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Abstract. 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 stationary (or slowly improving) conditions are maintained for >3.7 s at fx = 8
= 3.3. The achievable current and pressure are limited by a relaxation oscillation, involving growth and collapse
of an ITB at p = 0.6. The pressure gradually increases and the current profile broadens throughout the discharge.
Eventually the plasma reaches a more stable, high confinement (H89P ~ 3) state. Characteristically these
plasmas have 65%—85% bootstrap current, 15%—-30% NBCD, and 0%—10% ECCD.

1. Introduction

Fully noninductive operation will be essential for eventual steady-state tokamak reactors.
For efficient operation, the bootstrap current fraction must be close to 100%, 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 coefficients which depend on the poloidal field profile. Since the
dominant energy source will be the internal a-particle heating, the effectiveness of external
controls will be limited. The coupling among plasma parameters is illustrated in Fig. 1.

There are several important questions concerning such plasmas: what are the self-
consistent profiles of pressure and current; what are the [ limits under these conditions and is
B sufficient for reactor operation; are these states unique; are these states stable against
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. While there have been a number of studies of plasmas without
transformer induction but far from f limits [1-4], and of essentially 100% noninductive
plasmas at higher § but with transformer current control [5,6], this is the first study to explore
plasma behavior near the 3 limits without transformer control or current regulation.

To begin to address these questions, DIII-D experiments with stationary plasmas but
without transformer induction have reached fN = fp = 3.2 with = 80% bootstrap current
fraction. These conditions have been maintained for > 3.7 s, in plasmas with Ip= 0.6 MA and
B = 1.5%. The plasmas show intermittent formation of an internal transport barrier (ITB) in all
channels (ne, Te, Tj, €2¢). The improved confinement and higher § associated with the ITBs
lead to current overdrive (>50 kA/s) arising from the increased bootstrap current. The
achievable pressure and current are limited by a relaxation oscillation involving the growth
and rapid collapse of the ITB. The recovery of the plasma from these collapse events has
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Fig.1. Nonlinear couplings in advanced tokamak transport. The blue (dotted) lines indicate the fast heat and
momentum transport loops, the red (dashed) lines show the slow magnetic flux transport loop, and the green
(solid) lines represent external inputs and controls. In small devices the external inputs are dominant, but in a
burning plasma the external inputs will be very weak.

positive implications for eventual steady-state operation. The self-consistent plasma state has
a broad current profile, with low internal inductance (/; < 0.6), no-wall n=1 ideal kink 3 limit
at ~5-6x/;, and flat or weakly inverted central q (~3), with gg5 ~ 10. Typically, there is 65%—
85% bootstrap current, 15%—-30% NBCD, and 0%-10% ECCD.

Among the conclusions to be drawn from these experiments is that the noninductive
plasma appears to be robust to the ITB relaxation oscillation, repeatedly returning to its
previous state. However, because of the pressure and current variation caused by the
relaxation oscillation and other transients, a steady-state reactor may need to use a transformer
to limit excursions of the total current.

2. Slow Plasma Evolution

These discharges are prepared using the transformer, NBI, and ECH to approximate the
expected noninductive profiles. Then the transformer current is held constant, to allow the
plasma to relax noninductively. We have worked on development of a voltage feedback
control technique to maintain zero voltage at the plasma surface. This has been demonstrated
to work in principle, but is not yet generally used. Usually, the NB power is controlled so as
to maintain a constant diamagnetic signal. Plasma behavior is very similar with constant NB
power, but it is more convenient to set the requested energy or beta. 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 1.5 s onward.

During the noninductive phase of this discharge, the plasma parameters continue to
evolve. The energy and particle confinement gradually improve, and the current profile
broadens. Table 1 compares global parameters early (2.25 s) and late (4.75 s) in discharge
119787, averaged in each case over a 1 s interval.

Note that there is no change in the peaking of the pressure profile, and that the increase in
the stored energy is primarily due to the density increase. Current profile broadening is
indicated by both the increase in qpmjn and the decrease in /;. Also notable is the increase in
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Fig. 2. Overview of discharge 119787. The transformer current is fixed from 1.5 s onward (gray line).
(a) plasma current, (b) neutral beam power (80 ms average), (c) neutron rate (80 ms average), (d) D, light from
the divertor, (e) chord-averaged density, (f) central electron temperature, (g) central ion temperature, (h) beta,
and (i) equilibrium reconstruction at 5.01 s. The red and blue lines indicate the times for the profiles in Fig. 3.

Table 1.
Parameter unit @ 2.25s @4.75s ratio
(ne) 1020 m—3 0.338 0.437 1.29
(Te) keV 1.41 1.49 1.06
(T;) keV 1.93 2.08 1.08
Hgop [7] 1.78 2.73 1.53
Hogyo [7] 1.52 2.03 1.34
p(0)/{p) 2.00 2.02 1.01
Bp 2.55 3.18 1.25
BN 2.54 3.08 1.21
W MJ 0.549 0.677 1.23
Amin 2.61 2.94 1.13
fi 0.669 0.563 0.84
TE ms 59.6 97.9 1.64

overall confinement quality. Profiles early and late in the discharge evolution are shown in
Fig. 3. At these times there is relatively little transient instability activity in this plasma. The
profiles near the end of the discharge do not show the development of a strong transport bar-
rier (see the discussion of Fig. 9, below), but rather the gradient occurs over a wider region.
Also, the frequency and amplitude of the ITB relaxation events diminish. Overall the ion
thermal conductivity determined from power balance estimates decreases by a factor of about
1.6 during the evolution of the discharge, becoming approximately equal to the ion
neoclassical value.

As a result of the increase in stored energy and the decrease in internal inductance, by the
end of the discharge BN = 6/; without large-scale instability (Fig. 4). Also, the bootstrap
fraction increases from ~0.6 to >0.8 for the final 0.7 s of the discharge (Fig. 5). The
contributions to the bootstrap current from ne, Te, and Tj gradient terms are approximately in
the ratios 35:35:30. The remainder of the current is provided by NBCD, which follows the
trend of the injected power. The bootstrap and beam-driven currents account for all of the
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current, to within the accuracy of the profile measurements and the models used for
calculating the currents. The bootstrap alignment parameter is BSA = 0.65; this is a measure
of the rf power needed to drive the difference between the bootstrap and total currents,
defined as

BSA=1- [fdvnehu _Jboot|/fdvne|Jll|] : (1)
Te Te

Where Jj= (J-B)/Bg -

The components of the current profile late in the discharge are shown in Fig. 6. The sum
of the calculated bootstrap and beam-driven currents closely matches the total. At this time,
the total current is 607 kA, the bootstrap current is 523 kA and the beam-driven current is
124 kKA. (Total current is measured with a
Rogowski coil; bootstrap and beam-driven 35¢
currents are calculated using measured kinetic
profiles.) The sum of the calculated noninduc- o
tive currents is 647 kA. This 40 kA difference '
is well within the uncertainty of the calcula-
tion.
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freezing the transformer current at 2.0 s,the 1 2 3 4 5 6
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As indicated the line-averaged electron Fig. 4. Evolution of (a) B, (solid), BN (dashed)
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Fig. 3. Profiles of (a) electron density, (b) toroidal ) ) )
rotation, (c) electron temperature, and (d) ion Fig. 5. Time history of the current (0.25 s aver-
temperature at 1.97 s (early in the discharge age); total plasma current (black), bootstrap cur-
evolution; black dashed) and 5.01 s (near the end of rent (red), beam-driven current (blue), sum of
the discharge; red solid). bootstrap and beam-driven currents (black, dash).
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current fraction are closely coupled.
Increasing the density leads to a much higher
bootstrap 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 constant for an
interval.

3. Fluctuations and Oscillations

The current and stored energy in these
discharges does not vary smoothly in time.
As illustrated in Fig. 8, the current and the
energy follow a saw-tooth-like pattern, with
intervals of rising energy and current,
indicating good confinement and current
overdrive, interspersed with rapid drops.
Typically the size of these oscillations (peak-
to-peak) is of the order of 10% in current
and 20% in energy.

This relaxation oscillation is at present
the limiting process for beta and the
bootstrap current. As indicated in Fig. 8,
trying to increase the average pressure and
bootstrap current by increasing the injected
power leads to an increase in the frequency
of the relaxation events. The process
occurring here is the repetitive build-up and
collapse of an internal transport barrier (ITB)
at large minor radius. The profiles shown in
Fig. 9 illustrate this process. At 3.9 s, just
prior to the collapse, the T, and Tj profiles
show a narrow region of large gradient at p =~
0.75. There are also steep gradients in ne and
Q¢, but not as pronounced. Just after the
collapse, the temperatures have fallen in the
outer half of the plasma, the density profile
has broadened, and the rotation has
decreased throughout. The narrow peak in
the bootstrap current has been eliminated.
Just before the next collapse, at 4.25 s, all of
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Fig. 6. Current profiles for discharge 119787 at
5.01 s: total (black) from EFIT, bootstrap (red),
NBCD (blue), and the sum of J,q and Jpcq (black,

dash) calculated from kinetic profiles (see Fig. 3).
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Fig. 7. Three discharges prepared with different initial
densities. The transformer current is fixed at 2.0 s. (a)
line-average density (CO, interferometer); (b) total
current; (c) bootstrap current fraction (160 ms
average).

the profiles have returned to the values at 3.9 s. During the interval between 3.925 s and
4.25 s, the ion thermal conductivity estimated from power balance decreases linearly, by a

factor of about two.

The ITB collapse has many similarities to a very large ELM. The expelled density and
energy is seen in the SOL, and there is a burst of D, light from the divertor region similar in
shape to an ELM. The signature of this event on the Mirnov loops is indicative of a very fast
MHD instability, lasting only 100-300 us. Analysis of linear ideal MHD stability using the
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GATO code indicates that the plasma is very
close to an n=1 instability, with a mode pat-
tern reminiscent of the peeling-ballooning
modes usually associated with ELMs. The
principal difference is that the largest
poloidal component is located at p = 0.7,
near the region of maximum pressure
gradient. Figure 10 shows the quantity §-V,
proportional to the total displacement,
versus normalized poloidal flux. The total
displacement on the outboard side peaks at
the boundary, similar to large ELMs in high
performance H-modes [8].

4. Summary and Conclusions

Some answers to the questions posed in
the introduction to this paper are beginning
to emerge. In many respects they encourage
optimism about the prospects for fully
noninductive, bootstrap-driven tokamak
operation. The self-consistent profiles of
pressure and current are broader than is
ordinarily encountered in pulsed tokamak
operation. The normalized beta level
reached is comparable to other scenarios
(3<Pn<4), but with BN~6/;. The limiting
instability is associated with a relaxation
oscillation involving the repetitive growth
and collapse of an ITB at large minor radius.
The MHD mode which triggers the collapse
has a peeling-ballooning character with peak
amplitude at the radius of maximum
pressure gradient, near the edge. A very
optimistic observation is that these plasmas
recover from the large transient fluctuations
due to the ITB collapse and return to
essentially the same configuration.

Whether this state is unique, and whether
this dynamic stability persists is the subject
of future study. For the limited conditions

WITHOUT INDUCTIVE CURRENT CONTROL
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Fig. 8. Frequency of relaxation events increases as
plasma energy and injected power and plasma energy
are increased. Discharges 119767 (black) and 119700
(red). (a) plasma current, (b) diamagnetic loop signal,
(c) neutral beam power.
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Fig. 9. Profiles of (a) electron density, (b) toroidal
rotation, (c) electron temperature, and (d) ion
temperature just before an ITB collapse (3.9 s, black
dashed), just after the collapse (3.925 s, blue dotted),
and just before the next ITB collapse (4.25 s, red
solid).

studied thus far, it appears that there is a single state the plasma is evolving toward (Fig. 11).
Also for future study is the beta level which can ultimately be achieved in fully bootstrapped
plasmas. To provide an interesting value of B (~4%) for a reactor, q95 would have to be
reduced by a factor of at least two. Although BNHgg > 8 in the present cases, BNHgo/q? is ~
0.1, a factor of 4-5 below the ITER baseline value. That the maxima of the current density and
the pressure gradient are located near the edge gives some encouragement to the application
of edge and wall mode control systems now being developed to improving the stability of
these plasmas. Finally, the fluctuating character of the high 3 noninductive state indicates that
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Fig. 10. The ideal n=1 mode structure for the profiles discharges. The indication is that, until ! he heating
at 5.01 s in discharge 119787 (see Fig. 3) power pulse ends, these are all trending toward

roughly the same level.

the transformer may have to be used as a control tool to maintain steadier current. This will

entail

the capability of noninductive overdrive, in order to recharge the transformer and

maintain zero average flux change.
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