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ABSTRACT.

The addition of RF heating to an NBI-driven target discharge is observed to reduce the toroidal
rotation frequency. Experiments on this effect were performed on JET using (H)-D and (3He)-D
minority ICRH to vary the bulk electron to ion heating ratio. However, to lowest order, thereis no
clear difference in the two heating scenarios. We apply a recent model of Nishijima et a. based
upon the degradation of confinement with auxiliary power, and find that these JET data are in
reasonabl e agreement with it.

In general, the application of rf heating to a tokamak discharge with an established toroidal rotation
driven by Neutral Beam Injection (NBI) resultsin areduction of the magnitude of thisrotation [1-4].
One explanation is that the additional heating power increases the turbulent transport of toroidal
momentum [2-4]. |on temperature gradient turbulenceis predicted to be enhanced with greater TJ/T;,
theelectronto ion temperatureratio, and thiswould appear to quaitatively fit with DI1I-D experiments
inwhich direct-electron rf heating is applied [1-3].

A series of experiments has been performed on JET designed to test the effect of T/T; upon this
reduction in toroidal speed by utilizing two different minority ICRH scenariosin order to vary the
ratio of bulk electron to bulk ion heating [5]. In bulk ion D discharges, the standard JET minority H
ICRH resultsin strong electron heating. The other scenario selected isminority 3Hewith the object
of reducing the electron heating in favor of bulk ion heating. Post-experiment modeling with the
PION code [6] indicates that this was only partially successful. The changein TJ/T; was not large,
and the basic response of the plasma rotation to added ICRH appears insensitive to the heating
scenario used, tolowest order. There may be subtle profile differences, but these cannot be definitively
extracted from the data.

Since enhanced auxiliary heating with added | CRH isthe common factor in either JET scenario,
we will test the recent model of Nishijimaet al. [4] used to explain asimilar slowing observed in
ASDEX-U. Briefly, thismodel postul ates adecrease in energy and toroidal momentum confinement
times (assumed to be equal) as 17/ P Where P, . isthetotal auxiliary heating power. Incrementally,
added P;; increases P, ,, but does not supply any significant toroidal torque, so thereisan incremental
decrease in the momentum confinement time and, hence, momentum itself. But P; does supply
heating power, so thereisanet gain in total energy.

The set of data from these JET sessions includes both L— and H—-mode discharges, and target
discharges with co- and counter-NBI, relative to the direction of toroidal plasma current. All have
B1=3.4T, and |,=1.8MA. For the (H) heating scenario f =51MHz, launched on the four-strap antennas
with 0 0 Tt phasing, while for (3He) f=33 MHz with OnOr phasing. The phasing difference is due to
technica reasons. In each case, the fundamental resonance passes near the magnetic axis, R ~ 3.0m.

A typical toroidal rotation responseinthe JET co-NBI, L—-mode dischargesisshownin Fig.1. Two
shots are displayed, onefor each ICRH scenario. In Fig.1(a) we show T; near the core (p=0.17), the
toroidal rotation frequency, 0y, & the samelocation, and the rf power profile, P,s, whilein Fig.1(b)
areT,(p=0.17), ny, theline-averaged electron density, and the NBI power, Py ;. Theclear signature



of areduction in w, is seen with application of Py, recovering after the RF pulse. In contrast, the
thermal energies, indicated by the temperatures, rise steadily throughout the RF pulse. Thereisan
indication of greater T; at this location for the (3He) discharge. It appears that there is a small
increase in the thermal confinement time throughout the shot since the temperatures return to a
higher value after the rf pulse than before, at the same PNBI. Thisisalso indicated by the return of
®, to adlightly larger value, on average.

In Fig.1 we havedivided N by the factor of 8.3 determined by a computation of the NBI torque
to power ratio, as described in Ref. [3]. If this scaled value of w, were equal to T;, then the Toi
parameter, defined in Ref. [3], would be 1, asgenerally seeninthecorein DIlI-D. Herein JET, this
parameter is about twice this value for these discharges.

We will evaluate the dataset in terms of the ASDEX model [4]. The global (volume integrated)
toroidal angular momentum, L, and thermal energy, W , are described by

L=NT=SPNB|T

Db 1)
W=Pt=(Pyg +Prg) T

wheret isacommon confinement timefor both. Thismodel neglectsthe ohmic heating power assmall.
ThebeaminjectedtorqueisN and theratio of N to Pyg, iss, nomindly equal to 2R, /V,, where Ry, is
the beam trgjectory tangency major radius and Vy, is the beam particle speed. The confinement timeis
modeled to decay with auxiliary power ast = CH P, where C is a constant for fixed target discharge
conditions. So W increaseswith P; asW = C (P + PNB,)]JZ, while L decreaseswith Ps asL = CPyp,
P+ PNB,)]J 2 LandW are computed from the data by doing the volume integral's of the mechanical
momentum density, niMiR2 g, and energy density, (3/2)(nT; + ngT ), respectively. Here we assume
that theion density n isequal tong, and that m, Te, T;, and ngareflux functions, and wereplace Rinthe
L integral by ROZ, where R, isthe mgjor radius of the magnetic axis.

In Fig.2(a) we plot the time histories of W and L for the same two discharges asin Fig.1. Both
show an increase in these global quantities with rf power, in spite of the core reduction in (0, Seen
inFig.1(a). Note that the value of sfor the JET NBI mix in these two dischargesisss=1us=1 Nt-
m-s/MJ, and we see then from Fig.2(a) that the global confinement times of W and L are indeed
very similar. Figure 2(b) shows 0.5s averaged values of W and L scaled to their initial (averaged)
value prior to rf turn-on, plotted versus 1+P/Pyg,. Although L /L, does increase with Py, this
increase is much less than that seen in W/W, with P,;. We conclude that qualitatively the ASDEX
model predicts the difference in response of W and L with P, but here there is an overall bias
toward anincreasein each, whichis probably dueto anincreasein t throughout the discharge, that
is, C = C(t). After therf pulse, W clearly returnsto avalue above the starting value, at the same NBI
power, and thisis seen to alesser extent in L, as shown in Fig.2(b).

In order to apply theASDEX model to thisentire dataset of JET dischargeswe define aparameter,
A, by taking theratio of L to W , as defined above. That is,

A= [(PNBI + Prf)/S PNBI](L/\N) = [(1"‘ Pyt /Pngi) /s| (LIW), 2



motivated by the discussion following Eq. (1). This serves to remove C from each discharge and
leaves only the power dependence of t. In computing A for a discharge, we compute the actual,
possibly time dependent, value of sgiven the NB injectors used for the specific discharge. The data
istime-averaged for 0.25s to generate a data point. The ASDEX model predictsA =1 for al values
of P+/Pyg;-Actualy, in Ref. [4] thismodel is applied only to changes due to RF within adischarge
and does not require the conclusion that L /Ws = in a steady NBI-only portion of a discharge.

Theresultant values of A for 22 discharges, taken in three separate sessions spanning nearly two
years, are shown in Fig.3, where we plot A versus 1+ P;/Pyg,. Each session falls clearly into its
own band of points, with A relatively independent of P;/Pyg,, again supporting the Nishijimaet al.
explanation of the reduction in L with P [4].

The cause of the separate bands of pointsis revealed by the set of datataken with counter-NBI,
thelowest valuesof A. Asiswell-known, atokamak has nonzero L evenwith Pyg, =0, that is, there
isan‘intrinsic’ rotation, L, whichisnot negligible[7-10]. L jistypically in the direction of oy but
it can be opposite. For the counter discharges, it is observed that there is an L, which would be
negative if shown in Fig.3 because it isin the direction of Ip, opposite to the direction of toroidal
NBI inthiscase. (L ispositivein the direction of toroidal NBI in Fig.3.) In one discharge, the early
NBI rotation data indicates that L~ —0.25 Nt-m-s near the start of the rf pulse. Thus, L and W
should be replaced in Eq. (1) by L - Ly and W — W, where W, would logically be the Ohmic
heating energy. Thiswould raise the A values for the counter-NBI discharges by AA, 0.15 < AA <
0.35. There are also L values, now positive, for the other datain Fig. 3, which would lower A for
these sets. Care must be taken to purposely measure L with short NBI pulses. Including the fact
that Ly= L (W) [7,10] also complicates the details of applying the ASDEX model, although its
basic plausibility is consistent with these JET results.
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Figure 2: (a) Volume integrated thermal energy, W, and toroidal mechanical angular momentum, L, versustime. (H)-

D (+, ¥, (*He)-D (0,0). (b) Wand L scaled to values with Pug only, prior to Py, versus 1+ P /Pyg-
U

1.5
L-mode————%
1.0
"High power' ___ §&¢4
(L-and H-)
0.5~ counter .
L-mode ™~ Figure 3: Parameter * A’ versus 1+ P, /Pyg. ‘L—mode’
consists of 4 co-NBI pulses. ‘ High-power’ consists of 12
o co-NBI pulseswith some L—and H-mode cases. ‘ Counter’
consists of 6 counter-NBI pulses in L-mode. The data
8 points are 0.25s boxcar averagesin a pulse.
-05 \ \ 8
0 1.0 15 2.0

1+ Py/Pyg



http://figures.jet.efda.org/JG05.221-1a.eps
http://figures.jet.efda.org/JG05.221-1b.eps
http://figures.jet.efda.org/JG05.221-2a.eps
http://figures.jet.efda.org/JG05.221-2b.eps
http://figures.jet.efda.org/JG05.221-3c.eps

