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1. Introduction

A tokamak discharge with a relatively high value of the 
internal inductance, >ℓ 1i , has advantages that make it attrac-
tive for steady-state operation at high normalized pressure 
(βN). Both confinement and the stability limit to βN have 
been demonstrated in previous experiments to improve as ℓi 
increases [1–12]. The energy confinement time normalized to 
a scaling law, for instance H89 [13], was increased a factor 
of two or more by increasing ℓi, and βN as high as 6 was 
achieved. These discharge performance improvements arise 
largely as a result of higher poloidal field in the discharge 

core and larger magnetic shear in the outer half of the plasma 
when the current density profile is more peaked. Plasmas 
with high ℓi and β ≈ 4N –5 are predicted by theory to be stable 
to low toroidal mode number (n) ideal MHD instabilities 
even without the effect of a conducting vacuum vessel wall  
[14, 15]. In addition, the βN limit as determined by the infinite-
n ballooning mode is expected to increase with ℓi [16]. These 
features make a high ℓi discharge a candidate for a reactor 
that could either operate stably at β ≈ 4N  without the require-
ment for a nearby conducting wall or ⩾n 1 active stabilization 
coils, or at β ≈ 5N  with wall stabilization. This is the range 
of βN envisioned in reactor studies such as ARIES-AT [17]. 
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Abstract
Increased confinement and ideal stability limits at relatively high values of the internal 
inductance (ℓi) have enabled an attractive scenario for steady-state tokamak operation to be 
demonstrated in DIII-D. Normalized plasma pressure in the range appropriate for a reactor has 
been achieved in high elongation and triangularity double-null divertor discharges with β ≈ 5N  
at ≈ℓ 1.3i , near the ideal =n 1 kink stability limit calculated without the effect of a stabilizing 
vacuum vessel wall, with the ideal-wall limit still higher at β > 5.5N . Confinement is above the 
H-mode level with ≈( )H 1.898 y,2 . At ≈q 7.595 , the current is overdriven, with bootstrap current 
fraction ≈f 0.8BS , noninductive current fraction >f 1NI  and negative surface voltage. For ITER 
(which has a single-null divertor shape), operation at ≈ℓ 1i  is a promising option with ≈f 0.5BS  
and the remaining current driven externally near the axis where the electron cyclotron current 
drive efficiency is high. This scenario has been tested in the ITER shape in DIII-D at =q 4.895 , 
so far reaching =f 0.7NI  and =f 0.4BS  at β ≈ 3.5N  with performance appropriate for the ITER 
Q=5 mission, β ≈H q/ 0.389 N 95

2 . Modeling studies explored how increased current drive power 
for DIII-D could be applied to maintain a stationary, fully noninductive high ℓi discharge. 
Stable solutions in the double-null shape are found without the vacuum vessel wall at β = 4N , 

=ℓ 1.07i  and =f 0.5BS , and at β = 5N  with the vacuum vessel wall.
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Here, β β= aB I100 / pN T T  and ∫ ∮ ∮= ( )VB V B l lℓ d / / d / di P
2

P
2. 

β μ= ⟨ ⟩P B2 /T 0 T
2, ⟨ ⟩P  is the volume average plasma pressure, 

Ip (MA) is the plasma current, a (m) is the minor radius, BT (T) 
is the toroidal magnetic field, BP (T) is the poloidal magnetic 
field, V (m3) is the plasma volume and the path for the line 
integrals is the plasma boundary.

Steady-state tokamak operation is optimum with a high 
fraction of bootstrap-driven current ( fBS), but typical bootstrap 
current density (JBS) profiles can have limited compatibility 
with an elevated value of ℓi. The dependence of the stability 
limit to βN on ℓi strengthens as the core pressure profile is 
broadened [14] and stability limits are highest with high plasma 
elongation κ and triangularity [15, 18]. A broad core pressure 
profile and strong discharge shaping both increase JBS in the 
outer half of the plasma. As the fraction of Ip resulting from 
bootstrap current in the outer half of the plasma increases, 
the maximum value of ℓi that can be obtained by tailoring the 
profile of the externally-driven current density will decrease. 
Taking this into account, a proposal was made in [15] for an 
‘optimized high ℓi’ discharge scenario where there is a com-
promise between high ℓi and high fBS: ≈ℓ 1i , β = 3.5N –4.0, 
and ≈f 0.5BS . About half of the current would be provided 
by externally-driven current near the axis. Although the total 
amount of externally-driven current would be larger than in a 
low ℓi, high qmin steady-state scenario, where fBS is conceptu-
ally (e.g. [17]) above 0.8, the required external current drive 
power could be comparable because of increased efficiency 
for external current drive near the axis.

The maximum achievable ℓi in a high βN, H-mode dis-
charge is strongly dependent on the parameters of the H-mode 
pressure pedestal because a large fraction of the bootstrap-
driven current is a result of the steep pressure gradient there. 
Therefore, a discharge scenario with increased ℓi would be 
particularly applicable under conditions with reduced pedestal 
height resulting from pedestal physics and/or stabilization 
of edge-localized modes (ELMs) using 3D fields. Because 
of the requirement to mitigate the effect of ELMs, and the 
planned availability of neutral beam and electron cyclotron 
power sources appropriate for near-axis current drive, a high 
ℓi regime is a possibility for the steady-state mission in ITER. 
The reduced global confinement at low pedestal pressure 
could be compensated by increased core confinement when 
the reduced JBS in the pedestal is replaced by increased cur-
rent density in the discharge core. The increase in ℓi could also 
increase the βN limit, but the more peaked core pressure pro-
file resulting from the reduction in pedestal pressure would 
tend to offset this change.

This paper presents progress in DIII-D experiments on 
the assessment of the potential of the high ℓi scenario for 
steady-state operation. A method to access a high ℓi current 
density profile without the rapid current ramp or discharge 
shape change that has been used in previous experiments is 
described in section 2. The capability to produce a high fBS, 
β ≈ 5N  discharge in H-mode is discussed in section 3. In dis-
charges with the scaled ITER shape, the optimized ≈ℓ 1i  sce-
nario has been tested along with the effect of a reduction in the 
H-mode pedestal height (section 4). The calculated βN limits 

of these discharges are presented in section 5. Access to high 
βN values is shown to result from a self-consistent broadening 
of the pressure profile as well as the increase in ℓi. Modeling 
used to project parameters for stationary, high ℓi, fully non-
inductive operation in DIII-D is described in section 6 along 
with an analysis of the effect of changes in the pedestal cur-
rent density. The conclusions are presented in section 7.

2. Discharge formation

The high ℓi, high βN discharges described here have not yet 
been operated with a stationary current density (J) profile as 
sufficient externally-driven current is not yet available. These 
discharges do, though, allow the study of the capability to 
access the discharge parameter range envisioned for future 
steady state operation. The high βN equilibrium is formed by 
beginning the discharge with an initial, low βN phase [6] with 
only inductive heating so that the electron temperature (Te) is 
low and the characteristic timescale [19] for relaxation of the 
J profile, τ ≈ 0.2R  s, is short. The discharge remains in these 
conditions long enough for the current profile to evolve to a 
stationary state (figure 1). Because the conductivity is very 
low in the outer half of the plasma, the current density profile 
becomes peaked in the core and ℓi reaches a relatively large 
asymptotic value.

The asymptotic value of ℓi scales with ∼q B I/95 T p  
(figure 1) as a result of constraints on the minimum value of q 
(qmin). The minimum possible ( )q 0  (maximum ( )J 0 ) is desir-
able in order to maximize ℓi, but the onset of sawtooth oscil-
lations maintains ( ) ≈q 0 1 and limits B J/T  near the axis. Thus, 
as Ip increases, the core J peak broadens, forming a somewhat 
step-like profile (figure 2). The width of the core J peak will 
be larger as Ip increases at fixed BT, resulting in lower ℓi. The 
value of B I/T p is used here for comparison because q95 varies 

Figure 1. Formation of the initial equilibrium with a high value 
of ℓi. (a) ∼B I q/T p 95 and (b) internal inductance. During the ohmic 
phase of the discharge, the electron density ≈ ×n 2.5 10e

19 −m 3.
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significantly as βN increases as a result of changes in the shape 
of the q profile near the plasma boundary. For the discharges 
shown in figure 1, during the ohmic phase q95 is between 3.75 
and 6.8, while at the time of the peak βN , =q 4.795 –9.8.

After the asymptotic value of ℓi is reached ( =t 1.7 s), elec-
tron cyclotron current drive (ECCD) is added near ρ ≈ 0.4 to 
add externally-driven current JECCD at the edge of the core 
peak (figure 2) and to increase Te. The increase in Te results in 
a factor of ≈ 10 increase in τR so that the core inductive current 
density (JIND) peak is essentially ‘frozen’ in place, evolving 
only very slowly for the remainder of the discharge. As dis-
cussed in section 5, the transition into H-mode occurs either 
at 2.8 s after the neutral beam heating begins at 2.5 s (e.g. the 
discharge shown in figures 3(a)–(c), discussed in section 3) 
or at 1.9 s during the phase with only ECCD heating (e.g. 
figure 7, section 4). For the discharges discussed here, all of 
the neutral beams are injected in the direction of the plasma 
current.

This method to produce a high ℓi, high βN plasma is poten-
tially useful for a burning plasma device because it is rela-
tively simple. There is no requirement for rapid changes in Ip, 
elongation or radius as used in the past to increase ℓi [1, 8, 10], 
techniques which would be difficult to implement in a large, 
superconducting device and which would impose restrictions 
on the initial flattop value of Ip. The method does not require 
formation of a diverted plasma shape, application of external 
heating sources, a transition into H-mode, or feedback control 
of the q profile during the Ip rampup, techniques that are used 
to form a target plasma with elevated qmin in current steady-
state scenario experiments [20, 21]. Because there would be a 
long phase with relatively low Te prior to initial application of 
the external heating, though, there could be an issue with the 
amount of flux required from the inductive heating coil. Also, 

the poloidal field system would need to be able to maintain 
vertical stability at the desired value of ℓi [22]. For instance, 
in ITER the vertical stability system is limited to ≈ℓ 1.2i  [23], 
sufficient for the ‘optimized high ℓi’ scenario discussed in 
section 1.

3. High bootstrap current fraction, high βN  
double-null divertor discharges

In a double-null divertor configuration, discharges have been 
produced with βN in the range required for a high power density 
reactor. An example is the discharge shown in figures 3(a)–(c) 
where β ≈ 4.8N  for 0.4 s, dropping slowly as ℓi decreases from 

Figure 2. Current density profiles at 3.35 s during the discharge 
shown in figures 3(a)–(c). The total J is shown from two sources. 
Solid line: obtained from an equilibrium reconstruction using 
experimental data and =C 0.8BS , dashed line: calculated using 
the ONETWO transport code [25]. The individual current density 
components were also calculated using ONETWO: bootstrap JBS, 
neutral-beam-driven JNBCD, electron-cyclotron-driven JECCD, and 
inductively driven JIND.

Figure 3. Time evolution of parameters in two high ℓi discharges 
with high βN. A discharge with βN sustained above 4: (a) βN and 
divertor-region αD , (b) ℓi and ( )H98 y,2 , (c) the amplitude of =n 1 and 

=n 2 poloidal field fluctuations. ≈ ×n 5.5 10e
19 −m 3 at =t 3.1 s 

dropping to ≈ ×n 4.5 10e
19 −m 3 by =t 4.3 s. A discharge that has βN 

exceeding 5 for a short interval: (d) βN and divertor-region αD , (e) 
ℓi and ( )H98 y,2 , ( f ) the amplitude of =n 1 poloidal field fluctuations. 

≈ ×n 6.7 10e
19 −m 3 at the peak βN. =B 1.7T  T, =I 0.8p  MA in both 

cases.
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an initial value of ≈1.6 to about 1.0. β > 4N  is maintained for 
1 s ( τ≈ 0.5 R) during a period with frequent ELMs, with excel-
lent confinement, ≈( )H 1.898 y,2  and ≈H 2.689  (where ( )H98 y,2  is 
the H-mode confinement scaling law [24]). The decrease in 
βN with time occurs because of the decrease in confinement 
as ℓi decreases with constant neutral beam power ≈11.8 MW 
and ECCD power ≈3 MW. β > 5N  has been accessed briefly, 
as illustrated by the example in figures 3(d)–( f ). In this case, 
βN reaches 5 with normalized confinement above twice the 
prediction of scaling laws for H-mode as a result of the low 
ELM frequency just after the transition to H-mode and the 
increased ≈ℓ 1.3i . The βN decreases as a result of strongly 
reduced confinement that begins at the onset of a continuous 
poloidal mode number =m 2, toroidal mode number =n 1 
instability (section 5).

These discharges have a large fraction of the current driven 
noninductively as a result [21] of the high βN and the relatively 
large ≈q 7.595  ( =B I/ 2.1T p ). The total calculated noninductively 
driven current in the figures  3(a)–(c) discharge (figure 4(b)) 
exceeds the total plasma current as regulated using the induc-
tive heating coil. This is primarily because of the high ≈f 0.8BS , 
with the neutral-beam-driven current fraction ≈f 0.2NBCD  and 
the ECCD current fraction ≈f 0.1ECCD . A negative surface 
voltage (figure 4(a)) is required in order for the control system 
to maintain the target value of Ip with this large noninductively 
driven current combined with the inductively driven current 
density near the axis. A transport code simulation of the dis-
charge predicts surface voltage that is close to, but slightly more 

negative, than the measurement (figure 4(a)). This indicates 
that the model somewhat over predicts the total noninductively 
driven current and/or the core-trapped inductively driven cur-
rent. The current overdrive was confirmed through an increase 
in the total plasma current when the inductive coil current was 
held constant. An example is shown in figure 5 where, for the 
discharge shown in red, the inductive coil current was held fixed 
beginning at 2.6 s, resulting in an increase in the total current as 
βN increased, a decrease in q95, and access to higher βT.

The current density components and the modeled surface 
voltage (figures 2, 4 and 6) were obtained using the ONETWO 

Figure 4. Parameters for the discharge shown in figures 3(a)–(c). 
(a) Measured and transport-code-calculated surface voltage, (b) 
noninductive current fraction ( fNI), bootstrap current fraction ( fBS), 
fraction of neutral-beam-driven current ( fNBCD), and fraction of 
ECCD current ( fECCD).

Figure 5. Parameters in two discharges that were formed similarly 
except that for the discharge shown in red, the current in the 
inductive heating coil was held fixed beginning at 2.6 s. During that 
discharge, a continuous =n 1 tearing mode began at 3.2 s, causing a 
decrease in βN.

Figure 6. Noninductive current density profiles at 3.35 s (solid 
curves) and 4.1 s (dashed curves) during the discharge shown in 
figures 3(a)–(c). Here, ⟨⟩ indicates flux surface average.
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[25] transport code. The code was provided as input an initial 
equilibrium reconstructed [26] using magnetic and motional 
Stark effect diagnostic measurements at 2.5 s, along with a 
time series of measured temperature and density profiles. 
Beginning with the initial equilibrium, the evolution of the 
current density profile was calculated from a time-dependent 
simulation of the poloidal flux diffusion using models for con-
ductivity and JBS [27, 28], JNBCD (NUBEAM [29]) and JECCD 
(TORAY-GA [30]).

The peak in JBS in the H-mode pedestal region is relatively 
high and broad (figure 2) as a result of the high values of βN 
and β ⩽ 3.4P , so it accounts for a significant amount of off-
axis current. The transport-code-calculated total bootstrap 
current located in the pedestal region is 25–30% of Ip. In addi-
tion, the pedestal-region peak in JBS extends well inside the 
inner boundary of the pedestal at ρ ≈ 0.84 as a result of the 
broad core pressure profile (section 5). Thus the bootstrap cur-
rent profile plays a strong role in determining the value of ℓi. 
Here, the pedestal region width is defined using the hyperbolic 
tangent fitting function [31].

The simulation of the current density profile evolution 
shows, though, that the time evolution of ℓi in these experi-
ments is primarily determined by the time dependence of the 
toroidal electric field profile. fBS remains roughly constant 
during the high βN phase of the discharge, with only a small 
shift of JBS from the H-mode pedestal region to the discharge 
core with time (figure 6) as βN decreases and the pressure 
profile becomes more peaked (section 5). This change would 
tend to increase ℓi. Similarly, JNBCD increases near the axis 
as a result of decreasing electron density, while there is little 
change in the JECCD profile. The negative surface voltage, 
though, penetrates relatively quickly through the outer half 
of the discharge, so that the calculated inductive electric field 
is zero at ρ = 0.5 by the time βN reaches its peak value (as 
indicated by JIND in figure 2). The negative inductively-driven 
current density in the outer half of the discharge offsets some 
of the bootstrap current, helping to maintain the elevated value 
of ℓi. The negative electric field penetrates slowly toward the 
axis during the high βN phase, with the modeled field reaching 
zero at ρ = 0.4 by 3.8 s, and remaining positive, but gradually 
decreasing, in the region ρ < 0.3. The decreasing JIND in the 
region near the axis results in the slow decrease in ℓi. With a 
long enough pulse duration, the discharge would eventually 
evolve toward a stationary state with a uniform toroidal elec-
tric field profile and a relatively low ℓi because of the off-axis 
bootstrap current. With additional current drive power, the 
portion of the evolving core JIND profile driven by the posi-
tive electric field could be replaced with stationary profiles 
of JNBCD and JECCD in order to maintain >ℓ 1i . The discharge 
would be operated at lower q95 in order to eliminate the nonin-
ductive current overdrive and set =f 1NI  (section 6).

4. Discharges in the ITER scaled shape

The potential compatibility of the optimized ≈ℓ 1i , ≈f 0.5BS  
scenario [15] with ITER motivated studies of this type of dis-
charge in the planned ITER shape, scaled to fit into the DIII-D 

vacuum vessel. A high ℓi scenario is a possibility for ITER 
in the event that the H-mode pedestal pressure is found to be 
too low to achieve the target fusion gain for the steady-state 
mission in the high ≈q 2min , relatively low <ℓ 0.8i  scenario 
[32]. ELM mitigation using 3D magnetic fields, for instance, 
can reduce the pedestal density and pressure. A reduction in 
the pedestal pressure reduces JBS near the plasma boundary, 
leading naturally to increased ℓi.

With =q 4.895 , near the value envisioned for steady-state 
operation in ITER [32], the experiment has thus far operated 
with ≈f 0.7NI , ≈f 0.4BS  and β ≈ 3.5N  (figures 7(a) and ( f )). 
The initial ≈ℓ 1.25i  is lower than in the figure 3 discharges 
(figure 7(b)) as a result of the reduction in q95. However, ℓi is 
still ≈1 at the end of the discharge because of reduced total 
bootstrap current in the H-mode pedestal region. In this dis-
charge, the bootstrap current in the pedestal region accounts 
for ≈12% of the total current. The pedestal bootstrap current 
fraction is lower than in the case of the double-null divertor 

Figure 7. Parameters in a discharge operated in the ITER scaled 
shape. (a) βN and divertor-region αD , (b) internal inductance and 
normalized confinement, (c) amplitude of =n 1 and =n 2 poloidal 
field fluctuations, (d) the fusion gain factor, (e) the measured 
surface voltage, and ( f ) the noninductive and bootstrap current 
fractions. =B 1.7T  T, =I 0.92p  MA.
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discharge (section 3) as a result of the change to the single-null 
divertor shape, the reduced q95, and the lower βN that results 
in reduced H-mode pedestal pressure. The pedestal pressure 
is only two thirds of the pressure in the double-null divertor 
discharge even though Ip is about 12% higher. Discharge per-
formance is close to the estimated requirement for the ITER 
steady-state mission with β= ≈G H q/ 0.3N 89 95

2  (figure 7(d)). 
During the initial portion of the high βN phase, the sum of the 
inductive current density near the axis and the noninductively 
driven current is large enough that the surface voltage is near 
zero (figure 7(e)).

The effect of a reduction in the H-mode pedestal pressure 
on the current density profile was tested by applying =n 3 
fields from the DIII-D internal non-axisymmetric coils, the 
I coils [33]. Four discharges (figure 8) were run identically 
until the I coil current was turned on at 2.1 s. With the I coil 
current, the pedestal electron density, temperature and pres-
sure decreased as the strength of the =n 3 field was increased 
(figures 8(b)–(d)). As anticipated, the corresponding modifi-
cations to the current density profile resulted in evolution to 
a higher value of ℓi in the discharges with the lower pedestal 
pressure (figures 8(a) and 9). The increase in the average value 
of ℓi during the high βN phase corresponds well with a factor of 
two decrease in the fraction of Ip supplied by bootstrap current 

located in the pedestal region (figure 9). Addition of the =n 3 
field also resulted in a peaking of the pressure profile, and thus 
an increase in JBS in the region between the pedestal and the 
axis, contributing to the increase in ℓi.

5. Stability limits to βN

Global, ideal MHD, low n instabilities are expected to set the 
ultimate limit to pressure, but, as discussed in this section, this 
type of mode is not observed to directly determine the βN that 
is actually achieved. The high values of βN attained at high ℓi 
are close to, but below, the calculated limits set by the ideal 

=n 1 kink and the ideal infinite-n ballooning instabilities. 
The long-duration double-null discharge (figures 3(a)–(c)), 
for instance, had peak performance, β ≈ 4.8N , near the no-
wall limit with the ideal-wall limit higher at β ≈ 5N –6 (figure 
10(a)). The ballooning mode stability limit is slightly below 
that of the ideal-wall =n 1 mode. Consistent with these sta-
bility calculations, a global, pressure-limiting instability has 
not yet been clearly observed in the experiment. Instead, in 
the cases where stability determines the limit to performance, 
the observed mode is most commonly an = =m n2/ 1 resis-
tive tearing mode. The duration at β > 5N  was limited by a 2/1 
mode in the double-null shape discharge in figures 3(d)–( f ). 
In the ITER scaled shape (figure 7), the value of βN that could 
be sustained for the full discharge duration was limited by the 
2/1 resistive mode to a value below the no-wall ideal limit 
(figure 10(b)).

There is uncertainty in the size of the gap between the 
experimental βN and the calculated ideal =n 1 stability limit 
that arises from sensitivity of the stability limit calculation 
to the current density profile in the H-mode pedestal region 
and the lack of diagnostics that provide a local measure-
ment of the current density there. In order to estimate the 
βN at the stability limit, test equilibria were produced using 

Figure 8. Time evolution of parameters in discharges produced in 
the scaled ITER shape with =q 5.595 , β = 3N , three of which have 
I coil current applied in an =n 3 configuration beginning at 2.1 
s. Blue curves: no I coil current; green curves: 2 kA coil current 
in both coil rows with even parity, red curves: 5.5 kA in both coil 
rows with even parity; black curves: 5.5 kA, in the lower I coil row 
only. (a) Internal inductance. Parameters at the top of the H-mode 
pedestal: (b) electron density, (c) electron temperature, (d) electron 
pressure.

Figure 9. Parameters averaged over the interval 3–4 s for the 
discharges shown in figure 8. Circles: fraction of Ip that is provided 
by bootstrap current located in the H-mode pedestal region (as 
defined by the fit of the electron pressure profile to a hyperbolic 
tangent function [31]). The bootstrap current fraction was 
determined by integrating JBS as calculated from the model [27, 28] 
over the region of the pedestal. Triangles: ℓi. The error bars show 
the standard deviation. The data point colors match the colors of the 
curves in figure 8.
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the TEQ equilibrium code [35] with the same q profile and 
discharge shape as in an original equilibrium reconstructed 
from the experimental data, but with the pressure profiles 
scaled by a factor that is constant as a function of radius. 
For each new equilibrium, the =n 1 stability was calculated 
using the DCON code [36] and the scale factor was iterated 
to find a marginally stable equilibrium. The original equilib-
rium is the best fit [21, 26] to poloidal field and flux meas-
urements, the measured temperature and density profiles, 
and local measurements of the magnetic field pitch angle 
from the motional Stark effect (MSE) diagnostic. For these 
discharges, MSE measurements provide constraints on the 
equilibrium reconstruction across the majority of the plasma 
radius, but data were not available with resolution sufficient 
to resolve the local current density peak in the pedestal region 
(e.g. figure 2 at ρ > 0.8). Instead, the J profile in the pedestal 
region was constrained during the reconstruction to match the 
profile predicted by a time-dependent simulation executed as 
described in section 3.

If the J constraint in the pedestal is set to 100% of the 
current density predicted by the simulation, the χ2 goodness 
of fit of the reconstruction to the measurements can be sig-
nificantly higher than if the constraint values are scaled by 
a factor <C 1J . (The pressure profile data provided as input 

to the fitting procedure are held fixed as CJ is changed.) For 
instance, figure 11(a) shows the changes in the reconstructed 
current density profile as CJ is varied along with an example 
of the current density constraints. The value of χ2 varies with 
CJ by a factor of two with the minimum at ≈C 0.6J  in this case 
(diamonds, figure 11(b)). The optimum value of CJ depends 
on the discharge conditions. For the figure 3(a)–(c) discharge, 
the optimum value of CJ varies during the discharge, from 0.5 
during the βN ramp-up to 0.8 at the end of the discharge, a 
behavior that is typical of the highest βN discharges in the 
double-null shape. In the ITER shape discharge (figure 7), the 
optimum CJ is more constant at ≈0.8 and the increase in χ2 is 
smaller as CJ is increased (triangles, figure 11(b)).

These results indicate that the poloidal field, poloidal flux, 
pressure profile, and MSE measurements in these high βN, 
high ℓi discharges are most consistent with less current den-
sity in the pedestal region than is predicted by the models. The 
reason for this is not clear, as low equilibrium reconstruction 
χ2 for =C 1J  has generally been observed previously [37]. It is 

Figure 11. (a) The reconstructed toroidal current density profile for 
three different values of CJ for the discharge in figures 3(a)–(c) at 
3.355 s: 0.6 (solid line), 0.8 (long-dash line), 1.0 (dashed line). The 
diamonds show the current density constraints for the =C 0.6J  case. 
The dot-dash curve is the current density profile predicted by the 
transport code simulation. (b) χ 2 of the equilibrium reconstruction 
as a function of CJ for the discharge in figures 3(a)–(c) at 3.355 s 
(black) and the discharge in figure 7 at 4.535 s.

Figure 10. Ideal MHD =n 1 stability limits calculated without 
including the effect of the conducting vacuum vessel wall 
(triangles) and including the wall (diamonds). (a) Double-null 
divertor shape discharge shown in figures 3(a)–(c). Here the squares 
are the ideal infinite-n ballooning mode stability limit calculated 
using the BALOO code [34]. (b) ITER shape discharge shown 
in figure 7. In the equilibrium reconstruction for the double-null 
shape, the pedestal current density was constrained to the model-
predicted JBS scaled by the factor =C 0.8BS  plus the full, model-
predicted JIND. =C 0.8BS  minimizes χ 2 during most of the high βN 
phase of this discharge. In the equilibrium reconstructions for the 
ITER shape discharge, the full model-predicted J in the pedestal 
region was scaled by =C 0.8J . The lines are sketches to indicate the 
location of the various sets of data points.
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possible that discrepancies between the model and the experi-
ment are simply more prominent in these high poloidal beta 
(βP) discharges [38]; in the figure 3 discharges, β > 3P . The 
differences between the model and the experiment could be 
in the JIND and/or JBS profiles. With a significant negative sur-
face voltage, JIND can be large in the pedestal region, and the 
surface voltage simulation and measurement can differ, par-
ticularly at the beginning of the high βN phase (figure 4(a)). 
The bootstrap current model used here [27, 28] agrees well for 
these discharges with the first-principles kinetic model imple-
mented in the NEO code [39], so the discrepancy between 
experiment and model is not a result, for instance, of over pre-
diction of JBS at high collisionality [40] as found for other high 
βP DIII-D discharges [38].

The predicted βN at the ideal, with-wall =n 1 stability limit 
decreases if the pedestal region constraint on J for the equi-
librium reconstruction is increased. For the figures  3(a)–(c) 
discharge, βN at the calculated limit varies over a range of 
about 20–40% as CJ is varied between 0.6 and 1.0 (figure 12). 
With =C 1.0J , the experimental discharge has βN close to the 
calculated stability limit. With reduced pedestal J, though, to 
be more consistent with the measurements used in the equi-
librium reconstruction, the stability limit is ≈15–30% above 
the experimental βN. In particular, early in the high βN phase 
(3–3.3 s), where the CJ that minimizes χ2 is 0.5–0.6, the cal-
culated stability limit is β > 6N . Other features of the stability 
limit analysis can also modify the predicted stability limit, 
including the method of scaling the pressure profile from the 
original equilibrium reconstruction, the treatment of the sepa-
ratrix flux surface when increased βN equilibria are produced, 

and features of the shapes of the pressure and current profiles 
that tend to produce scatter in the stability limit result (in par-
ticular, for example, the =C 0.6J  results in figure 12).

The stability limits can be high, β > 5N , in these discharges 
because of the increased values of ℓi and also because the 
plasma pressure profiles are relatively broad, as indicated 
by low values of the pressure peaking factor = ( ) ⟨ ⟩f P P0 /p  
(figure 13). Previous work, both experimental and theoretical, 
has demonstrated the importance of a broad pressure profile 
in achieving high βN limits [14, 41]. Modeling [41] has shown 
that with ⩽f 2.5p , similar to the lowest values in figure 13, the 
ideal low-n stability limit can exceed β = 4N  even in high qmin, 
low ℓi discharges. In figure 13, the initial rapid drop in fp from 
above 4 for the double-null shape discharge is a result of the 
transition to H-mode, but following that, for both discharge 
shapes, there is a decrease in fp that occurs during the βN rise. 
The changes in the temperature and density profiles that result 
in the decrease in fp are shown in figure 14 for the double-null 
shape discharge. Much of the decrease in fp occurs because 
of an increase in the pedestal density and a flattening of the 
density profile ( β< <3.2 4.6N , figure 14(a)). There is also a 
broadening of the temperature profiles that is most evident 
from the increase at mid-radius, ρ ≈ 0.5, when the density pro-
files are relatively constant (β = 4.6N , 4.9) (figures 14(b) and 
(c)). This is consistent with reference [21] where a broadening 
of the core pressure profile and a corresponding decrease in fp 
as a result of an increase in βN is documented for discharges 
with a wide range of q profiles. The gradual increase in fp 
during the high βN phase (figure 13) could be accounted for 
by the decreasing βN. In the ITER-shape discharge, though, 
βN is relatively constant while fp increases, indicating a pos-
sible role of changes in the core magnetic shear profile shape 
as ℓi decreases. The overall higher fp in the ITER-shape case 
could indicate a dependence on the discharge shape, but the 
differences likely result from lower βN. The lower calculated 
stability limits for the ITER-shape discharge (figure 10) are 
expected as a result of the changes in both the shape and fp.

In the discharges with =n 3 fields applied (figure 8), the 
values of both ℓi and fp play a role in determining the βN 

Figure 12. The ideal MHD =n 1 stability limit calculated including 
the conducting vacuum vessel wall for the discharge shown in 
figure 3(a)–(c) for three different values of CJ: 0.6 (squares), 0.8 
(diamonds) and 1.0 (triangles). The solid line is the βN in the 
experiment.

Figure 13. Measured pressure peaking factor = ( ) ⟨ ⟩f P P0 /p  for 
the double-null divertor shape discharge shown in figures 3(a)–(c) 
(diamonds) and the ITER shape discharge shown in figure 7 
(triangles). The H-mode transition time shown is only for the 
double-null shape discharge, the transition in the ITER shape 
discharge occurred before the initial time shown on the plot.
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stability limit. The two cases with the highest I coil current 
have a significantly increased fp (figure 15(b)) as a result of 
both increased pressure on axis and decreased H-mode ped-
estal pressure. This change in fp is reflected in a reduction 
in the calculated ideal-wall stability limit (figure 15(a)). The 
no-wall stability limit, however, shows no dependence on the 
I coil current, possibly because the increase in fp is offset by 
the increase in ℓi.

A variety of low n fluctuations is observed in these dis-
charges, as illustrated by the frequency/mode number spec-
trum for the discharge shown in figures 3(d)–( f ) (figure 16). 
Although ≈ ( )q q 0min  is near 1, sawtooth oscillations are only 
clearly present during the ohmic heating phase. After that, there 
are periods with continuous 1/1 oscillations with frequency 
corresponding to the toroidal rotation frequency at the mag-
netic axis (e.g. figure 16 prior to 2.8 s) and periods with fish-
bone-like bursts of 1/1 oscillation at similar frequencies. The 
fishbone-like bursts grow and decay in amplitude on roughly 
the same timescale. There are also 1/1 bursts with a gradual 
growth in amplitude followed by a rapid collapse, similar to 
an internal kink-like sawtooth precursor. In figure 16, this type 
of burst immediately precedes the onset of the continuous 2/1 
tearing mode. In a large fraction of the discharges where a 2/1 
mode occurs, the mode onset immediately follows a fishbone-
like or internal kink-like 1/1 burst. During discharges aimed at 
determining the highest achievable βN, a 2/1 tearing mode that 
occurs during the βN rise sets the maximum βN at 3.8–4 in the 
scaled ITER shape and at β > 5N  in the double-null discharge 
shape (e.g. figures 3(d)–( f )).

There has been some success in avoiding the 2/1 mode, 
even with βN near 5, with the ECCD deposition profile 

modified to be at or near the =q 2 surface (instead of at 
ρ ≈ 0.4 as described in section  2). For instance, in the dis-
charge shown in figure 17, the 2/1 mode appears only after 
a decrease in the ECCD power. In other cases, the mode 

Figure 14. Parameter profiles at four different times during the rise in βN in the discharge shown in figures 3(a)–(c): 2.905 s, β = 3.2N , 
=f 3p  (dashed), 3.005 s β = 3.9N , =f 2.7p  (dot–dashed), 3.165 s β = 4.6N , =f 2.6p  (long dashes), 3.275 s β = 4.9N , =f 2.4p  (solid).

Figure 15. Parameters averaged over the interval 3–4 s for the 
discharges shown in figure 8. (a) Ideal =n 1 MHD stability limits 
calculated without the vacuum vessel wall (triangles) and with 
the vessel wall (circles). For all four discharges, the reconstructed 
equilibria were computed with =C 1J . (b) Pressure peaking factor, 

= ( ) ⟨ ⟩f P P0 /p . The error bars show the standard deviation. The data 
point colors match the colors of the curves in figure 8.
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appears after the ECCD power is turned off. With 3.4 MW 
ECCD power applied throughout the high βN phase, the onset 
of the 2/1 mode was completely avoided, or delayed until 
late in the discharge, >t 4.5 s, following a period of evolu-
tion of the current density profile. The DIII-D capability to 
use real-time motion of the mirrors in the EC power trans-
mission system in order to maintain the deposition location 
in relation to the =q 2 surface [42] was employed in these 
experiments (figure 17(b)). In the case shown in the figure, 
the peak in JECCD was maintained close to the =q 2 surface at 
ρ ≈ 0.52, but the EC-driven current was located in a relatively 
broad region, ρ< <0.4 0.6. In a different discharge with the 

=q 2 surface still at ρ ≈ 0.52, the EC power deposition was 
shifted to the region ρ< <0.33 0.52 and the 2/1 mode avoid-
ance was equally effective. Therefore, in these discharges the 
avoidance mechanism is likely related to modification of the 
temperature, density, rotation and/or current density profiles 
[43] rather than direct stabilization through replacement of 
JBS at the rational surface which requires a narrow deposition 
profile at the =q 2 surface [44].

The timing of the H-mode transition was found to be a 
key to maintaining stability during the stored energy rise in 
order to access β > 4N  and to allow operation at low q95. If the 
H-mode transition is delayed until after the start of the high 
power beam heating phase (≈2.8 s), the first ELM can have 
a large impact on the stored energy. In the figures  3(a)–(c) 
case, for example, the first ELM follows a rapidly growing 1/1 
kink-type mode (figure 18), and results in a rapid drop in βN 
of about 0.6 and a rapid increase in the line average electron 
density. This event occurs with β ≈ 4N , below the maximum 
value. This discharge with ≈q 795  recovered from this event, 
but in some discharges with ≈q 795  and all discharges with 
lower q95, either a 2/1 tearing mode or a disruption follows 
immediately. An increase in ne of about 30% during the ohmic 
phase results in a H-mode transition during the period of the 
discharge with only EC heating (figure 7). A series of small 
ELMs follows this transition, and the impact of the first few 
ELMs after the start of high power neutral beam heating is 
reduced, allowing operation at lower q95.

6. Modeling of a stationary high ℓi discharge  
 for DIII-D

Modeling has been used to show that parameters for sta-
tionary, high ℓi, fully noninductive operation are attainable in 
DIII-D with an increase in the available heating and current 
drive power. Two key issues were evaluated: (1) the effect of 
the H-mode pedestal current density on the attainable ℓi and 
the βN limit and (2) the power and configuration required for 
the external heating and current drive.

The effect of the pedestal current density was studied 
using model equilibria with a J profile in the shape that is 
optimum for achieving high ℓi. As shown in figure 19(a), the 
current density is modeled as uniform with value J0 in a region 

ρ ρ< <0 0. J0 was chosen to set ( ) =q 0 1.01 and ρ0 was chosen 
in order to set q95. The required ρ0 increases from 0.3 at 

=q 7.595  to 0.45 at =q 4.595  (with BT held constant) in order 
to accommodate the increased plasma current. The plasma 
shape, pressure profile shape, with =f 2.7p , and the JBS profile 
(with =C 1BS ) in the H-mode pedestal region are taken from 
the double-null divertor shot in figures  3(a)–(c) at 3.625 s.  
A series of equilibria was created with Jedge (figure 19(a)) 
equal to varying fractions of the experimental pedestal-region 

Figure 17. The time evolution of parameters of a discharge with 
ECCD deposited at the =q 2 surface. (a) Normalized pressure, 
internal inductance and ECCD power. (b) The normalized 
radii of the peak of JECCD and the =q 2 surface determined 
from a equilibrium reconstruction using poloidal field and flux 
measurements and motional Stark effect diagnostic data. (c) 
Amplitude of the 2/1 mode from mode analysis using the EIGSPEC 
[45] code to differentiate from a low amplitude 3/1 mode present 
prior to the onset of the 2/1 mode.

Figure 16. Time evolution of the frequency and mode spectrum of 
poloidal field fluctuations measured at the low-field-side vacuum 
vessel wall for the discharge shown in figures 3(d)–( f ). Red: =n 1, 
yellow: =n 2, green: =n 3.
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JBS. As Jedge was reduced to half the experimental value, ℓi 
increased from ≈0.75 to ≈1.3 (figure 19(b)). The calculated 
stability limits show the expected increase with ℓi, reaching  
≈5 for the no-wall limit and ≈6 for the ideal-wall limit. There 
is thus a significant advantage in stability if current density 
can be shifted from the pedestal region to the core. These βN 
limit values are similar to those calculated for the double-null 
shape discharge (figure 10).

Transport code studies were used to explore how increased 
current drive and heating powers similar to those in a pro-
posed DIII-D upgrade (13 MW off-axis neutral beam, 9 MW 
ECCD at 110 GHz) could be applied to maintain a stationary, 

=f 1NI  high ℓi discharge. The FASTRAN framework [46] was 
used to calculate a stationary current density profile solution 
using the bootstrap current and current drive models refer-
enced in section 3, and the TGLF transport model [47] to pre-
dict the temperature profiles. The full electron density profile 
was taken from the figures 3(a)–(c) discharge at 3.625 s, as 
were the electron and ion temperature profiles in the region 
ρ > 0.8. These electron and ion temperature profiles were 
scaled to adjust Jedge to be 75% of the JBS predicted by the 
model for the for the original experimental profiles, setting the 
boundary condition for the TGLF temperature profile predic-
tion. The fraction of the experimental JBS was selected for this 
initial modeling study from figure 19(b) so that ℓi would be 
approximately 1, motivated by the ‘optimized high ℓi’ equilib-
rium discussed in reference [15]. The accessible current den-
sity and pressure profiles were studied by varying the current 
drive and heating powers, the deposition profiles for the ECCD 
sources, and the relative fractions of on-axis and off-axis 

neutral beam powers. The goal was to maximize the stationary 
value of βN consistent with the calculated stability limits and 
the required current drive power (which is also the heating 
power). The result from this initial modeling study is slightly 
overdriven, with =ℓ 1.07i , β = 4N , =f 0.5BS , =f 0.35NBCD , 

=f 0.3ECCD , =H 2.389 , =( )H 1.198 y,2 , and the ideal =n 1 sta-
bility limits β ≈ 4.1N  without a conducting wall and β = 4.84N  
with a wall. The ECCD current drive efficiency [48], using on-
axis parameters, is η ϵ= ( )( ) ( ) =e n I R P kT/ / 0.19e e

3
0
2

ECCD ECCD , 
or 0.037 A/W. The bootstrap current density profile is broad 
(figure 20) and both on-axis and off-axis neutral beam cur-
rent drive coupled with ECCD close to the axis are used to 
generate the current density peak extending to ρ ≈ 0.4 that 
maintains the increased value of ℓi. All of the available off-
axis neutral beam power is used in order to broaden the fast 
ion pressure profile as much as possible in order to reduce 
fp. The off-axis neutral-beam-driven current density is mini-
mized, though, through choice of the toroidal field direction 
[49]. A similar solution requiring additional input power to 
reach higher β ≈ 5N , close to the ideal-wall stability limit, was 
also studied [50].

Figure 18. Time evolution at the end of the ELM-free phase in the 
discharge shown in figures 3(a)–(c). (a) Poloidal field fluctuations 
on an expanded timescale, (b) line average electron density, the 
diamagnetic loop signal (which provides a high time resolution 
diagnostic that is proportional to the stored energy) and the divertor 

αD  light emission. Spikes in αD  indicate occurrence of an ELM.

Figure 19. (a) The shape of the J profile, optimized for achieving 
high ℓi, that was used to produce the model equilibria that were used 
to assess the effect of the pedestal current density. (b) From model 
equilibria, parameters as a function of the assumed height of the  
J peak in the H-mode pedestal region: ℓi at β = 4.5N  (squares), and 
the ideal =n 1 stability limits with (triangles) and without (circles) 
the stabilizing effect of an ideal wall at the location of the DIII-D 
vacuum vessel. In all cases, =B 1.75T  T, =q 6.595 .
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7. Conclusions

In this report, we have described the use of experiment and 
modeling to assess how a high ℓi scenario can be implemented 
for steady-state tokamak operation. The significant advantages 
of high ℓi operation that motivate this work are reflected in the 
experimental results, with discharges produced at very high 
β ≈ 5N  and with excellent confinement ≈( )H 1.898 y,2 . High 
ℓi operation is presently the only method to access βN this 
high in conventional aspect ratio tokamaks, although stable 
access to β = 5N  has been projected for a future scenario with 

>q 2min  and a very broad J profile that can maximize the sta-
bilizing effect of the conducting wall [51]. The =n 1 ideal 
stability limits calculated using the measured plasma param-
eters were shown to be higher than the experimental βN, with 
broadening of the pressure profile with increasing βN playing 
an important role in raising the stability limit along with the 
elevated values of ℓi. It was shown that there is uncertainty, 
though, in the calculated stability limits because of sensitivity 
to the current density in the H-mode pedestal region, which 

is not well diagnosed. The highest βN, double-null divertor, 
relatively high q95 discharge had total noninductively driven 
current more than sufficient for steady-state operation, with a 
reduction in q95 required in order to reduce fNI to 1 at the same 
βN. In the ITER-shape discharges where q95 was lower, higher 
βN is required in order to reach =f 1NI . A relatively simple 
method to create the high βN, high ℓi discharge was described 
that could be used to implement a high ℓi scenario for steady-
state operation in future, larger tokamaks.

Continued development of a high ℓi steady-state sce-
nario requires work in several areas, perhaps most important 
of which is to determine how the H-mode pedestal can be 
maintained with appropriate pressure and current density. 
The observed time evolution of ℓi in the experiment and the 
study of model equilibria have shown that the pedestal J in 
the highest βN discharges is too high to be compatible with 
stationary >ℓ 1i . Application of a =n 3 perturbing magnetic 
field was shown to decrease the pedestal J with a corre-
sponding increase in ℓi, but the accompanying reduction in 
the pedestal pressure resulted in increased pressure peaking 
and reduced stability limits. Ideally, the H-mode pedestal 
would be operated in a regime with both high pressure and 
low current density. The highest βN discharges reported here 
have relatively high ≈q 7.595 , and in order to attain the high 
values of βT required for a reactor, q95 must be reduced. A 
reduction in q95 would be expected to reduce the fraction of 
Ip that results from bootstrap current in the pedestal region 
as a result of both a reduction of the pedestal width at lower 
βP [52] and the scaling of the bootstrap current fraction with 
q95 [21].

The stability-limiting mode in the high ℓi scenario is the 
=n 1 tearing instability, also a feature of other tokamak oper-

ating regimes [43, 53, 54]. The onset of a =n 1 mode near the 
ideal stability limit, such as in the figures 3(d)–( f ) discharge, 
may be a result of rapidly decreasing tearing mode stability 
as the ideal stability limit is approached [43, 55]. However, 
in some cases the =n 1 mode limits βN to a value below the 
no-wall stability limit, as in the figure 7 discharge. Therefore, 
continued work on optimizing the plasma profiles to avoid this 
mode is required, with ECCD one of the key available tools.

Finally, development of the capability to provide the 
required externally-driven current near the axis is needed in 
order to be able to operate high ℓi discharges in a stationary, 
rather than the present transient, manner. The modeling study 
showed that current drive power above what is presently avail-
able at DIII-D is required, but that the planned power upgrades 
are suitable. Particularly important would be an increase in the 
ECCD power which can be used to efficiently provide a large 
fraction of the required current density in the region closest to 
the axis. Neutral beams also provide useful current drive even 
though the profile of the driven current is rather broad. As 
shown in the study of model equilibria, the J profile for high ℓi 
still has a relatively broad central region of high J. A method 
to mitigate the limitations on ( )J 0  imposed by the sawtooth 
instability [56] would allow external current drive closer to the 
axis, increasing efficiency and also providing access to higher 
values of ℓi.

Figure 20. Profiles in the β = 4N  transport code-modeled steady-
state solution for DIII-D. (a) safety factor and pressure, (b) current 
densities. = −B 2T  T, =I 1.1p  MA, =q 695 , total injected neutral 
beam power is 20 MW with 13 MW injected off axis, and the 
ECCD power is 9 MW.
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