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Abstract. Profiles of non-inductive current driven by fast waves have 
been determined for reversed-shear DIII-D discharges. Both the cur- 
rent profile and toroidal electric field profile are determined &om time 
sequences of equilibrium reconstructions [C.B. Forest et d., Phys. Rev. 
Lett. 73, 2224 (1994)l. Using this information, the measured current 
profile has been separated into inductive and non-inductive portions. By 
comparing similar discharges with co and counter antenna phasings and 
similar fast wave power, the portion of the total non-inductive current 
driven by fast waves was determined. The experimentally determined 
profiles of FWCD are in general agreement with theoretical predictions. 
Specifically, 135 kA was driven by 1.4 MW of rf power with a profile 
peaked inside p = 2. 

To obtain and maintain steady-state current profiles which improve 
tokamak performance - a main objective of the advanced tokamak research 
on DIII-D - non-inductive current drive sources with suitable profiles must 
be developed [l]. The purpose of this work is to determine the profile of 
fast wave current drive (FWCD) and compare this profile to various FWCD 
models. 

DIII-D discharges with early neutral beam injection and a period of 
reversed central magnetic shear are well suited for measurements of rf driven 
currents by the method described in Ref. 2. The time histories for such a 
plasma with toroidal field of 2.1 T and a plasma current of 1.4 MA are shown 
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in Fig. 1. Neutral beam injection begins during the current ramp (300 msec 
after breakdown), providing motional Stark effect (MSE) measurements for 
equilibrium reconstruction [3] and heating the plasma. Central electron tem- 
peratures reach 5 keV while the central density is kept below 2.5 x 1013 cm-’. 
These plasma parameters are suitable for efficient current drive using the two 
rf systems - a 60 MHz source and a 90 MHz source [4], each injecting up to 
1 MW of power with launched antenna spectra maxima at nll of 4.7 and 4.0, 

respectively. The direction of launched rf power can be changed between 
shots from co current drive to counter current drive. In all cases, the neutral 
beam driven current is in the same direction as the plasma current (co). The 
rf power is injected beginning at the start of current flattop as indicated in 
Fig. l(b). The minimum value of the safety factor ~ r n ; ~  and the value on 
ax is  qo are shown in Fig. 1 (d); early in the discharge q d n  is smaller than qo,  

so that the discharge has a central region of reversed magnetic shear. The 
onset of sawteeth at 2.5 sec (as seen on the electron temperature evolution) 
coincides with q d n  falling below l*. 

a 1.0 
0.5 
0.0 

Time (sec) 

FIGURE 1. T h e  time evolution of (a) the total plasma current, (b) the total 

injected neutral beam power and rf power, (c) the central electron temperature 

T,(O) and density n,(O), (d) qo and q d n  determined from equilibrium reconstruc- 

tions, and (e) the central value of poloidal flux ( $ 0 )  for co and counter current 

drive phasings. The discharge is a single null divertor, B, = 2.05 T, deuterium 

plasma. 

*To measure the non-inductive current due to FWCD by the method described in 

Ref. 2, the evaluation of the current and poioidal AUX profiles must be governed by 

resistive relaxation as opposed to MHO events which move current. 
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The loop voltage profiles and non-inductive current profiles have been 
determined for several discharges with co and counter current drive. Using 
the code EFIT [5], time sequences of equilibria are reconstructed from mag- 
netic probe data (including internal measurements by MSE) and pressure 
profile. From these time sequences, the current profile is determined as well 

as the internal parallel electric field (from the time derivative of poloidal 

flux) [2]. Figure 1 (e) shows the poloidal flux at the magnetic axis for co 
and counter current drive - it is the time derivative of this quantity which 
is related to the local electric field - and shows that the loop voltage is 
larger on a x i s  for counter than for co. Figure 2 shows the current density 
(a) and loop voltage (b) profiles for two nearly identical discharges with co 
and counter current drive. The loop voltage profiles are determined during 
the period starting at 1.7 sec and ending at 2.2 sec (as indicated in Fig. 1). 

The presence of rf driven currents is discernable on the current profile, 
but it is much more obvious on the loop voltage profile. At this time in the 
discharge, the value of q in the central region is larger for counter current 
drive than for co (Aq N 0.2). Although this difference is modest, the loop 
voltage profiles are very merent in the central region. The larger loop 
voltage in the counter case indicates a larger fraction of inductively driven 
current is present. In both cases, the plasma is far from resistive equilibrium 
(defined by a loop voltage profile which is constant in space) and the current 
profiles are peaking with time. Note that the loop voltage on the boundary 
of the plasma is nearly identical for both co and counter, so that an analysis 
based solely on the loop voltage at the boundary of the plasma would not 
indicate any current drive. 

The non-inductive current density profile, determined by subtracting 
the inductive current density (the product of the loop voltage and the re- 
sistivity determined from neoclassical resistivity through measured electron 
temperature and Zd profiles) from the total current density, is similar to 
predictions from theoretical models. The non-inductive current is the sum 

of the neutral beam driven current, the bootstrap current and the fast wave 
driven current. To separate the fast waxe driven current from the other 
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FIGURE 2. (a) T h e  current density and corresponding safety factor profiles for 

co (solid) and counter (dashed) cases at 2.1 sec; (b) the loop voltage profile 

determined during the period from 1.7 to 2.2 sec for co (solid) and counter 

(dashed) current drive. 
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non-inductive currents, the difference between co and counter is calculated 
and multiplied by Pco/Pco + P,,,,k, to determined the portion due to co 
rf. Figure 3 shows the experimentally determined rf driven current profile 
for 1.4 MW of injected rf power. Figure 3 also shows predictions from a 

model based on the ergodic limit of weakly damped rays (FASTCD) [6], a ray 
tracing code with multiple reflections ( C U ~ Y )  [7], and the results from full 
wave code (PICES) [8]. Total integrated current from this profile is 110 kA 
corresponding to a total efficiency q = fi,IfiR/Pfi N 2.7 x 10" A W-' rn-' in 
approximate agreement with previous results extrapolated to higher electron 
temperatures [g]. 

This is a report of work supported by U.S. DOE Contracts DEACOS- 
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FIGURE 3. The experimentally determined non-inductive current profile due to 

FWCD and theoretical predictions from stochastic limit model and full wave code. 
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