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ABSTRACT

Ion cyclotron heating on TEXTOR has now reached the Megajoule level, The heating scenario is
normally mode conversion but occasionally minority heating in a D-(H) plasma. With appropriate
wall conditioning by carbonization more than 1 MV of RF power has been injected for long
pulse durations (~ 1 s). The ICRF heated plasma is characterized by a quasi-stationarity of
all plasma parameters, little if no impurity increase and a loop voltage reduction resulting
in the total power coupled to the plasma reaching six times the remaining ohmic power input.
Evidence of the coupling of the RF power to the plasmaz is obtained from the increase of the
thermal load on the limiters and central energy deposition is supported from analysis of the
sawtooth heating rate. The energy deposition profile appears to be broader than in the OH
case. A detailed study of the global emergy confinement time shows a degradation with addi-
tional RF heating which is found to scale with the power and the plasma parameters as in the
case of neutral beam heating experiments performed in the L-mode regime with gettered walls.
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1. INTRODLCTION

ICRF heating on TEXTOR has been carried out at the Mw power level for long pulse, low
impurity plasma conditions. The confinement properties of the discharge soing from the pure
OH regime to the case dominated by additional heating have been studied in detail.

The TEXTOR ICRH system consists of two independent power lines, each being fed by a trans-
mitter able to generate 3 second, 1.5 MY pulses in the frequency ranpe 25-29 !z [1]. Each
line is connected on the low field side, near the equatorial plane, to two i/4 stainless
steel strip line antennae which, as shown on Fig. la, are placed along the heated liner of
TEXTOR in the same azimuthal plane and completely surround the plasma. The two antennae, of
which a transverse cut is shown on Fig. 1b, differ only in the width of the central conductor
which is narrower for the top antenna. The electrostatic screen resembles a venetian blind

with blades aligned in the direction of the total magnetic field for q, = 3.

Normal TEXTOR machine parameters are Bt = 2T, RO = 1.75 m, with plasma current ID < 460 kA
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Fig. la. View of the TEXTOR ICRH antennae.
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Fig. lb. Cross section of an antenna with its
central conductor, side limiters and electro-
static shield. The dotted line corresponds to
the usual main limiter radius a = 46 em. Mean
distances incm : d = 3,85, ¢ = 6.94,b = 2.8,
2wz = 20.5 (bottom antenna) or 7.0(top antenna).

Fig. 2a. Evolution versus time of _plasma
current Iy, central line demsity ngy , central
density Neogs central electron and ion tempera-
tures Tq, and Ti,, plasma energy content E,
central Zeff (solid line : from Spitzer resis-
tivity and g5 = 1 3
and RF power P, for the shot 14169.

crosses : from soft X-rays)
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Fig. 2b. Evolution of the density profile
(averaped over the sawtooth period) as a
function of time for the shot 14169.
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and central average line density n,, < 5.3 x 1013en™? in a D~(H) plasma with hydrogen concen-
tration ranging from < 1 7 to ~25% . The machine was operated normally with the main stainless
steel limiters at a = 46 cm but the pump limiter ALT-1 [2] with a graphite head has also been
used as main limiter without a2 significant changein the results.As the antenna current anti-
node lies on the high field side of the machine, about 80 % of the radiated power is launched
from this side. When the hydrogen concentration is sufficiently large (> 1.5 Z) the heating
scenario will be predominantly the mode conversion one for which the wave launched from the

HFS is partly converted into an electrostatic wave at a confluence layer whose location is

mCH(RO) 1 - XH/Z
oiven approximately by the relation R-R =R { (
° o 0 W 1+ X.H

Ro is the main radius, wCH(RO) the hydrogen cyclotron frequency at R = Ro and XH=NH/(NH+ND)

)1/2—1 . In this formula

is the isotope ratio in the plasma with hydrogen and deuterium densities respectively given
by Ny and Np . Direct minority heating near the u = wey (R) layer by the fast wave (or even
the slow wave [3])transmitted through the confluence or launched from the LFS can also ocour.
Experiments in a pure minority heating regime with Xy < 1 7 have also been carried out.

The results presented in this paper have been partly summarized in reference [4].

2. LOW IMPURITY, LOXG PULSE ICRH WITH CARBONIZED WALLS

2.a. Wall Conditioning.

An essential feature for the successful application of ICRH on TEXTOR is a proper conditioning
of the machine by wall carbonization. As reported previously [5], pricr to the application of
this procedure, the edge plasma and the scrape-off layer were profoundly perturbed by the RF
pulse. The maximum RF power was limited by plasma disruption occurring after a shrinking of
the discharge, to about 200 kW applied for a maximum of 100 ms. The OH discharges in Deuterium
were characterized by a rather large ZeF‘(> 3).

A strong modification of the plasma-surface interaction is obtained by the deposition of about
300 menolayers of carbon over all the inner surfaces by means of glow discharge in a mixture
of Dy and CHy [6]. The level of radiation from heavy impurities in tokamak discharges then
decreases at least by one order of magnitude ; the level of oxygen radiation 1s also strongly
reduced. Consequently, the part of the input power retrieved on the limiter increases (e.g.
thermal load on ALT increased by a factor 1.5 at ng o = 3 x 10°%cm™%) and the radiation seen
by bolometry is reduced. The deposited layvers are dense hvdrogenated amorphous carbon films
and show good adhesion on stainless steel and inconel. Due to the strongly increased recvcling
of the carbonized wall, the H/D isotopic ratio in the discharge is very dependent on that
existing in the carbon layer. A special type of procedure where carbonization periods alter-
nate with glow discharges in pure Dy has been developed in order to reduce, by isotope
exchange, the H content with respect to the D content of the deposited lavers [6]. With such

a procedure, an isotopic ratio Xy of typically 3-5 7 in the discharce is achievadle. For the
very low-values of Xy < 1 7 necessary for pure minority heating carbonization in a mixture

of Dy and CD; has been successfully carried out.

By conditioning in this manner, the total imput power to the antennae has now been taken up

to 1.3 MW and the total input enersy up to 1.4 MJ, the limitation being the voltare stand-off
(see discussion in section 3). Note that with a non-optimized carbonization procedure or

in the presence of injected impurities or leaks, the maximum power can again become limited

by plasma disruption [5].

2.5. Low=Impurity Long-Pulse ICRH.

Fig. 2 shows the time evolution of various parameters for a tvpical long pulse of RF eneray
above 1 MJ. The stationarity of the plasma conditions is manifest during the ICRH pulse.

(i) Density. Typical time evolutions of the electron density profile (averaged over the
sawtooth period) are shown in Fig. 2a from the Abel inverted HCN interferometric data and in
Fig, 3 from the evolution of the density profile parameter i, . This parameter describes the
density profile by an approximate law : Ng =« 1 - (r/a)*P [7]. The density profile broadens
at the beginning of the ICRH pulse and afterwards remains practically unchaneed. An increase
of central line density alwavs accompanies the RF pulse {see Fig. 22). It is partly cue

to the profile broadening and its magnitude is, even in absolute value, more pronounced at
low densities. It depends alsc on the machine conditioning and the plasza current. Without
making any attempt to reach the density limit, a Murakami factor Yy T neo(lo*“cm—:)R(m)

qa/Bt(T)of 1.25 has been obtained during stable ICRH pulses.

PP 28:1awr
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Rather large sawtcoth density oscillations are seen in the g < 1 region (e.g. r i 12 cm for
1. = 340 kA). A typical display of the central electron density Neo as obtained from Abel
inversion with a high temporal resolution is shown on Fig. 2a.

The relative density change is largest in the plasma edge and in the scrape-off layer (SOL).
As shown on Fig. 4, the doubling seen by the interferometer is confirmed by a Lithium beam
probe [8] which furthermore indicates an increase of the density decay length (e.g. from
0.7 to 1.0 cm in the case of Fig. 4). These last results are corroborated by Langmuir probe
measurements which also show that the density near the wall (r = 52.5 cm) increases (e.g.
in the case of a = 46 cm from about 10 em~3in OH it increases by a factor ~ 4).

The results reported here differ strongly from those described in [5] prior to wall
carbonization.

(ii) Temperature, loop voltage and current density profile. Electron heating over the whole
profile is observed by Thomson scattering and soft X-rays (see Fip. 2 of Ref. [4]) and from
ECE measurements for the r < 17 ¢m part of the profile (see Fig. 2 of Ref. [8]).Significant
sawtooth activity is always observed during ICRH as seen on the central Teo measured by ECE

in Fig. 2a ; this is specifically discussed in section 4.2.

Two observations are in agreement with the fact that the T, profile, averaged on the sawtooth
period denoted < Ty(r) > , does not appreciably change during ICRH : 1°) the current density
profile J(r) measured by a HCXN polarimeter shows either no change or at most a slight

flattening during the RF pulse. Fig. 3 shows a typical evolution of the current density
factor uj during a shot with a long RF pulse. The factor z: expresses the current profile
by the approximate relation J = JO(RO/R)[(I - r2/g%)%j - [%R - R )/R] ={r)] where =(r) < 0.3

is a correction factor [7]. No significant change in xz; is seen durine ICRH, in contras
the behaviour of the demsity profile factor 2n . In TEXIOR, it has been verified that J(r) is
linked to <Tg(r)> by the Spitzer resistivity {9] ; 2°) the loop voltage V; always shows &

decrease during ICRH, e.g. from ~ 1 V in OH down to ~ 0.7 V for a 1 My ICRH shot, which is
roughly consistent with the observed increase of T .
Measurements of electron temperature in the SOL and near the plasma edge indicate an increase

during ICRH near the wall. Nearer the edge of the plasma this tem perature increase becomes
smaller and in some cases a decrease has even been observed. Figz. o1 T

the neutral iron density versus the minor radius observed by laser induced fluores

[10] in front of a movable limiter displaced in the SOL. An increase of neutral Fe density
during ICRH due to the Te increase is indeed observed far out in the reas a decrease
of neutral Fe density is seen at small distances (< 1.3 cm) from the ma iter racdius

(46 cm) which can only been explained by a Te decrease. It should be no at the Fe
sputtering measurement was only possible with mild wall carbonization since the Fe

concentration becomes too low for standard carbonizaticna.

No ion temperature profile measurement is available. The central ion temperature Tj
deduced from the neutron count rate. It has been checked that for plasma conditio
for the ICRH experiments the neutrons are only of thermonuclear origin. The obtain
are consistent with the results of charge~exchanece measurements pe t
ensities. During the OH phase the behaviour of the central ilon ten

used

bv an Artsimovitch law : T, £7+/% = 2,76 x 10—:(neo ’-Ro I_3.)-/° (eV, MXS& unizs ;

f=x/2(1 - ; x = Tia/Teo ¢ deuterium). With ICRE, an ion tenm

to the Lraﬁsrer of energy between electrons and ions and partl_\' to

RF power to the ions (see section 4.2) is observed.
The electron and lon temperature increases achieved durine ICRE depernd on
the confinement Droperties during heating whose dependence on :he discha
glscussea in detail in section 5. As seen on Fig. 6, for a central cho
o 3.5 x 10%%em™? and for LD 340 k4 and St = 2 T we observe a hea
P .

IR}

/P = 1.1 eV x 10+ cm™ /kl for electrons and = Q.7 eV ~ 10-"cn” /kw for ions. These

a

,J,

‘alues are in agreement with the measured 1
density (see section 5). Also indi ted in Fis
Artsimovitch law, i.e. the expected T{p lncreas
equipartition without anv RF power directly abso
section 4.2
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(iii) Energy content. The plasma energy content E is directly measured by diamagnetism.
This measurement is confirmed by VT-profile integration (assuming identical profiles

for electron and ion temperatures) and by 3 & * 1;/2 measurements. The errorbar on E is
estimated to be about % 20 7. The dependence of E on the discharpe parameters is further

discussed in sections 4 and 5.

(iv) Impurities. As seen from the behaviour of the brilliance of impurities lines (see

Fig. 1 of Ref. [4]), low Z and metallic impurities attain stationary conditions very rapidly.
As indicated in Table I, the central carbon concentration inferred from continuum radiation
in these carbonized discharges is below 2 to 3 7 and does not increase during RF. This is
also confirmed by the brilliance of Cy which changes nearly in proportion to the edge
density. The sum of the central metallic impurity concentrations (Fe, Cr, Ni) measured

by X ray spectroscopy in the OH discharge ranges from 107% to 107", A roughly constant
increment of (6 2 2) x 107> is observed when 1 MW of RF power is injected. This results

in the low-value Zg¢f obtained either from the soft X-ray measurements or, for the on-axis
values, from Spitzer resistivity with the assumption that q, = 1 . As seen on Fig. 2a

the low Zeff remains stationary during a long ICRH pulse.

time window r concentration of z

(s) (em) C or 0 Cr Fe Ni ¢ Oift o
% 7 7 7. 7

0.4~0.8 5 1.98 0.48 .000 .000 - 1.5 1.3

(OH) 15 2.19 0.47 .00l .000 .001 1.7 1.3
0.8-1.2 5 1.42 0.41 .001 .002 .001 1.4 1.2
(ICRH) 15 2.02 0.50 .00l .002 .001 1.6 1.3
1.2-1.6 5 2.13 0.60 .002 .006 .002 1.7
(ICRH) 15 1.39 0.37 .001 .002 .00 1.4
1.6-2.0 5 2.93 0.79 .003 .008 .003 1.9 1.5
(ICRH+CH) 15 1.57 0.40 .001 .002 .001 1.3 1.2

TABLE I. Impurity concentration and Zoss derived from soft X-rav arnalvsis for

the shot shown on Fig. 2. For the lizht lﬂad*Ltles a model with only C or onlvy O contribution
is considered ; the results of the two cases are given together with the corresponding Zef:'

These observations are confirmed by the results of an integral b
chord at a toroidal location about 1 m away from the antenna (se

radiated power flux Prad to the total power coupled to the plasma P =Pl
I e

change significantly during ICRE. PéH is the reduced OH power during ICRE and
power coupled to the plasma (see section 3). The infrared
(see section 4.1) also confirms that the relative part of
balance does not increase.

(v) Effect of mode conversion and cvclotron laver positions. Most of the experiments were
performed in the mode conversion regime with a locat on of the mode ceonmversion laver about
15 cm off-center towards the low field side (Xy 210 7, Br =27, ./ = 27 MEz). This
situation gives the best heating results and the lowest density increase durinz ICRE.

Some minority heating experiments were performed with
cvclotron layer position is not critical. The heating
when the position of this laver is moved from the cen
Furthermore, the heating effects arewithin the error

under the abovementioned mode conversion conditions.

3. ANTENNA LOADING AND POWER LIMITATION
The RF power fed to the antenna is given by Pk =
input conductance GA 23,7 10‘“RT for the narrower top
the lower antenna. \A‘ is the input voltage ampl
resistance of the antenna [l1] expressed in . /m.

system losses (with R, = 0.35 /m and R
Tloss

radiated in the presence of plasma.

Bloss
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It should be noted that the carbonization has improved the antenna coupling by allowing
operation at higher densities and with broader demsity profiles. Fig. 8 shows the evolution
of Ry and Rp versus the central line demsity ngqy for carbonized wall condition and a main
limiter radius of 46 cm. The scattering of the loading values is large as they depend on
the actual wall conditions. Following a fresh carbonization a progressive diminution of the

loading is observed.

The coupling follows the theoretical trends : (i) for a given wall condition it increases
with ng, and with decreased plasma-antenna distance ; (ii) it is larger for the narrow
antenna than for the broad one ; (iii) when the two antennae are operated together with

a variable phase difference between their excitations, it is found that the best loading
conditions occur with their currents in phase opposition (v axisymmetric excitation ) and
that the loading of each antenna, in this case, is larger than for single antenna operation.
The loading resistances calculated from a single pass absorption coupling code [12] show
larger relative effects for the above-mentioned point  (iii) and smaller for(ii). The
experimental values for (i) are found to be roughly in agreement with the theoretical
results when it is assumed that a density depletion is created in front of the antemna

up to the main limiter radius position.

With the maximum values of Ry and Rg achieved, the antenna efficiency Ppp/P, reaches 85 to
90 7. The maximum power hitherto launched without system breakdown reached 800 kW for the
broad antenna and 600 kW for the narrow one. This corresponds to iVA{values of ~ 30 kV and
% 37 kv, respectively. There is no significant change of loading in the case of a reversal
of the By direction ; this indicates that a precise alignment of the electrostatic screen

blades is not mandatory.

4, POWER DEPOSITION ANALYSIS

4.1. Total Power Deposited in the Plasma.

There is evidence that almost all of the RF power is actually coupled to the plasma and
converted into particle kinetic energy.

(i) Limiter infrared thermography. Infrared thermography of the heads of the pump limiter
(ALT-1), positioned on the L.F.S., 40° toroidally from the antennae, and of a reference
limiter placed at the bottom poloidally and separated by 180 7 toroidally from ALT-1, has

given identical results : when the total input power Ptot increases from its OH level POH

to the level Ptoc = PéH + PRF during ICRH, the thermal load on the limiter due to convective

losses ?th increases at least in the same proportion as P:ot . The ratio [Pth/Ptot]ICRH/

/
[Pen/Ponlon
results. Fig. 9 shows an example of I-R thermography of the reference limiter surface [13]
for a long RF pulse : the different gradients on the infrared radiation curve during the
OH and ICRH parts of the shot are clearly seen. The sharp radiation increase occurring at
~ 2.3 s corresponds to amajor plasma disruption.

ranges between 0.9 and 1.3 ; plasma motion effects can be ruled out in these

(ii) Time evolution of the energy content at RF switch-off. If at the momentof the RT switch-
off toss, the transport properties of the plasma do not change abruptly , the
difference of the energy slope versus time at t = t,¢f must be equal to the total RF power
Pgr effectively coupled to the plasma, i.e. (dE/dt). .. = (dE/dt), = P! . As the

off- off+ RF

diamagnetic loop which measures the plasma energy content E sees the total toroidal magnetic
flux in the plasma, including the SOL, the difference Pgp - Ppp only corresponds to the
direct RF power losses in the wall. The part of E corresponding to the RF energy deposited
near the edge or in the SOL will disappear very rapidly due to the bad confinement in this
region. As a result a precise measurement of Ppp requires high accuracy in the display of

E versus time. The diamagnetic loop data have to be corrected for the wall time constant

Ty and the time constants of the electronic processing of the signal. The value of 7y for
TEXTOR has not been measured and is estimated theoretically. When the =7y correction is

made on the diamagnetic signal (as shown in Fig. 2a), due to the uncertainty in 7, , values
varying betweenr 0.5 and 1.0 Pgp can be obtained for Pgp

5.2. Central Power Density Balance.

(i) Electron power balance. The electron temperature and the density exhibit a large
sawtooth activity in the q < 1 region. If we neglect, as usual, at the beginning of the
sawtooth, the heat conduction and convective losses, the power density balance at r = o
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can be written

3 m

~— (N = - _
3/2 3t ( eoKTeo) pOH * pRF,e qel prad (L
where PoHs PRF,e s dej and prad are respectively the OH, the RF power density fed to the
electrons, theTpgw%r density transferred to the ions by equipartition
(q.. = —& K —E:——i— ) where 7 1is the electron collision time [14] and p the radiative

el m To e “rad
. . . - — B2 -1 P ";

power losses per unit volume. We estimate Poy vlst(‘“oRo qo) from the condition 9, 1

(as confirmed by J(r) polarimetry measurements)and p,,4 from the data for metallic impurities
from soft X-ray measurements (see Table I) and Ref. [15]. The term 1.5 S/St(NeOKTeO) is
measured from the shape of T,, as obtained from £CE radiometry and of N, obtained from the
Abel inverted profile. Fig. 10 shows the Tg, and Ng, sawtooth display together with the
central electron energy density 3/2 NgoKTeo near the abrupt end of the ICRH pulse for the
shot of Fig. 2, and Table II shows the corresponding evaluation of the different terms of
(1). Note that in the OH case Eq. (1) is rather well satisfied when all the terms are
replaced by their estimated values. In the ICRH case pRf,e, which is not known, is obtained
directly from Eq. (1).
4s seen on Fig. 10, a sharp change in the slope of Ty, versus time appears at the ICRH

switch-off t = toff . If we consider that pgy, dgi, Prad @nd the convective and conductive
losses do not change instantaneously, then we have at t = toff

>

A 2 = (N = N
R (¥, KT, )] = (2)

t=t .. Prr,e
or

Q’

Lo}

where the first term is the change in the energy density rate of increase. Eq. (2) provides
a second method for the estimation of PRF,e - & third method is also possible when using an
ECE and a density signal with sawteeth oscillations filtered out. The changze of slope, at

t = tofr , of the mean central electron temperature also gives ppp o by the relation

t=t .. PRF,e (3
orr

A typical comparison of the results from these three methods is found in Table II.

(ii) Ion power balance. The power density balance for the ions at r = o can be written

— {N, KT, ) =

c e - ‘.
io 1o pRF,i el PRSP )

10 "10 'E,1

oo

ar
(2]

+
.0
1

e

where PRF,i is the RF power density directly fed to the ions and <g z,i is the central icn

energy c01f11e1eﬁt time, which takes into account the conductive , OP\ECtl\E and charze

exchange losses. Assuming Tg i to be donlnated by the neo-classical conductive losses from the
i s i v

T I we compare

lateau regime, we have L= YT« T.=%% | As a result
P Fime, C E,l)NC 1 io *

conditions in OH and ICRH, we have

g1 0
(N KT ) RF Prei (qei)RF 5
(N KTy V) 0 (91708

from which Pgp i a0 be determined.
hd s

:(\eoXTeo) b E(kJ) ®__ (kW
Por  Sei Prad 3/2 = pr,e PRF,e 'RF,e TRF,i "RF,i tot
- Eq.(l) Eq.(2) Eq.(3) Eq.(5) (Eqa.(&)
OH 175 85 5 94 - - - - - 22 340
ICRH 125 81 5 150 106 173 150 61 95 22 1243

during the O

TABLE I1. Values of central power densities, expressed in mW/cm
¢ £ and the total

and ICRH parts of the shot of Fig. 2. Values for the total enerry conten
power coupled to the plasma P'ot are also given.
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can be also estimated from the change of ion heating rate at the ICRE switch-off

Prr,i
(from the decay of neutron yield). We have
3 3
[ 2 3t 10 10) = pRF,i &

if we assume that 7
E,1

Table II shows a comparison of the two estimatioms for Prr i
,

and 9 do not change abruntly.

It appears from this analysis that the central power depositicn does not increase

proportionally to the total power P, . . As shown on Table II when Prot is raised by a

factor 3.7 the corresponding ratio of the deposited power densities(péH ® Prre * Ppr i)
- -9

is only 2. Taking these results together and the fact, as shown in 4.1, that Pgp is effec-
tively coupled to the plasma, we conclude that the RF power deposition profile is broader
than during the OH phase.

5. GLOBAL COXNFINEMENT TIME AND ENERGY CONTEN

n this section we shall use the global confinement time 7. = E/P h P =Pl e
I glo c em ti G E/ cop? Where P on PRF

is the total power coupled to the plasma. As defined in section 2, Py is the ohmic power
corresponding to the reduced loop voltage Vi in presence of ICRH. From the discussion of
section 4.1, we know that it is fair to assume that P.,. is a very good aprroximation to
the power actually deposited in the bulk of the plasma. Such a definition of 7 clearly

is the more natural one from an engineering point of view. Note carefully that if the power
deposited is actually smaller than the maximal value P.,y, the actual energy confinement
time during ICRH will be correspondingly larger than =

G
5.1. OH Discharge.
In Fig. 11, from the data collected over manv days of operation, we show the OH confinement
time Tor as a function of density. It can be seen that TEXTOR with carbonized walls follows

a Neo-Alcator law which can be expressed, from the presently axa* ble data in the range
2.5 < q, < 6 , by the expression tgy(ms) = 9.8 G777 Peg (10-%em™7) with a precision of = 207

for a = 0.46 m. The resulting plasma energy content during OH is given by

ok = 2.9 I;"“eo V) (ka, 107%™, V33 =2 (7
and for constant neo increases mainly in proportion to Vi as Ip is increased (Vy 21.0
or 1.2 V for Ip = 340 or 460 k& respectively).

5.2. ICRH Discharge.

Fig. 122 shows the experimentally observed increase of the energy content
ralsea rrow its OH value Pgy by ICRH, selecting results at comstant densi

.7 x 10-%em™? _and discharge current Ip = 340 and 460 ka. From these resul
:hat : (1) at ngy = 3.6 x 10°3cm™3, we obtain dE/dPpap = 12
dE/dPror = 21 kJ/MW at 460 kA. Both values indicatean appreciable

Y

X
tion in confinement

(see also Fig. 2b) but also underline the_ beneficial influence of I, increase. {(1i) At

constant current I, = 460 ki, increasing neo from 3.6 to 4.7 x recuces the heating

rate.

Tt is extremely noteworthy that these low heating rates and th
are entirely consistent with the known empirical scaling laws
best known of which is Kaye-Goldston scaling [l6]established f
neutral beam heated discharges, where the additional heating su
remaining OH power. Applving this law to TZXTOR, we expect

ve trend ameng thenm

liary heating, the
of L-mode gettered

ntly exceeds the

T, ms) = 0.021 n <+ pTI R T oLLIe (19tTemT, ME, kA) (8)
G,z\—G< ) 20 tot ) ’ ’ ’
for a = 0.46 m and By = 2 T when ?:o: exceeds 3 PéH . Then , the corresponding £ value reads
Io_lkJ) =002l @ coTFop eelpoaiv
k=G &) " Yeo cor lp

In Fig. 12a we have plotted Eg-g for the 3 cases studied in its validity rance {cotted
curves). It is now very clear that any smooth transition f{rom the experimental OH values

to the predicted K-G scaling can only give rise to the observed heating rates. Likewise, the
density dependence of the heating rates appears as a natural consequence ¢of a strongly
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density dependent OH scaling and a practically demsity independent auxiliary heating scaling.

All in all, it is remarkable to what extent the present data fits the scaling,

although the current dependence appears to be somewhat weaker. As Kaye-Goldston scaling
describes NB experiments on clean machines, we may conclude that the observed heating
efficiencies are as good as those that could be obtained on TEXTOR with NB.

The Kaye~Golston scaling is rather pessimistic because g = Pzgtse and has no non-zero asymp-
totic value for large values of Pyt , implying that the confinement degradation would ge

on indefinitely. It should be noted that the experimental data could be used with comparable
confidence as in the X-G case, to demonstrate the existence of an asymptotic auxiliary
heating confinement time 7,y = (AE)gF/Prg to which 1g = E/P.yy reduces when PRF >> POy

In Fig. 12a we represent in solid lines the predictions corresponding to the assumption
E=Epg + Eaux = Toy POH * TauxPrr When gy is taken from Eq. (7) and where we use

taux(ms) =70 Ip(MA) 9

The resulting tg = E/(PHy + Pgy) is shown by the solid line in Fig. 12b. A scaling like
Eq. (9) was previously proposed in [17] for Taux Oof D-III and in [18] for g of Asdex
in the H-regime.
Although our data does not allow any discrimination between the two alternatives, namely
Eq. (8) or Eq. (9), they both clearly show the importance of increasing the plasma current
to avoid a significant reduction of 1 with respect to Tgy . Indeed, we have Tog * 1798

. &1 f pr ot
and o € L or PRF >> Pon

It is pertinent to ask whether the appreciable degradation in confinement could be explained
without invoking transport degradation.

From § 5.1, we know that at best a small fraction of Ppp might end up directly on the walls
without being converted to kinetic energy of plasma particles. Therefore, the only possible
alternative to genuine degradation would be a poor energy deposition profile.

Referring to the case of Fig. 2, we observe that when P.o increased from 340 to 1245 kW, the
central power density increases from 0.17 W to 0.33 W/ecm® and vet E only goes up from

~30 to ~40 kJ. Power deposition profiles capable of reconciling thesefigures would be ones
which are both strongly peaked at the very center and at the extreme plasma edge and would

be completely inconsistent with the theoretical expectations from ray-tracing.

Nevertheless, the above data also clearly indicate that the RF power deposition profile
cannot be as central as the OH one and a part of the degradation is due to profile effects.

Turning to Fig. 12a, it is seen that an increase of the OH power from ~ 330 to ~ 540 kW
(brought about by a current increase from 340 to 460 ki) resulted in an energy increase of
7.5 kJ, yielding an equivalent heating rate of 36 kJ/MW as opposed to 100 kJ/MW for the
first 330 kW. It appears as if the OH regime also is characterized by a degradation of
confinement, although it is clear that this could be partly due to a different deposition
profile. Indeed, the extra 210 kW have a much broader deposition profile than the initial
330 ki since the power denmsity in the center is expected to increase only by about 20 7
due to the change in the loop voltage.
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