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1. Introduction

An enhanced confinement regime, the Radiative Improved (RI)-mode, is obtained in
TEXTOR-94 during high density, additionally heaed discharges with a radiating mantle.
This mode follows the same scaling as the Linea Ohmic Confinement regime and is thus
identified as one of the most fundamental tokamak operational regimes [1]. It combines
simultaneously many attradive feaures for a reador, such as high density, good energy
confinement, stealy state operation and power exhaust by edge @oling [2]. The main
concern will be the compatibility of the impurity seeding with the required low central Ze
value.

A radiative mantle can be obtained in TEXTOR-94 Ly neon or argon seeading. With
freshly siliconised wall coating even no extrinsic impurity is necessary. In the present paper
the impurity concentrations of the main elements in all these RI-mode @ses at TEXTOR-94
are measured with the Charge eXchange Reambination Spedroscopy (CXRS). The same
diagnostic is used to determine Z profiles from bremsgrahlung.

The impurity content has, apart from diluting the plasma and creaing the radiative
mantle, a benificial effect on the confinement since arelation between the impurity content
and the trigger of the transition to the RI-mode is found [3].

2. Zgs scaling in RI-mode plasmas
For radiative plasmas a semi-empiricd scaling law of Ze has been derived by several
authors[4,5]:

Zeff :1+O('Prad /($92)1 (1)
where a~7, Py the radiated power (in MW), S the radiating surface(in m?) and 0, the line
averaged eledron density (in 10°° m®). To chedk the validity of this saling for RI-mode
conditions in TEXTOR-94, Zg is plotted versus P in Fig. 1la. The data were taken in
discharges where neon is injected to read the high confinement. All discharges have the
same line averaged eledron density N, =5.10"m*, total input power Py=4.0 MW, Plasma

current 1,400 KA and magnetic field B=2.25T. Close ayreement with Eq. (1) is found. In
Fig. 1a the neon and carbon concentrations measured with the CXRS diagnostic ae also
included.

The neon concentration rises linearly with P,,q Whereas carbon shows a slight deaease &
a result of the lower edge temperatures. Note that to obtain correct cabon and neon
concentrations from the CXRS measurements, the effed of excited beam particles had to be
taken into acount [6,7]. These particles contributed upto 7% of the total CXRS signal for
the beam energies used in these experiments (Epeam=20-25 keV/amu).
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The Z-values are taken from bremsdrahlung measurements of a tangential line of sight
through the plasma center. Although this is in fad a line integrated measurement, the result

will be close to the central value due to the
relatively long pethlength through the center
and the n¢® dependence of bremssrahlung. The
Zgr as deduced from CXRS measurements
were well within the uncertainties of the
bremsstrahlung results. These, nevertheless,
have large uncertainties (>15%) especially due
to the effed of excited beam particles.

In Fig.1b. the n. dependence of Zg; is
investigated for a series of discharges having
the same P=2.6 MW, P,=2.0 MW and
1,=400 KA. As expeded from Egq. 1 a ne”
dependence is found. Furthermore, this figure
shows that Zg is nealy independent of the
radiating impurity used. No dfferent scaling
becomes apparent whether neon, silicon or
argon isused asradiator. Finaly, in Fig. 1c the
same datapoints are plotted against Eqg.1 to
demonstrate the quantitative agreement with
this equation, where a.=7 has been inserted.

The observations that a) Zg; is inversely
proportional to n&, b) the energy confinement
in the RI-mode scales linealy with n. [1] and
c) operation of the RI-mode & densities in
excess of the empiricad Greenwald limit is
possible, shows that the impurity content
might be tolerable under high confinement
conditions with high radiated power fradions
at high densities.

3. Profile effects

As shown in the previous <ction the
impurity content in RI-mode discharges is
globally described by Eq. (1). The question
whether the averaged value of Zg; is a good
representation of the impurity content is not
yet addresed. Accumulation of high Z-
elements might occur in special discharge
conditions [8], and the pe&ing of the neon
profiles in the plasma centre when sawtedh
disappea has been reported from ASDEX-U
[9]. However, in the TEXTOR-94 RI-mode no
acaimulation hes been observed even in non-
sawtoothing phases of the discharge.
Moreover, there ae indications that the Z
profiles are even hollow, as shown in Fig. 2a.
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Fig la Zs, carbon concentration ard neon
concentration as deduced from CXRS for RI-
mode discharges as a function of radiated
power fraction y. The aurve according to Eq. 1

is shown by the dotted line.
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Fig.l1b: Zg as a function d density for RI-mode
discharge with different radiators: circles for neon,
squares for silicon ard diamonds for argon. The

curvefromEg. 1is $rown by the dashed line.

4

'y
35 .
—~ e
) R
S T He ' m
L 3 N O
2 ® 4%
o
=
)
Nmzs %e ’;o’""‘
P A
2 s L L
2 2.5 3 3.5 4
Z .. (scalina)

Fig 1c. For the same data as in Fig 1b, the
measured Zy; is plotted against the Zy; scaling.
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A similar feaure is found in modelling the profiles with the predictive transport code RITM
[3] or by comparing with flux measuements at the elge [10]. The profiles of the main
impurities C** and Ne™® are presented in Fig.2b. Although a mnsiderable uncertainty in the
centre will be due to the substantial beam attenuation, even here aslight hollowness of the
profiles can be reagnized. This will be even more pronounced when the lower ionizaion
stages are alded to the impurity profiles. The relatively low dilution in the cntre is
corroborated by the neutron measurements [11].
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Fig.2a Zg profiles as determined from Abel
inversion  of  tangential bremsgrahlung
measurements for two RI-mode discharges with
neon as seeded impurity; one with boronized
(75679 and ane with siliconized wall conditions
(76256. No clear difference is observed. In both

Fig. 2b: Profiles of the main impurities carbon
and neon in a typical Rl-mode discharge,
compared with the dectron densty. Note the
dight hollowness of the impurity profiles, which
is even more pronourced when the not fully
stripped ions in the outer regions are added.

cases a dightly holl ow profile is observed.

4. Effect of impuritiesin the confinement transition

In the present model to explain the confinement transition from the normal L-mode to the
RI-mode, the impurities play a aucial role [3]. The proposed mechanism is based on the
suppression of the toroidal ion temperature gradient (ITG) instability by the seeding of the
impurities, succealed by the pe&king of the electron density profile. Following this, the
confinement is improved and the transport is dominated by the dissipative trapped eledron
(DTE) ingtabilities. In that case a linea increase of confinement with density is predicted in
agreement with observations.

More specifically in the model of Ref. [3] a transition to the RI-mode will occur when
the ITG turbulenceis suppressed which occurs for an mean ion charge <Z> given by:

(Z)- 41 0.(257p); with p=dmnn. : __RdinT, @
gp dinT, 2 dr

For atransition from the L (where the pe&ing pis small, p~0.37, €i~9, a half radius) to the
RI-mode, and relating this <Z> to Z«s, Ze=2.4 is predicted for the discharge displayed in
Fig.3. For a bad transition from RI-mode to L-mode cnfinement a lower value of <Z> is
requested, sincethe pe&ing fador in the RI-mode is higher.
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One discharge is shown in Fig.3
which contains both an L-RI transition
and an RI-L bad transition. The L-RI
transition is triggered by the injedion of
neon, increasing the radiated power and
Zgr t0 a value above <Z> as calculated
from Eq.(2).

Since it was shown in the preceling
sedions that a deaease of Py Or an
increase of ne reduces Zg;, one uld
expect a badk transition when Zeg
reduces too much. In Fig. 3 the bak
transition is indeed governed by the
deaeae in Py and a simultaneous
increase in n.. At a cetain value aroll
over to lower confinement occurs (which
is not due to MHD adivity). Moreover,
the badk transition occurs at a lower Zg.
Apart from that, the close relation with
Eq. (1) isshown as well.

Although this definitively is no t [s]
conclusive anfirmation of the model of Fio. 3 Time traces for an Ri-mode discharae of 1
REf'. [3]. !t nevertheless Sh_O_WS that fc.)r Prgj, Zg as measured and predicted from qu. 1 Tehe
the investigated L-RI transitions, Zeit IS trangtions from L to Ri-mode and back are
increasing, whereas for the RI-L indicated.
changeover a decline in impurity
concentration is observed.
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5. Summary

The impurity content in the RI-mode & expressed by (Zgi—1) scales Pg/ne. N
difference @mncening Zg; was observed whether neon, argon or slicon was utilised as
radiator. There ae indications that the profile of Zg or the impurities Ne or C are higher in
the elge or radiating zone than in the centre.

The mnfinement improvement of the RI-mode is thought to be triggered by the
increased impurity content. This suppresses the I TG turbulence, resulting in a pesked density
profile and reduced transport. Observations show indeed that The time evolutions of Zg in
an L-RI isacoompanied by arise in Zg and an RI-L transition with adeaease in Zg.

references
RR. Weynantset al., Proc. 17" IAEA Conf. on Plasma Phys. and Control. Fusion, Yokohamc (1998.
2. AM. Mesdaen et al., Phys. Rev. Lett. 77 (1996 2487.
3. M.Z Tokar’ et al, Confinement mechanismsin the radiavely improved mode, this conference
4. K.Behringer et al., Proc. 11" IAEA Conf. on Plasma Phys. and Control. Fusion, Kyoto (1986 197.
5. G. Matthews, Proc. 4™ European Fusion Workshop, Stockholm (1996.
6. D. G. Whyte ¢ al., Nucl. Fusion 38 (1998 387.
7. R Jaspers et al., 24"EPS Conf. Contr. Fusion and Plasma Phys., Berchtesgaden, 21A (1997 1V-1713
8. J.Rappet al., Plasma Phys. Control. Fusion 39 (1997 1615.
9. R Dux & al., Plasma Phys. Control. Fusion 38 (1996 989
10. B. Unterberg et al., Plasma Phys. Control. Fusion 39 (1997 B189.
11 G.van Wassenhwe 24MEPS Conf. Contr. Fusion and Plasma Phys.,Berchtesgaden, 21A (1997 1V-1679

604



