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We have initiated an experimental program to address some of the questions associated 
with operation of a tokamak with high bootstrap current fraction under high performance 
conditions, without assistance from a transformer. In these discharges we have maintained 
stationary (or slowly improving) conditions for >2.2 s at PN =: Pp = 2.8 (Fig. 1). Significant 
current overdrive, with dI/dt > 50 kA/s and zero or negative voltage, is sustained for over 
0.7 s. The overdrive condition is usually ended with the appearance of MHD activity, which 
alters the profiles and reduces the bootstrap current. Characteristically these plasmas have 
65%-80% bootstrap current, 25%-30% NBCD, and 5%-10% ECCD. 

Fully noninductive operation is essential 
for steady-state tokamaks. For efficient 
operation, the bootstrap current fraction 
must be close to loo%, allowing for a small 
additional (- 10%) external current drive 
capability to be used for control. In such 
plasmas the current and pressure profiles 
are tightly coupled because J(r) is entirely 
determined by p(r) (or more accurately by 
the kinetic profiles). The pressure gradient 
in turn is determined by transport coeffi- 
cients which depend on the poloidal field 
profile [ 1-31. 

There are several important questions: 
what are the self-consistent profiles of 
pressure and current; what are the beta 
limits under these conditions and is beta 
sufficient for reactor operation; are these 
states unique; are these states stable against 
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Fig. 1. Parameters for a 2 s, fully noninductive, 
stationary plasma (1 14491). The transformer current 
is held fixed after 2.0 s. (a) Plasma current, (b) loop 
voltage (0.25 s average), (e) p (solid red), PN (dot- 

no q profile inversion). 
dash black), and 4*ti (dash b 'I ue), (d) q(0) (there is 

"- 

transient fluctuations; can control methods be devised to maintain optimum conditions? In 
the experiments reported here we begin to address these issues. These results illustrate the 
need for development of new control techniques for noninductive, high bootstrap fraction 
operation of large burning plasmas. 
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These discharges are prepared using the transformer, NBI, and ECH to approximate the 
expected noninductive profiles. Then, to allow the plasma to relax noninductively, the trans- 
former current is held constant or else a novel voltage feedback technique is used to maintain 
zero voltage at the plasma surface. The NB power is controlled so as to maintain a constant 
diamagnetic signal. A typical plasma is a high triangularity, symmetric double-null 
shape,operating in ELMy H-mode, with an initial 650 kA plasma current, and 5-8 MW of 
auxiliary heating (Fig. 2). In this discharge, the transformer current is held fixed from 2.0 s 
onward. Typically, 995 - 10 and p - 1.5%. 
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Fig. 2. Parameters of DIII-D discharge 107736. The transformer current is clamped at 2.0 s. (a) current, 
(b) voltage (100 ms smooth), (c) NB power, (d) EC power, (e) neutron rate, (0 D, at divertor, (g) PN. PP, and 
4*!i, (h) qo and qmin, (i) density, (i) Ti and Te, (k) Mirnov amplitude, (1) H89p, (m) plasma shape at 3.605 S, 
showing EC rays and 2nd harmonic resonance location. 

Note that, although most parameters seem to be constant on the scale of the shot 
duration, there is a slow evolution of the current and pressure profiles, on roughly a 20 s time 
scale (Table I). The lowest mode time constant for evolution of the total current at constant 
voltage is about 2.7 s. If this is the correct time scale for evolution, and the evolution is a 
simple exponential, a projection can be made for the final values using x(=) = 
x(O)+2.7*(dx/dt)(O). Of course, this neglects evolution of the kinetic profiles, but it does 
indicate that the conditions achieved are close to the anticipated final stationary state. 

ro- 
tation) profiles show no evolution 
during the noninductive phase. The 
current density peak near r/a = 0.25 X dx/dt x/(dx/dt) (s) est. x(-) 

0.64 -0.030 21 0.56 
0.75 -0.025 30 0.68 
3.2 +0.04 80 3.3 

drops somewhat, corresponding to 
the increase in qmin and the drop in 
ei. There is a brief excursion between qmin 2.3 +0.2 12 2.8 

The ne' Te' and SZ Table I. Values of indicated parameters at 3.0 s in 107736; 
approximate rate of change; inferred time constant; 
projected final value based on 2.7 s time constant. 

t (MA) 
90 
-. . .. . . 

3.48 and 3.62 s, showing an im- Pp 2.3 +0.12 19 2.6 
W OMJ) 0.54 -0.02 27 0.49 provement in confinement, reduction 

in input power, and changes in the 
Te, SZ, and Jbs profiles. During this 
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transient, the total current increases at 
-130 kA/s. As indicated in Fig. 3, the 
bootstrap fraction averages -70% during the 
NI phase, NBCD is constant at about 20%, 
ECCD is -4%, and the remainder, presumably 
Ohmic current is -6%. The contributions to 
the bootstrap current from ne, Te, and Ti 
gradient terms are in the ratios 37:36:28. The 
bootstrap alignment parameter reaches BSA = 
0.7 1 ; this is a measure of the rf power needed 
to drive the difference between the bootstrap 
and total currents, defined as 
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Fig. 3. Fractional contributions to total current for 
discharge 107736 (500 ms avg). 

In order to assess the dependence of the final, 
noninductive state on the initial conditions, a density 
scan and a timing scan were carried out. The three 
discharges illustrated in Fig. 4 were prepared identi- 
cally except for varying initial density. After freez- 
ing the transformer current at 2.0 s, the density and 
current evolve without control. As indicated the 
line-averaged electron density, the total current, and 
the bootstrap current fraction are closely coupled. 
Increasing the density leads to a much higher boot- 
strap fraction and to a reduction in the current decay 
rate. Even small variations in the density and current 
are correlated. There is an increase in bootstrap 
fraction whenever the density rises or remains con- 
stant for an interval. 

In the timing scan we look at three identically 
prepared discharges. The switch from controlled to 
uncontrolled plasma current is made at 1 .O, 2.0, and 
3.0 s. As shown in Fig. 5, the current profile 
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Fig. 4. Three discharges prepared with dif- 
ferent initial densities. The transformer cur- 
rent is fixed at 2.0 s. (a) line-average 
density (C02 interferometer); (b) total 
current; (c) bootstrap current fraction. The 
jump in total current from 2.0 to 2.3 s is 
due to a voltage transient associated with 
the transformer current clamping. 

broadens during the driven phase, as indicated by the falling internal inductance, but broad- 
ens much more slowly after the transformer current is fixed. Also shown in Fig. 5 is the time 
dependence of the plasma current. Starting with a high internal inductance appears to lead to 
a more rapid decay of the plasma current. As indicated above, the preferred noninductive 
state has a low inductance and a broad current profile. The differences among the density or 
temperature profiles are not large enough to be significant, given uncertainties in 
measurement. 
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During these high pp and PN discharges, ITB- 
like behavior is seen, particularly in the density, 
electron temperature, and rotation profiles. Asso- 
ciated with the period of improved confinement is a 
decrease in the power required to maintain the 
pressure, and an increase in the total current. An 
outstanding example of this behavior is illustrated 
in Fig. 6. This condition is terminated by a short 
burst of m=3/n=l MHD activity. After recovery the 
total thermal energy exceeds its earlier value but 
the current is 8% lower. During the ITB, the ne and 
T e  gradients near p = 0.7 increase, giving a large 
local increase in the bootstrap current density. 
Curiously, the rotation is slowed in the outer part of 
the plasma. 

Work supported by U.S. Department of Energy 
under Contracts DE-AC03-99ER54463, DE-ACO5- 
00OR22725, DE-AC02-76CH03073, and W-7405- 
ENG-48. 
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Fig. 5. (a) Internal inductance and (b) total 
plasma current. The dashed line indicates 
the time under transformer control. The 
transformer current is fixed at the time 
indicated by the dot. 
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Fig. 6. An ITB leads to increasing current for > 0.5 s. (a) Plasma current. The transformer current is fixed from 
3.0 s onward. (b) Odd toroidal mode number component of the Mirnov signal. (c) NB and EC power levels. 
(d) PN and Pp. (e, f, g, h) density, Te, rotation, and bootstrap current profiles before (2.885 s; black dash-dot), 
during (3.605 s; red solid), and after (4.005 s; green dash) the ITB. 
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