GA-A23132

MODELING OF ELECTRON CYCLOTRON
CURRENT DRIVE EXPERIMENTS
ON DIlIl-D

by
Y.R. LIN-LIU, V.S. CHAN, T.C. LUCE,
R. PRATER, O. SAUTER, and R.W. HARVEY

MAY 1999



This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government
nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
upon privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or
any agency thereof.




GA-A23132

MODELING OF ELECTRON CYCLOTRON
CURRENT DRIVE EXPERIMENTS
ON DIlIl-D

by
Y.R. LIN-LIU, V.S. CHAN, T.C. LUCE,
R. PRATER, O. SAUTER,!and R.W. HARVEY 2

This is a preprint of a paper presented at the 13th Topical
Conference on Applications of Radio Frequency Power to
Plasmas, April 12-14, 1999, Annapolis, Maryland, and to be
printed in the Proceedings.

Work supported by U.S. Department of Energy
Contract DE-AC03-99ER54463 and in part
by the Swiss National Science Foundation

ICRPP/EPFL, Lausanne, Switzerland
2CompX, Del Mar, California

GENERAL ATOMICS PROJECT 30033
MAY 1999



MODELING OF ELECTRON CYCLOTRON
Lin-Liu et al. CURRENT DRIVE EXPERIMENTSON DIlI-D

Modeling of Electron Cyclotron
Current Drive Experiments on DIII-D

Y.R. Lin-Liu, V.S. Chan, T.C. Luce, R. Prater,
O. Sauter,! and R.W. Harvey?

General Atomics, P.O. Box 85608, San Diego, California 92186-5698
1CRPP, Ecole Polytechnique Fédérale de Lausanne, 1007 Lausanne, Switzerland
2CompX. 12839 Via Grimaldi, Del Mar, California 92014

Abstract. A velocity-space connection formula is proposed to estimate the collisionality
effect on electron cyclotron current drive efficiency. The collisionality correction gives modest
improvement in agreement between theoretical and recent DII-D experimental results

Electron Cyclotron Current Drive (ECCD) is considered a leading candidate for
current profile control in Advanced Tokamak (AT) operation. Localized ECCD has been
clearly demonstrated in recent proof-of-principle experiments on DIII-D [1]. The
measured ECCD efficiency near the magnetic axis agrees well with standard theoretical
predictions [2,3]. However, for off-axis current drive the normalized experimental
efficiency does not decrease with minor radius as expected from the standard theory; the
observed reduction of ECCD efficiency due to trapped electron effects in the off-axis
cases is smaller than theoretical predictions. The standard approach of modeling ECCD
in tokamaks has been based on the bounce-average calculations, which assume the
bounce frequency is much larger than the effective collision frequency for trapped
electrons at all energies. The assumption is clearly invalid at low energies. Finite
collisionality will effectively reduce the trapped e ectron fraction, hence, increase current
drive efficiency. Inthiswork, we propose an analytical interpolation of ECCD efficiency
between collisiona and collisionless limits to examine the collisionality effect.

We will use the adjoint techniques to calculate the ECCD efficiency. The theoretical
formulation as presented in Ref. [4] isvalid in general tokamak geometry and applicable
inall collisondlity regimes. The current drive efficiency n iswritten as

n _nelyd_ 4 < B > JdriSs (fu)0
Te 2mQ  e3nA \Brax qdl'(w/m\/g)srf(fM)D,

(D)

where L[..[denotes the flux surface average, j" the parallel driven current density, and
Q the absorbed rf power density. S isthe rf quasilinear diffusion operator and f), is
the Maxwellian distribution function. We have assumed that the rf power density is not
too high such that interactions between EC waves and electrons can be represented by
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S¢(fy). Thefunction x is related to the adjoint function x by x = Veo(Ve/Bmax)X
with vg = (2Te/m)]/ and vgg = (€ neén/\)/ (4n2(2)m2v3) the characteristic frequency
of Coulomb collisions; x satisfies

v B

where CéJr is the adjoint coII|S|on operator. Note that x is a function of energy
(w= ymc mc2[1+(u/c) ] 2) magnetic moment (u = muD / 2B), and poloidal
angle 6,. Here U denotes momentum per unit mass, U = W = p/m. To solve Eq. (2)
with the full Coulomb collision operator is athree-dimensional numerical problem.

Using Fisch's relativistic high-velocity collision model [5], analytic solutions of the
adjoint equation, Eq. (2), are possible in the collisionless and collisional limits. The
model collision operator is given as

Cof =[ Ve (u) + vp (W] L f +i§u2}\s(u)f 3)

where L is the gltch angle scatterlng operator, Vg (U) = Zgt veoy(ue/u)
Vp(U) = Vgg¥(Ue / U)”, and Ag(u) = VggUey (ue/u)2 with ug =Vve. By keeping only
the first Legendre harmonics of the slowing-down operator, the collisionless (bounce-
averaged) adjoint function can be written as

Xb :sgn(u”)H()\)G(u,Zeff,ft) , 4
(A —/\) dA’
HA)= I @-AB8Y?)0 ©)
Oc¢2 0 1 +1D0/ Ou’ agn ’—1D0/2

G(u Zeir, ) = HoudHa-ty) Ey 1H I B/H y+1H ! ©)

with A =B ™Y(ug /u)2 =B Y(1-&2), Ac=Briy, 0= (Zegs +1)/ (1~ f;), and f; is
the well-known effective trapped particle fraction

A
3 ¢ ada
fo=1-> < >J’ Torehn )

We have found that x, given in Eq. (4) gives similar predictions as those of Ref. 2
for ECCD efficiency. Inthe collisiona limit, where the transit term in the left-hand-side
of Eq. (2) can be ignored, the adjoint function is given by

GENERAL ATOMICS REPORT GA-A23132



MODELING OF ELECTRON CYCLOTRON
Lin-Liu et al. CURRENT DRIVE EXPERIMENTSON DIlI-D

:(B/<Bz>)EG(u,Zeff,O) . ©)

In the finite collisionality regime, we approximate the adjoint function by a velocity-
space interpolation formula:

+G+aJvT E”egzm (X0 = xc) » 9)
=2 (qR)/ (63/2Teve) , (10)

where 1, is the Braginskii collision time, J is the inverse aspect ratio, and a is an
adjustable parameter. From the boundary-layer theory of Hinton and Rosenbluth [6], we
expect the collisionality effect to have a square root dependenceon vi.. @ isaconstant
of an order of one. We take a =2. In the Lorentz-gas limit (Zg >>1), this gives
Lg1 = fr / (1+ W) and Opeo / Oy =1~ f / (1+0.59,/vi) where Lg is the density-
gradient bootstrap coefficient, and 0ne and o, are respectively the neoclassical and
Spitzer conductivities. Both agree well with a recent numerical calculation of these
coefficients [7].

The connection formula was implemented in a current drive package which is coupled
to the raytracing code TORAY. Using the kinetic profiles and the ECH system parameters
of recent DI11-D experiments [1], we have calculated the collisionality correction to the
ECCD efficiency as well as the corresponding values in both the collisional (v, >>1) and
collisionless ( v« =0) limits. Comparison of the theoretical and experimental resultsis
shown in Fig. 1(a) and (b). Fig. 1(a) shows the cases near the magnetic axis and good
agreement is observed. In Fig. 1(b), we show the cases of off-axis. The collisionality
correction gives modest improvement in the current drive efficiency in comparison with
the collisionless value. Experimental data for off-axis current drive appear to be more
consistent with the theoretical resultsof v >>1.

In summary, we have found a velocity-space connection formula to estimate the
collisonality effect on ECCD efficiency. The collisionality correction gives a modest
improvement for agreement between experimental and previous theoretical results.
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FIGURE 1. Comparison of theoretical and experimental values of normalized ECCD efficiency n/ Te
as functions of poloidal angle: (a) near the magnetic axis, (b) off-axis, The inset plasma cross-sections
show the ECH deposition locations.
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