a
change in the character of the loading. The experiments discussed
here were all carried out without any antenna screening. Rf
curents up to 700 A were used, corresponding roughly to * 300 V
across the antenna plates and % 600 V across the feedthroughs,
with no evidence of any arcing or glow problems. When the rf
power is applied during a tokamak discharge we observe an
increase in Tj for most of the pulse and an increase in T,
which lasts up to 15 ms, after which it can drop below its
normal value (Fig. 2). The electron density also rises at the
start of the rf pulse and then levels off; the increase depends
on the plasma parameters and also, it appears, on the condition
of thé antennae. The plasma resistance increases during the
pulse, recovering subsequently, and the plasma current falls
below its normal curve. There is a large increase in the
bolometer signal and in the Fe II impurity line emission. The
value of B+1j/2 measured from the equilibrium field increases
during the rf pulse and the plasma current position moves out.

The increases in temperature are found to be linear with the rf
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FIG.3. Increasein (a)ion temperature and (b) electron temperature as a function of rf power.

power delivered (Fig. 3) and the maximum power used has been
limited by the increase in plasma resistance, which causes a rapid
decrease in plasma current. We found that operation with a
limiter radius of 18 cm was superior to operation at 17 or 14 cm,
and that higher power could be delivered at 15 kG than at 11.6
kG. In what follows we shall separately discuss the electron and

ion behaviour during the rf pulse, and the power balance.

Under good conditions we observe an increase in the central
electron temperature of up to 60 % with=x 130 kW rf power. This
increase is followed by a slower decrease which lasts until the
end of the rf pulse,at which time the electron temperature falls
faster. The radial profile of radiated power during the rf pulse
shows an intense peaking which takes some 5-10 ms to reach its
maximum (Fig. 4). This intense power loss can well explain the
subsequent decrease in electron temperature., There is an increase
in the internal inductance of the plasma, due to evident current
pesking during the rf pulse, which can simply explain only 30 %
of the observed increase in electron temperature. Similarly, the
current peaking cannot fully explain the observed change in
B+13;/2. An increase in sawtooth activity or MHD activity also

often accompanies the start of the rf pulse. The source of the
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FIG.4. Evolution of the radial profile of the radiated power loss during the rf pulse.

impurities is as yet unknown. An outer carbon limiter has been
added with no immediate improvements, and all four steel limiters
will soon be replaced by carbon limiters. A spectroscopic study
has just been started to identify the impurities responsible for
the radiated power loss., Surface deposition-probe measurements

have shown an increase in iron/ deposited during discharges with

rf power |10].

Increases in the ion temperature of up to 50% for =80 kW
rf power have been observed to be proportional to the delivered
rf power. Most measurements were made at 11.6 kG, ngg =
2x1019m‘3, in deuterium, since at 15 kG the increase in
electron-ion collisional power transfer (Pei) obscures any direct
ion-heating. We are obliged to increase the density at higher
toroidal field to retain the same Alfvén Wave resonances, as seen
from equation (1). The increase in electron density alone cannot
explain the increase in ion-temperature if the dependence Tj
~ (neIp8¢)1/3 is  maintained. When we estimate the
effect on Pei of the drop in the electron temperature at the end

of the rf pulse, we find that Pei almost certainly decreases for
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a wide range of estimated radial profiles of density and electron
and ion temperatures. The results indicate that there must be a
direct input of power to the ions if the collision frequency

remains classical.

We have attempted to calculate the energy flow, before and
at the end of the rf pulse, in a discharge at 11.6 kG with 70 kW
rf power. During the rf pulse the radiated pawer increases from
70 kW (50% x Pgy) to 130 kW (90% x Pgy). The lasses plus Pei
are estimated to change from 70 kW to 50 kW, resulting in a net
input of approximately 40 kW to the electrons. The ions require
about 30 kW to produce the observed increase in temperature with
appropriately scaled losses and reduced Pei. The sum of input
powers is in credible agreement with the rf power absorbed from
the antenna system. The present lack of profile information

denies us the possibility of a more detailed analysis.

4. DISCUSSION

The preliminary interpretation of the results obtained
during the rf pulse suggests that a large fraction of the
absorbed rf power is being deposited in the bulk of the tokamak
plasma, Power appears to be transferred directly to both the
electrons and the ions. Previous work |3| had foreseen that
absorption would be dominantly due to Electron Landau Damping and
that ion heating would require a much more collisional plasma.

The present power levels are limited by the problem of the
radiated power loss which dominates the power balance of the
electrons towards the end of the rf pulse. Work is underway to
study and reduce this problem.

Low power measurements have shown the existence of the
Discrete Alfvén Waves in tokamak plasma, and have confirmed the
nature of the Shear Alfvén Wave excitation process as described
in MHD codes.
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The fall-off of antenna loading resistance with increasing
antenna-plasma spacing is relatively slow, which presents a
possible eventual advantage of plasma heating using Shear Alfvén

Waves.
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Abstract

PLASMA HEATING AND CURRENT DRIVE BY ALFVEN WAVES.

The results of experimental studies on plasma heating, stationary current drive and
impurity transport phenomena with Alfvén waves excited in the R-OS5 tokamak and the R-O
stellarator are given. In contrast to previous results, the experiments at R-O have been
conducted at higher RF-field frequencies and lower electron-ion collision frequencies. The
RF-driven current is studied as a function of the plasma parameters. It has been shown
experimentally that it is possible to remove the impurity ions when their cyclotron frequency
is close to the Alfvén wave frequency: wpg = wp < wpjy- The effect of the RF-field on the
pre-ionization and current rise stages has been studied in the R-O5 tokamak. The RF-field
allows a tokamak discharge at high densities and relatively small magnetic fields to be achieved.
In the stationary stage, Alfvén heating leads to an increase in the plasma temperature, a rise
in By (By & 2—-3) and in the confinement time, together with an improvement in MHD stability.

1. INTRODUCTION

Alfvén waves can be used to introduce RF-energy into a plasma and to bring
about an efficient transfer of the electromagnetic wave momentum to the plasma
particles [2—4]. The reason for this latter effect is that the phase velocity of these
waves for a typical thermonuclear plasma is not high: v /v, <1. So far,
experimental studies on Alfvén heating (demonstrating its fairly high efficiency)
have been made on stellarators only: R-O, R-O2, Uragan-2, and Heliotron-D [5-7].
At present, experiments on RF-heating over the Alfvén frequency range are being
started on the R-O5 [8], TCA [9], and PRETEXT [10] tokamaks. The results of
the R-O5 tokamak experiments are given in the first part of this paper.

The generation of quasi-stationary longitudinal RF-driven currents and the
possibility of effects being produced on the entire plasma radial transport through
the absorption of Alfvén waves by electrons have already been demonstrated on
the R-O stellarator [1]. It is quite clear that the relative merits of various RF-
current drive methods (lower-hybrid, ion cyclotron and Alfvén) will ultimately
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depend on their energetic efficiencies at high plasma densities, n, = 10'* cm™.
As a measure of the efficiency, we may introduce the quantity n = POH/ﬁ where
Poy is the Ohmic power necessary for excitinga current of the same magnitude
as that generated by the RF-power, P. Using the drive-current density formula
from Ref. [11]:

i =BT/ (n.w/ky) (1)

we obtain an expression for n, which does not depend on the temperature and is
quite convenient for analysing the experimental data, while permitting extra-
polation over a wide parameter range for the Alfvén frequency region (vpy < VT, ):
N = v4/Vpn, where vg = j/ene is the drift current velocity in an Ohmic discharge
and vpp = w/ky is the RF-wave phase velocity (vpn = v for Alfvén waves). For
tokamaks, n = (n'2qR)™.

The first part of the R-O stellarator experiments was devoted to a verification
of expression (1).

The use of Alfvén waves with w <€ wpip (w = wpijp/a, &> 1), introduces the
possibility of their absorption (and hence, their heating and momentum transfer)
by weakly stripped impurity ions with Z*/Z =~ o~! <€ 1, where Z* is the ion charge
and Z is the charge on the nucleus. In a high-temperature plasma, these ions are
created at the boundary region where they must be and can conveniently be
removed to prevent them from penetrating into the plasma column interior. Of
particular interest is the possibility of removing helium ions (thermonuclear ash).
Recently, experiments on TFR [12] showed the effect produced by ion-cyclotron
heating, w = wpgip, on the content of highly stripped ions (Ar*!%) at the centre of
the plasma column. Theory suggests several mechanisms of impurity control in
toroidal systems. These mechanisms are related both with the heating proper
(increase in transverse energy of the impurity jons) and the momentum transfer
from the RF-wave [13, 14]. If the cyclotron zone of the corresponding impurity
ions coincides with the local Alfvén resonance region where short-wavelength
(k, a> 1) Alfvén waves with large E L B values are generated, it should be possible,
in particular, to achieve azimuthally asymmetric conditions for effective action on
the impurity transport considered in Ref. [14]. The second part of the R-O
stellarator experiments was devoted to the effect on impurity transport.

2. R-O5 TOKAMAK EXPERIMENTS

2.1, Experimental conditions

The R-O5 tokamak has a quartz vacuum discharge chamber; the major
radius R = 65 cm, the minor radius of the chamber is 8.5 cm, and there is no
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limiter. The experiments were carried out with a toroidal field B, = 7--10 kG
and a plasma current I, = 5—10 kA. The plasma column is held in equilibrium
by an automatic system providing vertical and horizontal position control.
Outside the discharge chamber, there are eight helical conductors making three
revolutions around the minor cross-section of the chamber over its whole length.
These turns provide a stellarator field (2= 2, t= 16° at By = 4 kG, 7 & 5 ms)
and an RF-field (m=0,n =0, = 0.2 MHz, g =~ 2.5 ms, [, < 0.5 kA) in order
to produce a plasma with (e) < 2 X 10'? cm™3, using no current; an RF
travelling or standing field (m=2,n=6, =3 MHz, rrp = 2.5 ms + 2.5 ms,

EP < 50G) to ensure final ionization, Alfvén heating and an RF-driven current.

2.2. Discharge formation stage

The m = 0, n= 0 RF-field is switched on 2.5 ms before the onset of the
plasma current. The stellarator is switched on at the same time and remains so
during the first millisecond of the discharge current