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Abstract. Advanced tokamaks seek to achieve a high bootstrap current fraction without
sacrificing fusion power density or fusion gain. Good progress has been made towards the DIII-D
research goal of demonstrating a high-8 advanced tokamak plasma in steady state with a relaxed,
fully non-inductive current profile and a bootstrap current fraction greater than 50%. The limiting
factors for transport, stability, and current profile control in advanced operating modes are discussed
in this paper.

1. Introduction

The tokamak has proved to be a remarkable plasma confinement device over the last four
decades. The largest tokamaks have achieved ion temperatures in excess of 40 keV [1] and
fusion powers in excess of 16 MW using a mixture of deuterium and tritium ions [2], and even
small tokamaks built by university students have achieved plasma temperatures of 0.1 keV
[3]. A ‘conventional’ tokamak that operates at high plasma current with an ELMing (edge
localized mode) H-mode edge is an excellent candidate for a burning plasma experiment in
the near future [4]. However, an inherent drawback of the tokamak as a fusion power plant is
the large plasma current that must be sustained to gain the benefits (such as lessening material
fatigue problems) that derive from steady-state operation of any magnetic confinement fusion
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reactor. For a tokamak, steady-state operation implies a bootstrap current fraction of 70% or
higher, otherwise the power needed for non-inductive current drive would be unaffordable.

A major focus of the DIII-D programme is to develop the scientific basis for advanced
modes of operation that can enhance the commercial attractiveness of the tokamak as an energy
producing system. Features that improve the attractiveness of the tokamak as a fusion reactor
include: high fusion power density which requires high 8 (the ratio of the plasma pressure to the
magnetic field pressure), high fusion gain which entails high 8t (t is the energy confinement
time), and steady-state operation with low recirculating power which demands high fi,s (the
bootstrap current fraction). The product Bt is a critical parameter because it is proportional to
the fusion power divided by the heating power required to sustain the plasma. The bootstrap
current fraction increases with safety factor (¢) as fis o g8 [5]; thus, high 8 and a high
edge safety factor in the range of go5 ~ 5 are needed in advanced tokamak modes. However,
increasing ¢ without decreasing § also requires an improvement in the plasma stability limit
because the normalized beta (By) is proportional to By o gpB. Finally, since the energy
confinement time is observed to have a nearly linear dependence on the plasma current, the
confinement factor (Hgy = 7/7g9, Where tgg is a confinement scaling relation for L-mode
plasmas [6]) will need to increase like Hgg o< ¢ in advanced tokamak modes to achieve a
similar fusion gain (B7) as in the conventional tokamak mode. In this paper, the values of
T and Hgy are corrected for the time varying stored energy and heating power. The product
Bn Hso is a good figure of merit for determining how well an advanced tokamak mode does
in increasing the bootstrap current fraction without sacrificing fusion power density or fusion
gain.

2. Comparison of conventional and advanced operating modes

A near-term goal of the DIII-D research programme is the development and demonstration of
high-8 advanced tokamak plasmas with f,s > 0.5 and plasma profiles that are close to those
anticipated for steady-state operation. Significant progress has recently been made towards
this goal, as shown in figure 1 for a discharge with a neutral beam injection (NBI) heating
power of Py, = 11 MW, toroidal magnetic field strength of By = 1.6 T, plasma current of
I, = 1.2 MA, major radius of R = 1.66 m, minor radius of @ = 0.60 m, elongation of x = 2.0,
and triangularity of § = 0.8. The plasma geometry and safety factor profile (gos = 5.4) are
chosen to maximize stability to ballooning modes and to low-n kink modes, as discussed in
section 4, so that the sustained value of By is increased over the previous best result in DIII-D
[7]. The normalized beta, fn = B/(I,/aBr) = 3.7, exceeds the ideal limit for a plasma
without a conducting wall (& 4¢;, where ¢; is the internal inductance) [8] by about 15% during
the high-performance phase, although this value of By is still well below the ideal limit for
a plasma with a close-fitting conducting wall. The advanced tokamak discharge in figure 1
exhibits sustained high performance with Sy Hgo > 9 for 2 s, which is 16 energy confinement
times or about one current profile relaxation time.

The main difference between the conventional and advanced operating modes is not in
the tokamak fusion performance, but rather in the bootstrap current fraction. This is shown in
figure 2, where the time histories of two plasmas with different safety factors are compared.
Both plasmas have the same value of Bt and the same plasma shape as the discharge in
figure 1, and both plasmas have an ELMing H-mode edge. The higher I, case is a conventional
tokamak discharge with gos = 3.1 and infrequent giant ELMs triggered by sawtooth crashes.
Because of the relatively high density, up to two-thirds of the density limit, the electron and
ion temperatures are equilibrated. The normalized beta saturates at Sy = 2.7 after the onset
of a rotating m/n = 3/2 mode starting at 2.2 s that has the characteristics of a neoclassically
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Figure 1. DIII-D discharge 98977 parameters versus time. (a) Plasma current and NBI power,
(b) line-averaged density, (c) D, signal from divertor region, (d) normalized beta compared to 4 x
the internal inductance, (e) confinement time normalized to ITER-89P scaling and (f) combined
figure of merit for advanced tokamaks.

destabilized tearing mode (NTM). Since the normalized current is large in the conventional
mode, I,/aBr = 2.0 MA m T ! a high value of beta is reached, 8 = 5 .3The confinement
factor is Hgg = 1.8 for this discharge which is & 10% lower than expected for H-mode
confinement, probably due to the effects of the tearing mode [9, 10]. The conventional tokamak
discharge terminates when a m/n = 2/1 rotating tearing mode is destabilized by a sawtooth
crash at 3.0 s, leading to a disruption. Future fusion reactors may be immune to NTMs because
the inherently larger value of the magnetic Reynold’s number may decouple the g = 3 /2 surface
from the ¢ = 1 sawtooth so that the seed island will be too small to sufficiently disturb the
metastable plasma state [11].

The lower I, case in figure 2 is an advanced tokamak discharge with gos = 5.5 and
frequent ELMs. The density is about one-half that of the conventional tokamak mode, owing
to the lower plasma current, resulting in a central ion temperature (7;) that is twice the electron
temperature (7¢). This hot-ion mode of operation is common for advanced tokamak plasmas
in DIII-D [12, 13]. Figure 2 shows that beta for the advanced mode, 8 = 4.6%), is less than that
for the conventional mode; however, the normalized beta is higher, By = 3.8, because of the
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Figure 2. Comparison of advanced tokamak discharge 98549 (full curves) and conventional
tokamak discharge 100256 (dashed curves). (a) Plasma current, (b) NBI power, (c) line-averaged
density, (d) bootstrap current fraction, (e) beta, (f) normalized beta, (g) confinement time and (h)
confinement time normalized to ITER-89P scaling.

40% lower plasma current. The smaller plasma current also results in an energy confinement
time that is 14% lower for the advanced mode than the conventional mode despite the higher
confinement factor, Hgg = 2.7. Resistive wall modes (RWMs) play a role in limiting 8 during
the quasi-stationary portion of this discharge, as discussed in section 4. The sudden growth in
the RWM at 3.2 s leads to a drop in B that destabilizes a m/n = 2/1 tearing mode, resulting
in a severe degradation in confinement. Figure 2 shows that while St for the conventional
mode can be superior to that of the advanced mode, the latter achieves its central objective by
increasing the bootstrap current fraction to fps = 0.58 (compared to fis = 0.24). The higher
value of fis is related to the increase in By Hgg from 4.9 for the conventional operating mode
to 10.0 for the advanced mode.

3. Transport in advanced tokamaks

The heat transport for the advanced tokamak mode is similar to that of the conventional mode
despite the higher safety factor (lower plasma current). This is shown in figure 3, where
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Figure 3. Thermal diffusivities as a function of normalized radius for the conventional tokamak
plasma at 2.45 s (full curve) and the advanced tokamak plasma at 2.7 s (dashed curves) of figure 2.
The neoclassical ion thermal diffusivity for the advanced mode is also shown (dotted curve).
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Figure 4. Comparison between the measured 7; (circles) and T, (squares) profiles and the predicted
profiles from the GLF23 transport model (full and dashed curves) for the advanced tokamak
discharge of figure 2 at 2.7 s.

the thermal diffusivities determined by the TRANSP transport code [14] are plotted for the
advanced and conventional tokamak discharges of figure 2 during the quasi-stationary H-mode
phases. Only the effective (one fluid) diffusivity (x.s) is shown for the conventional mode
because it is difficult to separate the electron and ion fluids owing to the high density, whereas
the separate ion (x;) and electron (x.) diffusivities are given for the advanced mode. The ion
diffusivity for the advanced tokamak case is 2-3 times the neoclassical level [15], indicating
that anomalous transport from plasma turbulence is present. The increase in the neoclassical
diffusivity above the measured levels near the plasma centre is not meaningful since the theory
breaks down in that region.



B80 C C Petty et al

.1 :
00T Linear growth rate
---- ExB shear rate
0.05 )
0.00 T T T 1

rla

Figure 5. Radial dependence of the maximum growth rate (full curve) and E x B shear rate
(dashed curve) calculated by the GLF23 transport model for the case shown in figure 4. The rates

are normalized by /T./m;/a.

The enhanced confinement in advanced tokamak plasmas is likely due to the E x B shear
acting to reduce the overall level of turbulent transport as well as the stabilizing effects of the
fast beam ions and 7; > T.. Figure 4 shows a simulation of the ion and electron temperature
profiles using the gyro-Landau-fluid GLF23 drift wave transport model [16] in the MLT code
[17]. In the simulation, the measured density and toroidal velocity profiles are utilized, the
poloidal velocity profile (which gives only a small contribution to the E x B shear) is calculated
from neoclassical theory, and the 7; and T, profiles are calculated using the radial heat fluxes
obtained from a power balance analysis. The GLF23 transport model is in good agreement
with the measured 7; profile but it overestimates 7. The ion temperature gradient (ITG) mode
[18,19] is the dominant instability found in the model. Since E x B shear reduces transport
by connecting unstable modes to stable modes [20], the saturated fluctuation intensity in the
GLF23 transport model is taken to be proportional to the difference between the maximum
growth rate from linear theory and the E x B shear rate [21], as shown in figure 5. While the
E x B shear is acting to reduce the overall level of transport, the turbulence is not eliminated
in the simulation. Instead, the ion temperature profile lies near the instability threshold where
both the maximum growth rate and the E x B shear rate are relatively small (the ‘first stability’
point near the zero of the net growth rate [22]). The maximum growth rate and E x B shear rate
in figure 5 are strongly correlated across the plasma radius because the GLF23 simulation uses
a strong critical gradient model with a large incremental diffusivity for the transport driven by
the ITG mode. The hot-ion mode and the dilution of the thermal ions by fast beam ions are
also important stabilizing influences in the core that result in reduced transport for advanced
tokamak discharges [22,23].

Impurity seeding may be one method for further improving the confinement in advanced
modes without deleterious effects. In general, narrow internal transport barriers (ITBs) are
detrimental to advanced tokamaks because of the reduced stability limits associated with the
large pressure gradient and the poor alignment between the bootstrap current profile and the
total current profile. The reduced B limit observed experimentally in plasmas with ITBs is
consistent with the predicted dependence on the pressure profile peakness based onidealn = 1
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Figure 6. Repeated appearance and quenching of the RWM in discharge 98526. (a) The n = 1
component of flux measured by three saddle loop pairs and (b) beta.

stability theory [24]. Thus, any method used to reduce the transport in advanced tokamaks
should preferably do so across the entire radial profile. Experiments with neon seeding of
L-mode plasmas in DIII-D have demonstrated a global reduction in the ion and electron
heat transport, resulting in broadened temperature profiles with increased central values while
causing only a small dilution of the core fuel ions [25,26]. Gyrokinetic simulations indicate
that the linear growth rates and nonlinear saturated turbulence levels are reduced by the effect of
impurity ions on the stability of ITG modes as a result of one of several mechanisms: dilution
of the main fuel ions, direct mode stabilization by impurity ions, and temperature gradient
changes resulting from enhanced localized radiation [26]. The reduction in the growth rates
also acts synergistically with the £ x B shear, owing to the larger toroidal velocity that results
from a reduction in momentum transport, to further suppress the plasma turbulence. Impurity
seeding of advanced modes may also help to establish a radiating mantle around the core of
the plasma that would reduce the heat flux conducted to plasma facing surfaces.

4. Stability limits in advanced tokamaks

Stability plays a key role in advanced operating modes like the one shown in figure 1 since MHD
phenomena limit the initial rise of the plasma energy after the H-mode transition, maintain
a quasi-stationary state afterwards, and eventually cause the discharge to lose energy. The
rapid B rise after the H-mode transition ends with the onset of high-frequency MHD modes
that are consistent with Alfvénic modes driven by fast ions [13]. This instability recurs in a
bursting fashion throughout the discharge. However, RWMs are the most common S-limiting
phenomena during the quasi-stationary phase of the discharge; the safety factor profile has a
minimum ¢ value just above 1.5 with weak negative shear in the inner region that eliminates
the g = 3/2 surface from the plasma and provides stability to ballooning modes while the outer
region has strong positive shear that is correlated with improved NTM stability. The RWM is
expected to appear when By exceeds the ideal no-wall stability limit. As shown in figure 6, a
slowly rotating n = 1 mode comes and goes during the high-g phase of the advanced tokamak
discharge. The real frequency in the laboratory frame is below 100 Hz which is consistent
with the resistive wall time rather than the plasma rotation rate. The RWM is predicted to
be stabilized by sufficiently high plasma rotation, but the RWM itself can lead to slowing of
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Figure 7. Comparison of discharge 102731 with active feedback stabilization of RWM (full curve)
and discharge 102728 without (dashed curve). (a) Normalized beta compared to the ideal no-wall
stability limit, (b) the n = 1 component of flux measured by three saddle loop pairs and (c) plasma
toroidal velocity at r/a ~ 0.5.

rotation. Figure 6 shows that 8 drops as the RWM amplitude rises, which can lead to the RWM
quenching and a recovery in 8 [27]. The high-performance phase is often terminated when a
RWM grows to large amplitudes instead of quenching owing to a large decrease in the plasma
toroidal velocity [28].

Progress has been made recently in active feedback stabilization of the RWM [27,29],
which may allow By to be raised closer to the ideal wall-stabilized limit in future advanced
tokamak plasmas. The feedback coil set consists of six window frame coils located outside the
vacuum vessel on the midplane. Saddle coil sensors monitoring the n = 1 helical flux leakage
are also mounted outside of the vessel wall. Figure 7 shows a proof-of-principle experiment
where feedback is applied in a negative central shear plasma. When By is near to the ideal stabil-
ity limit without a wall, a RWM is gradually excited accompanied by a reduction in the plasma
toroidal rotation. Without feedback, the mode grows rapidly before 1.4 s and a sudden drop in
B and rotation is observed. When feedback is applied, figure 7 shows that the high-8 phase of
the discharge is modestly extended by 0.2 s and the rate of rotational slowing is greatly reduced.

5. Current profile control

A key obstacle to extending the duration of advanced tokamak modes in DIII-D is the continual
evolution of the current profile toward a less stable configuration. The initial current profile
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Figure 8. Components of the current profile for the advanced tokamak plasma of figure 2 at 2.6 s.

is formed using a combination of early NBI, ramping of the plasma current, and controlled
H-mode transitions [30]. During the high-performance H-mode phase, the minimum in g
decreases and moves towards the plasma centre, the edge current density increases, and the
shear in the outer region is reduced. The rise in the edge current density increases the instability
drive for RWMs, and the decrease in the shear aggravates the NTM instability. The cause of
the current profile evolution can be seen in figure 8, where the measured components [31] of
the total current profile (Jior) during the high-performance H-mode phase are plotted. The
bootstrap current is >50% of the total current, with a profile (J) that is flat across most of the
plasma except near the edge where it peaks because of the H-mode pedestal. The neutral beams
drive an additional ~25% of the plasma current, with a profile (Jy,) peaked at the centre. The
residual inductive current density (Jon) provides the remaining ~25% of the total current and
is peaked around r/a =~ 0.5. To demonstrate quasi-stationary operation, it will be necessary
to replace the inductive current with external current drive at the half-radius.

In DIII-D, electron cyclotron current drive (ECCD) has been chosen to control and sustain
the current profile in advanced tokamak plasmas because it has been shown to effectively drive
localized current off-axis [32, 33]. An example of the localization that is achievable with ECCD
is shown in figure 9, which plots the change in the total current density (A Jigy ¢ — gty '9B./dR,
where B, is the vertical magnetic field strength measured by the motional Stark effect diagnostic
[34]) during ECCD for two different resonance locations in MHD-quiescent L-mode plasmas.
The width, location and magnitude of the ECCD is in agreement with theoretical expectations
including quasi-linear effects and current drive enhancement from the residual inductive
electric field [35]. Current drive out to the half-radius has been measured. To obtain the
required non-inductive current from ECCD in future advanced tokamak plasmas, the density
in the H-mode phase will need to be reduced using controlled ELMs and the cryopump and
baffle systems in DIII-D.

6. Conclusions

Good progress has been made towards the DIII-D research goal of demonstrating a high-8
advanced tokamak plasma in steady state with a relaxed, fully non-inductive current profile and
Jfos > 0.5. A discharge with ~75% non-inductive current has been sustained at BxHgg > 9
for 2 s or 16 energy confinement times. The heat transport in the advanced tokamak mode is
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Figure 9. Change in the measured total current density during off-axis ECCD for a resonance
location of (a) /a = 0.12 and (b) r/a = 0.34. The theoretical ECCD profiles are calculated using
the torayGA code.

similar to that in the high I, conventional mode despite the higher ¢ (necessary for obtaining
a high fys) owing to a reduction in the turbulent transport from a combination of E x B
shear, thermal ion dilution by fast beam ions, and 7; > T.. The normalized beta achieved has
exceeded the ideal no-wall stability limit by ~15%, where it is limited by RWMs. Proof-of-
principle experiments on RWM stabilization have modestly extended the high-performance
duration. Future experiments in DIII-D will use off-axis ECCD to eliminate the remaining
inductive current to allow the study of stationary, fully non-inductive plasmas in the advanced
operating mode.
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