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Abstract. Ideally, tokamak power plants will operate in steady-state at high fusion gain. Recent work at DIII-D
on the development of suitable high beta discharges with 100% of the plasma current generated noninductively
(fsi = 1) is described. In a discharge with 1.5 < g,,;, <2, a scan of the discharge shape squareness was used to
find the value that maximizes confinement and achievable By. A small bias of the up/down balance of the
double-null divertor shape away from the ion B x VB drift direction optimizes pumping for minimum density.
Electron cyclotron current drive with a broad deposition profile was found to be effective at avoidance of a 2/1
NTM allowing long duration at By = 3.7. With these improvements, surface voltage ~0—-10 mV, indicating fi;=1,
was obtained for 0.7 T (resistive time). Stationary discharges with By = 3.4 and fy; = 0.9 that project to O =5 in
ITER have been demonstrated for tz. For use in development of model based controllers for the g profile,
transport code models of the current profile evolution during discharge formation have been validated against
the experiment. Tests of available actuators confirm that electron heating during the plasma current ramp up to
modify the conductivity is by far the most effective. The empirically designed controller has been improved by
use of proportional/integral gain and built-in limits to fy to avoid instabilities. Two alternate steady-state
compatible scenarios predicted to be capable of reaching 3 = 5 have been tested experimentally, motivated by
future machines that require high power density and neutron fluence. In a wall stabilized scenario with g,,;, > 2,
Bn = 4 has been achieved for 2 s = tg. In a high internal inductance scenario, which maximizes the ideal no-wall
stability limit, By = 4.8 has been reached with fy; > 1.

1. Introduction

A research focus at DIII-D is the development of methods for reliable production of high beta
discharges suitable for power plant operation at high fusion gain with 100% of the plasma
current generated noninductively (noninductive fraction fy=1) [1]. Recent work has
encompassed a complete discharge scenario, from feedback control of the g profile evolution
[2] during the initial, low beta, discharge formation phase to the optimization of the discharge
shape and electron cyclotron current drive (ECCD) deposition profile for stable, stationary
operation at maximum fy of the fy;=1 phase of the discharge. In addition, experiments to
increase Py to 4-5 with profiles suitable for steady-state operation have begun, motivated by
the requirement for high power density and neutron fluence in a demonstration power plant.
Two approaches capable of reaching 5=5 have been identified through modeling and tested
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experimentally: a wall stabilized scenario with
gmin>2 [3] and a high internal inductance (/)
scenario [4—6] that maximizes the ideal no-wall
stability limit.

2. High fy; Discharges With ¢,,;, > 1.5

The steady-state compatible scenario that has
been the most intensely studied in DIII-D has
1.5<0qmin<2.0, g(0)—Qmin<0.5 and gys=5 [1]. Pre-
viously reported discharges of this type have
the ohmic loop voltage =0—10 mV, with analy-
sis showing that =100% of the current is driven
noninductively, for up to 0.7 s. Transport code
analysis found the bootstrap current fraction
f8s=0.5-0.6, with the remainder of the current
resulting from electron cyclotron (ECCD) and
neutral beam current drive (NBCD). In these
Jfar=1 discharges the current profile continues to
slowly evolve. In contrast, previously reported
[7] discharges with fy= 0.9 have a nearly sta-
tionary current profile, as indicated by constant
values of the field line pitch angle measure-
ments from the MSE diagnostic, for about 1.5 s
or 0.9 Ty (resistive current relaxation time). The
duration of the high-performance phase in these
fni=0.9-1.0 discharges was limited by the avail-
able ECCD pulse length or the appearance of a
2/1 neoclassical tearing mode (NTM).

The expanded ECCD capability (five
110 GHz gyrotrons injecting a total of =3 MW
for 5 s) that became available for 2007-2008
enabled improved operation in this discharge
scenario. The higher power, longer pulse ECCD
enabled extension of the phase with a stationary
current profile in discharges with f;=0.9 to
2.5s which is =tz at the higher electron
temperature resulting from the higher ECCD
power (Figs 1,2). The performance factor G
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FIG. 1. Time evolution of parameters in a
discharge with a stationary current density
profile for Ty and f;=0.9.
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FIG. 2. For the discharge shown in Fig. 1,
field line pitch angles at 12 different
positions across the radial profile of the
plasma measured with the motional Stark
effect diagnostic.

[Fig. 1(c)] [8] is equal to the value required for Q=5 in ITER with fN=3.4, Hgy=2.3 and
Hoygyr=1.4. The limit to the duration of the stationary phase is now the total energy available
from the neutral beams.

An increase in the stable, stationary value of By accessible in these discharges was also
made possible by the increased total number of gyrotrons and the available ECCD power. By
depositing the ECCD with a relatively broad profile, the discharges could be operated
reproducibly without the appearance of a 2/1 NTM. A set of discharges demonstrating this
effect in a single-null divertor ITER-like plasma shape [9], where the 2/1 NTM occurred at
relatively low Py, is shown in Fig. 3. In the discharge shown in red, there is no ECCD and the
n=1 mode appears soon after 3y reaches 3. In the discharge with ECCD (blue), there is no
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n=1 mode apart from a brief burst, while in the discharge in which the ECCD is turned off

early (black), the n=1 mode appears before the

end of the high B phase.

A broad ECCD deposition profile, as shown in Fig. 4, was found to be essential to
maintaining n=1 NTM stability. In a separate set of discharges, deposition peaked at p=0.4 or
0.5 was compared with ECCD distributed between p=0.35 and 0.55. In all three cases,
Bn=3.2 was stable for T, but only the case with the broad deposition profile was stable at
higher beta, fn=3.4. It is not necessary for the broadly deposited ECCD to align with the g=2
surface in order to improve the 2/1 mode stability, as has been the case in previous studies of

NTM stabilization with ECCD [10], indicating

In order to increase the duration and
reproducibility of the fy;=1 phase in these dis-
charges, a study was made of the effect of the
discharge shape on the discharge perform-
ance. The resulting optimized discharge shape
maximizes the energy confinement and makes
a compromise between maximizing the Py
stable to ideal low n modes and minimizing
the electron density (for the most ECCD
current). To operate at the highest possible Py,
an up/down balanced double-null divertor
shape has been shown to be optimum [11].
However, the minimum density is obtained
with the DIII-D divertor cryopump geometry
by adding a slight bias of the double null
shape in the direction opposite to the ion
B x VB drift direction (Fig. 5). The magnitude
of the necessary bias, dRsep=0.5 cm, is
relatively small. This change in the discharge
shape was found to have no measurable effect
on the energy confinement.

Small changes in the discharge shape
squareness were found to have a significant
effect on the achievable By [12] and the en-
ergy confinement. The study focused on the
squareness because the elongation and
triangularity are largely determined by

matching the shape to the divertor
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FIG. 4. The calculated ECCD current
density radial profile for the discharge
shown in blue in Fig. 3.
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FIG. 3. Time evolution of parameters in
three discharges that demonstrates the
stabilizing effect of the broadly deposited
ECCD on the 2/1 NTM. Red curves:
discharge without ECCD. Blue -curves:
discharge with ECCD through the entire
pulse. Black curves: discharge in which the
ECCD turns off at 4.5 s.
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FIG. 5. Four discharges with different values of

dRsep beginning at 3 s and the resulting line
average density. dRsep is the distance at the
outer midplane between the flux surfaces
passing through the two X points in the near
double null divertor shape.
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FIG. 6. Results from a scan of discharge squareness using the
plasma shapes shown in Fig. 7. (a) Normalized confinement Hy,
averaged over 1 s in discharges with By regulated at 2.35, (b) ¥ /
maximum achieved Py. = 3

geometry. The results are summarized in Fig. 6 for the five FIG. 7. The di
. N . . . 7. The discharge
different shapes shown in Fig. 7. Both the maximum achieved Py shapes used to obtain
and the normalized confinement are optimized at a value of the results in Fig. 6.
squareness near —0.15, with By and confinement decreasing at  Squareness is BC/AB
higher values and little change observed at lower values. where point B is on an
By utilizing the available neutral beam power, and the ECCD ellipse with the same
to maintain 2/1 NTM stability, discharges were reproducibly tr;?ﬁ)%lula;l:y ?}I:S eldoirsl:
operated at By=3.7. This is in contrast to previously reported high gharges shown.
Jfai discharges, which had By up to 3.4 and were commonly

limited in duration by an n=1 NTM.

Discharges with V.= 0-10 mV for 04
increased duration were produced by 02
reducing the plasma current from the typical —0.0f------- PN A ]
value of 1.1 MA to 0.9MA in order to **
approximately match the total noninductive 0.2
current (Fig.8). The higher current G = ByHgo/a3,

discharge is typical of those that have 12 % — E
/ni=0.9. In the lower current discharge, the 2:(MW) ECCD powcr(MwR\;
duration of the low V., phase is 0.7 tg, ¢k r A%
increased from 0.4 Ty in the best previously o TN -
reported case [1]. The reduced current, r J
though, results in the reduced value of the  %go6—3300 30003500 4000 4500 5000
performance factor G. The present limit to lime (ms)

the. noninductively driven current is the FIG. 8. Surface voltage, fusion gain factor,
available neutral beam and ECCD power . i beam and ECCD powers and By evolu-

and the limit to duration is the available tion in two discharges with different plasma

neutral beam energy. current. The lowest current discharge has sur-
face voltage consistent with f;=1.0.

Shot 132689 133103
Ip=1.1 MA
I,=0.9 MA

Vsurr (V)

3. Bx>4 in Discharges With Increased /;

An alternative steady-state compatible scenario is based on a discharge with a relatively high
value of /; (1.1-1.5) indicating a peaked current profile [4-6]. In this range of /;, plasmas with
Pn=4-5 are expected to be stable to low n ideal kink modes even without the stabilizing
effect of a conducting vacuum vessel. Thus a reactor based on this type of high B discharge
would not require rotation or additional hardware for feedback stabilization of resistive wall
modes. There are challenges to maintaining an elevated value of /; in steady-state because of
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would be produced in a high Py

H-mode discharge. A self-consistent scenario with relatively modest parameters, /;=1 and
Bn=3.5-4.0, was proposed in [6]. In the experimental work discussed here, the goal is to
investigate the MHD stability of equilibria with By near 5, /;>1, and parameters compatible

with high bootstrap current fraction operation.
The current profile in these high By discharges
is not yet stationary; this is the next step in the
development of this scenario.

An initial, low Py equilibrium was estab-
lished by starting the discharge in ohmic or L-
mode conditions at low 7, and remaining in
these conditions long enough for the current
profile to evolve to a stationary state (Fig. 9).
Because T,, and thus the conductivity, was
very low in the outer half of the plasma, and
almost all current was driven inductively, /;
reached a relatively large asymptotic value.
The onset of sawtooth oscillations limited g(0)
to 1, so that J(0), and thus the asymptotic
value of [;, was a function of /,/Br. During the
experiment, a scan in I /By was performed,
resulting in target values of /; that varied from
1.65 to 1.35 [Fig. 9(b)] as I/Br was changed
from 0.4 to 0.65 [Fig. 9(a)]. ECCD deposited
at p=0.3 was added starting at 1.7 s in order to
make a small (=0.1) predicted increase in /
and to increase T, to reduce the rate at which
the current profile would change after the start
of the high Py phase. Initially, dRsep= 2.5 cm
in the near-double-null plasma shape in order
to hold the discharge in L-mode in the neutral
beam injection phase beginning at 2.5s. At
2.8 s, dRsep is changed to zero to trigger the
H-mode transition and produce an up/down
balanced double-null plasma shape which is
expected have the highest Py limit. This
results in a transient increase in /;. As By and
the bootstrap current fraction increase, and the
neutral beam power saturates at the maximum
available value [Fig. 9(c)], /; decreases until it
reaches an equilibrium value toward the end
of the high-performance phase.

The best high Py performance (Fig. 10) was
observed at a midrange value of [/By
(0.8 MA/1.7 T). In the discharge shown in the
figure, fn=4.8 was maintained for about 0.4 s,
while /; drops from 1.25 to 1.0, and Py re-
mains above 4 for 1 s. Confinement is well
above the standard H-mode value, as was

134114 134119 134120 134126
Ip/Bt (MA/T)

0.65 @) l '

0.5

A Antdih At
VWenAfnutys

0.45E

0.356
1.8
1.6

14F

12F dRsep ramp mHigh BN~
1.0F 2.5t0 0.0 cm
0.8t \ ) i
12 'E_(c) T T T -E
3 Peam (MW) 3
af PycopMW)
0 E L {l [ L L E
1 4

2 Time (s) 3

FIG. 9. Formation of the discharges with a
high value of /. The red curve shows
parameters for the discharge shown on an
expanded scale in Fig. 10.

35
Time (s)

4.0

FIG. 10. Time evolution of the high-
performance phase in a discharge with
[,/B:=0.8 MA/1.7 T and a high initial value
of /.. The noninductive current fraction was
calculated using the ONETWO transport
code.
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observed in previous high [/; experiments [4,5],
with Hogy, up to 1.8 [Fig. 10(b)] and Hgy=2.6. The
performance factor G=0.23, the same as in the
lowest current discharge shown in Fig. 8, al-
though the current for the discharge in Fig. 10 is
even lower. The total noninductively driven cur-
rent is larger than [, as indicated by surface volt-
age [Fig. 10(c)] which remains negative through-
out the high B phase. The calculated value of fy;
is as high as 1.2, with 90% resulting from boot-
strap current during the highest fy phase.

The MHD activity is dominantly n=1, begin-
ning with fishbone-type instabilities changing to
bursts of n=1 activity of varying length, some
with especially large amplitude growing in less
than 1 ms. Large amplitude, fast-growing bursts
of this type resulted in brief collapses during the

STEADY-STATE TOKAMAK OPERATION WITH BURNING PLASMAS
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FIG. 11. In a high /; scenario discharge
with [=1.2 and Py=4.6, a comparison
between the measured pressure gradient
radial profile and the profile calculated to
be marginally stable to the infinite-n bal-
looning mode.

initial By rise, Fig. 10(a). The high performance

phase is terminated by the onset of a 2/1 NTM at 4.4 s. A discharge at higher /,/By (1.1
MA/1.7 T) at the time of the peak Pn=4.6 (/;=1.2) was calculated to be stable to the ideal n=1
kink without a conducting wall. The pressure gradient was calculated to be only slightly
below the value marginally stable to the infinite-n ballooning mode across the full radial
profile (Fig. 11).

4. High B, Wall-stabilized Discharges With ¢,,,;,>2

In contrast to the high /; scenario described in the previous section, an alternative approach to
stable operation with By= 4-5 has a very broad current profile, low /;=0.6, and g,;,>2. As
reported previously [3], =4 was sustained in this scenario for 2 s = tz. The broad current
profile, created with simultaneous I, and By ramps, improves stability by maximizing the
effect of wall stabilization. Thus, this scenario requires that resistive wall modes be stabilized
either by active feedback or sufficient toroidal rotation. The bootstrap current fraction is
above 0.6, with an off-axis peak near the ¢, location, p=0.5, where there is an internal
transport barrier. As a result of the on-axis neutral beam driven current, g,,;, decreases slowly
during the high By phase, ending below 2. Recent experiments focused on reduction of the
on-axis NBCD, with most neutral beam power injected in the direction opposite to the plasma
current, in order to maintain ¢,,;, above 2 and move the bootstrap current further off axis by
increasing the radial location of g,,. With this approach, p, . was observed to increase
slowly with time, reaching =0.6. However, as a result of the toroidal rotation profile produced
by the dominant counter-direction beam injection, mode locking at low rotation limited Py to
approximately the no-wall limit. Future experiments will utilize sufficient neutral-beam-
injected torque throughout the discharge to avoid a low rotation phase.

5. Response of the Current Profile Evolution to Feedback Control Actuators

For the steady-state scenario described in Sec. 2, closed loop feedback control of the evolu-
tion of g, during the I, ramp up and early flattop is being developed for use in setting the
value of g,,;, at the start of the high By phase [2]. In addition to tests of empirically designed
controllers, open-loop measurements of the g profile evolution have been compared to trans-
port code simulations to validate the models for poloidal flux evolution and neutral beam

6 GENERAL ATOMICS REPORT GA-A26257



DEVELOPMENT IN DIII-D OF HIGH BETA DISCHARGES APPROPRIATE FOR

STEADY-STATE TOKAMAK OPERATION WITH BURNING PLASMAS J.R. Ferron, et al.
current drive for use in development of model- PSR 6T
based real-time controllers [13]. Figure 12 |siTe(04) (keV)

illustrates two different comparisons of the 1_0/ 4

transport code model to the measured g evolution. ¢.5f 126816

126826 2

The left column shows the effect of changing the 0.0t
electron temperature using ECH heating, while 40f
the right column shows a measurement of the 3.0
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modify T, and thus the conductivity and the rate  FIG. 12. Comparisons between experi-
of penetration of the ohmic electric field (left ment (dashed) and simulation (solid)
column, Fig. 12). Changes in the , ramp rate can ~ using the ONETWO transport code of
be used to alter the ohmic loop voltage and the the ¢ evolution during the 7, ramp up and
rate of change of confinement. However, carly flattop. Left column: Attwo differ-

. . ent levels of T,, varied using ECH heat-
changing the /, ramp rate has little observed effect ing. Right column: Response of dg,. /dt
on the g, time evolution. The primary changes (o a step in Pyg.
in the current density are outside the peak at
p=0.4, so only [/, changes significantly. The
electron density can be changed in order to modify 7, for a fixed input power. However, only
small variations in n, are feasible during the I, ramp up. Changes in the neutral beam voltage
or the mixture of co-injection and counter-injection neutral beams were found to be weak
actuators for g, control, primarily because in order to maintain Py at stable values, limited
neutral beam power can be used during the /, ramp-up so the NBCD fraction is 15% or less.
The g, evolution was observed to be
slightly slower when the beam voltage
was reduced from 75keV to 55 keV.
Similarly, the g, evolution is slightly
slower with only co-injection than with
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worked well as long as the g profile  FIG. 13. An example of the improved controller for
measurement was made at sufficiently  the time evolution of ¢,,,. Control of g, is active

short intervals (e.g. 10 ms). In order to between 600 ms and 2600 ms. After 2600 ms, Py is
controlled directly to a preprogrammed value.

conserve the available energy of the
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neutral beam used for the motional Stark effect diagnostic for use during the high By phase,
during the discharge formation the beam is pulsed with a low duty cycle. The result is
infrequent measurements of the g profile and with a measurement interval of 50 ms, a slow
oscillation in the controlled value of g,,;, was observed. The addition of integral gain allowed
the proportional gain to be reduced and the integration filters measurement noise. The
resulting slow control response is appropriate for the slow g evolution during the I, ramp up.
Testing showed that measurement noise or a slow rate of change of the target g, could
result in a large Py demand, increasing f and triggering a tearing mode. To avoid this, the
proportional/integral controller was altered to use the error in g, to generate a target value
for By which is then passed to the By controller to generate the Pyg request (Fig. 13). In this
way, the By target value can be clipped to remain within a stable window. The controller is
further improved by scaling the B target value by n. which effectively results in a request for
the average T, the intended actuator.

6. Summary

Progress toward reliable operation of high 3 discharges with fy;=1 has been made both by
improving the scenario with 1.5<¢,,;,<2.0 and by exploring discharge scenarios that offer the
possibility of operation with higher values of . Optimization of the discharge shape for
particle pumping, confinement, stability and utilization of the expanded ECCD capability at
DIII-D has resulted in fy=1 operation for longer duration, =0.7tg, at higher fy=3.7. In both
the high /; and broad current profile scenarios, >4 for 10 T or longer has been achieved
opening the possibility of increased bootstrap current fraction and higher power density
reactor operation. Development of the capability for feedback control of the g profile
continued with the focus on the g evolution during the discharge formation. The empirically
designed controller has been improved to allow avoidance of By limits. Comparisons of the
measured g evolution with transport code predictions have been used to validate the physics
models for development of model-based controllers.
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