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The initial experiments on off-axis neutral beam injection into high noninductive current fraction

(fNI), high normalized pressure (bN) discharges in DIII-D [J. L. Luxon, Fusion Sci. Technol. 48, 828

(2005)] have demonstrated changes in the plasma profiles that increase the limits to plasma pressure

from ideal low-n instabilities. The current profile is broadened and the minimum value of the safety

factor (qmin) can be maintained above 2 where the profile of the thermal component of the plasma

pressure is found to be broader. The off-axis neutral beam injection results in a broadening of

the fast-ion pressure profile. Confinement of the thermal component of the plasma is consistent with

the IPB98(y,2) scaling, but global confinement with qmin > 2 is below the ITER-89P scaling,

apparently as a result of enhanced transport of fast ions. A 0-D model is used to examine the

parameter space for fNI ¼ 1 operation and project the requirements for high performance steady-state

discharges. Fully noninductive solutions are found with 4 < bN < 5 and bootstrap current fraction

near 0.5 for a weak shear safety factor profile. A 1-D model is used to show that a fNI ¼ 1 discharge

at the top of this range of bN that is predicted stable to n ¼ 1, 2, and 3 ideal MHD instabilities

is accessible through further broadening of the current and pressure profiles with off-axis neutral

beam injection and electron cyclotron current drive. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821072]

I. INTRODUCTION

Steady-state operation of tokamak reactors at high

plasma pressure is anticipated to lead to improvements in the

economics of fusion power production compared with pulsed

operation.1 In order to maintain the plasma in steady-state,

the plasma current must be driven fully noninductively

(fNI ¼ 1), a constraint that is best satisfied with a large boot-

strap current fraction, fBS ¼ IBS=Ip, in order to minimize the

power required for externally driven current. The bootstrap

current fraction increases with the normalized plasma pres-

sure, bN, as does the fusion gain.2 Future steady-state, burn-

ing plasma devices are envisioned at increasingly high values

of bN: 3.0–3.5 for the Q ¼ 5 steady-state mission of ITER,2

3.5–4.5 in a device designed to demonstrate tritium self-

sufficiency [e.g., Fusion National Science Facility (FNSF)3],

and 4–5 or above in a Q > 20 reactor.4 Given these expecta-

tions for future devices, a significant issue to resolve is the

definition of parameter regimes in which MHD stable,

fNI ¼ 1 operation at bN as high as 5 is possible. The focus is

on low toroidal mode number (n ¼ 1-3) ideal MHD

instabilities in the presence of the conducting vacuum vessel

wall, the modes that set the ultimate limit to plasma pressure.

Here, bN ¼ 100bTaBT=Ip where bT ¼ 2l0hPi=B2
T; P is the

plasma pressure, hi indicates volume average, Ip (MA) is the

plasma current, a (m) is the minor radius, BT (T) is the toroi-

dal magnetic field, and IBS (MA) is the total bootstrap

current.

This report describes the use of off-axis neutral beam

injection and off-axis electron cyclotron current drive

(ECCD) in DIII-D5 to modify the current density and pres-

sure profiles toward a regime which is expected to be stable

to low- n ideal MHD modes at bN � 5 and which is compati-

ble with fully noninductive current drive. One reason to

change from on-axis to off-axis injection for part of the

neutral beam power is to broaden the profile of the neutral-

beam-driven current density. This can be combined with

off-axis ECCD in order to broaden the total current density

profile and improve the coupling of the plasma to the con-

ducting vacuum vessel wall, thus enhancing the effectiveness

of ideal-wall stabilization of ideal low-n modes. The second

reason for off-axis neutral beam injection is to broaden the

pressure profile, also for the purpose of improvement of sta-

bility to low-n ideal modes.6–8 We show that, with a broad

pressure profile, the relatively low pressure gradients result

a)Paper VI3 2, Bull. Am. Phys. Soc. 57, 366 (2012).
b)Invited speaker. Electronic mail: ferron@fusion.gat.com
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in a requirement for high bN in order to increase fBS, leading

naturally to self-consistent fNI ¼ 1 solutions with bN � 5.

In the initial experimental results with off-axis neutral

beam injection into high fNI, high bN discharges, improved

access was found to discharges with the minimum value of

the safety factor, qmin, maintained above 2. We show that

with off-axis injection and qmin > 2, the profile of the ther-

mal component of the plasma pressure (Pth ¼ neTe þ niTi) is

broader. In addition, as a result of the altered deposition pro-

file, off-axis neutral beam injection results in a broadening of

the fast-ion pressure profile, the pressure of the population of

unthermalized ions generated by ionization of beam injected

neutrals. The calculated ideal low-n stability limit to bN is

found to be the largest in discharges with the broadest pres-

sure profiles. Confinement of the thermal component of the

plasma, when compared to the IPB98(y,2) scaling,9 is as

expected for H-mode. However, global confinement with

qmin > 2 is below what is typically associated with H-mode,

as determined by a comparison to the ITER-89P scaling.10

This difference appears to be the result of enhanced transport

of fast ions. Here, ni and ne are the ion and electron densities,

respectively, and Ti and Te are the ion and electron tempera-

tures, respectively.

With guidance from the experimental results, modeling

has been used to explore how increased capability for

off-axis current drive in DIII-D would be used to produce dis-

charges with, simultaneously, fNI ¼ 1 and bN � 5. Both the

modeling and experimental work have focused on so-called

“weak shear” q profiles. In this case, the q profile is either

monotonically increasing or qð0Þ � qmin is small, �0:5, and

the pressure profile is relatively broad. This is in contrast

with q profiles where qð0Þ � qmin is larger and there are local

increases in the pressure gradient, often called an internal

transport barrier (ITB). The increased pressure gradient can

result in large, local bootstrap current density, JBS, and thus

high values of fBS. However, the weak shear profile is chosen

because, except in cases where the peak in the current density

and the increased pressure gradients are located far from the

axis,11,12 increased pressure gradient generally reduces the

maximum stable bN.13 In addition, JBS can be locally larger

than the total current density so that the q profile would not

be constant in time. A zero-dimensional (0-D) model has

been used to extrapolate from the set of previous DIII-D

steady-state scenario discharges in order to study the parame-

ter space where fNI ¼ 1 solutions are available. The fNI ¼ 1

solutions described here for the weak shear q profile have bN

approaching 5 as is desirable for a high Q reactor. This

contrasts with previous studies of equilibria with the larger

pressure gradients and the correspondingly high JBS of an

ITB-type discharge where the fNI ¼ 1 solution is at relatively

low bN.2,14 A one-dimensional (1-D) model has been used to

demonstrate that a fully noninductive discharge that is pre-

dicted stable at bN � 5 is accessible in DIII-D using off-axis

neutral beam and electron cyclotron (EC) heating and current

drive to produce broad current and pressure profiles.

The work reported here is a continuation of previous

work, in both modeling and experiment, on the use of off-

axis neutral beam injection15–19 and on increasing the bN sta-

bility limit through broadening of the current and pressure

profiles. Modeling of the effect of broadening the pressure

profile is discussed in Refs. 7 and 8. The second stable core

VH-mode conceptual study11 showed stability at bN ¼ 5:7.

The Aries-AT steady-state reactor design4 has bN ¼ 5:4,

with a very low pressure peaking factor fp ¼ Pð0Þ=hPi
¼ 1:93, qmin ¼ 2:4, and the peak current density far from the

axis at normalized radius �0:8. In experiments, access to

bN ¼ 4 through broadening of the pressure profile6 and

through broadening of the current profile12 has been sepa-

rately demonstrated in DIII-D. Modeling of stability limits to

bN based on the experimental results documented the bene-

fits of broadening the current profile.12

In the remainder of this report, the first portion describes

the experimental results. Section II describes the experimen-

tal setup and the analysis techniques. Section III shows the

effects of off-axis injection on the q, current and pressure

profiles, and Sec. IV describes confinement in these dis-

charges. The modeling of steady-state solutions is discussed

in the remainder of the report. The projected scaling of

steady-state solutions from the 0-D model is described in

Sec. V (additional description of the model is provided in the

appendix) and the bN � 5 solution found with the 1-D model

is described in Sec. VI. Conclusions are in Sec. VII.

II. DISCHARGE PRODUCTION AND ANALYSIS

The plasmas described here were produced using the

discharge shape and techniques for discharge initiation and

variation of the q profile previously found to be optimum for

high noninductive current fraction experiments in DIII-

D20,21 (an example of the discharge time evolution is shown

in Fig. 1). Neutral beams at total power up to 14 MW from

FIG. 1. Time evolution of discharges with only on-axis neutral beam injec-

tion21 (dashed lines, discharge 136835) and with 25% of the power injected

off-axis (solid lines, discharge 144476). BT ¼ 2:0 T, q95 � 6:8. (a) Plasma

current, (b) bN, (c) qmin (shown only during the interval where detailed anal-

ysis was performed), (d) total and off-axis neutral beam powers (smoothed

over 0.05 s, fluctuations are the result of the feedback control of bN), and (e)

ECCD power, along with the averaging interval used for these discharges.

092504-2 Ferron et al. Phys. Plasmas 20, 092504 (2013)



six sources that inject in the direction of the plasma current

were the primary external power source. Additional heating

came from gyrotron power (up to 3.4 MW) applied for

ECCD in the region20 0:25 < q̂ < 0:6. Here, q̂ ¼ q=qb is the

normalized plasma radius, where q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/=pBT0

p
, / is the

toroidal magnetic flux, BT0 is BT at a reference major radius

R0, normally the center of the vacuum vessel, and qb is the

value of q at the discharge boundary. None of the neutral

beams that inject in the direction opposite to the plasma cur-

rent were used for the discharges discussed here.

A maximum of 5 MW of the neutral beam power could

be injected off-axis (Poffaxis) from the two neutral beam sour-

ces (contained in one beamline) that have been modified for

downward vertical steering. (The injection geometry is illus-

trated in Refs. 22 and 23.) The vertical injection angle can be

varied, but all cases with off-axis injection described here

used the two off-axis sources at the maximum tilt angle,

16.4 deg, which results in a peak in the neutral-beam-driven

current density (JB) from these sources at q̂ between19 0.4

and 0.5. In discharges where off-axis neutral beam injection

was used, the direction of BT was reversed from the standard

DIII-D direction in order to maximize19 the off-axis JB. In

these cases, the standard discharge shape was inverted verti-

cally in order to maintain the ion rBT drift in the direction

away from the X point.20 As described elsewhere,23,24 the

injection geometry has been verified through imaging of

Da emission from beam injection into neutral gas, and the

profile of JB from on-axis and off-axis sources has been

measured in relatively low bN < 2:3 discharges without

large-scale MHD activity such as Alfv�en eigenmodes, saw-

teeth, or tearing modes. A good match was found between

the experiment and the current density predicted by the

model in the NUBEAM code.25

Except in cases where a time evolution is shown, the

data presented in this report are the average of measurements

or analysis at multiple time slices during the approximately

constant bN phase of each discharge and the error bars show

the standard deviation during this averaging interval. The

duration of the averaging interval is 0.12–2.8 s, depending

on the discharge. The averaging interval only includes peri-

ods of the discharges without an n ¼ 1 tearing mode, but,

because the focus is on discharges with relatively high bN,

many of the discharges do have n ¼ 2 or n ¼ 3 tearing mode

activity.26 Discharges are only considered if this tearing

mode activity is absent or at a low amplitude. Also, as dis-

cussed further in Sec. IV, Alfv�en eigenmode-type fluctua-

tions were observed. There was no evidence of sawtooth

oscillations. Following the procedure outlined in Ref. 21,

equilibria were reconstructed27 at 20–40 ms intervals using

the measured temperature and density profiles and measure-

ments of the magnetic field pitch angle from the motional

Stark effect (MSE) diagnostic. Models implemented in the

ONETWO transport code28 were used to compute the boot-

strap,29,30 neutral-beam-driven25 and EC31 current densities,

and the fast ion pressure profile25 using the reconstructed

equilibria.

Evidence for enhanced transport of the neutral-beam-

injected fast ions was taken into account32 in the analysis.

There are no measurements of the fast ion pressure profile

available for the discharges discussed here. However, the

total discharge stored energy obtained by summing the meas-

ured thermal electron and ion energies and the calculated25

fast ion energy can be larger than the value from the equilib-

rium reconstructed using only the MSE and magnetic diag-

nostic data. In addition, the total measured thermal pressure

plus calculated fast ion pressure at the magnetic axis can be

higher than the value from the equilibrium reconstruction.

These differences are interpreted as an indication that the

fast ion pressure calculated from the model is larger than

was actually present in the experiment. Therefore, where it is

required, an assumed, radially uniform, anomalous fast ion

diffusion sufficient to reduce both the pressure on axis and

the total stored energy from the transport code to approxi-

mately match the values from the reconstructed equilibria

was added to the neutral beam current drive calculation. The

diffusion coefficient, 0:6 < Df < 2:0 m2=s, is larger than has

been found to be necessary in previous studies of lower bN

discharges.15 The diffusive model, although it is the best that

is presently available, may not be an accurate description of

the fast ion behavior in the experiment, so there is uncer-

tainty in the exact profiles of the calculated fast ion stored

energy and the neutral-beam-driven current density. Future

work that would make use of the set of fast ion diagnostics23

available at DIII-D to improve understanding of fast ion con-

finement in the type of discharge studied here is discussed in

Sec. VII.

A database of steady-state scenario discharges in DIII-D

has been generated from the new work reported here plus

results from systematic parameter scans previously

reported.20,21,26,32 The database contains results obtained

from scans in qmin; q95 (q at the 95% flux surface), bN, BT,

and the ECCD and neutral beam power deposition profiles.

The plasma parameters in the database vary over a range rel-

evant to steady-state operation in DIII-D: 4:5 < q95 < 6:8;
1 < qmin < 2:4; 2:6 < bN < 3:9, line average density 4:3
�1019 m�3 < �ne < 6:6� 1019 m�3, 1:65 T < BT < 2:0 T,

neutral beam power 7 MW < PB < 14 MW, ECCD power

1:5 MW < PEC < 3:4 MW, Greenwald density fraction

0.4–0.7, neutral beam current drive fraction 0:15 < fB < 0:4,

ECCD current drive fraction 0:02 < fEC < 0:11; 0:3 < fBS

< 0:6, and 0:45 < fNI < 0:98. All of the discharges in the

database have the same plasma shape (except for the vertical

inversion in cases with off-axis injection).

III. MODIFICATION OF THE PLASMA PROFILES

Using the off-axis neutral beam injection capability, it

has been possible to produce discharges with qmin maintained

above 2, even with injection of the maximum available neu-

tral beam power, which was sufficient to reach bN > 3. This

is in contrast to discharges with all on-axis injection21 in

which qmin � 1:7 was the maximum observed at the highest

injection power. The change is the result of the shift of a

fraction of the neutral-beam-driven current density from

on-axis to mid-radius. As an example, discharges with and

without off-axis injection are compared in Fig. 1, with other

parameters held constant (in particular, bN � 2:7). With the

off-axis injection, qmin is increased from 2 to 2.4, and

092504-3 Ferron et al. Phys. Plasmas 20, 092504 (2013)



maintained at approximately this value for the duration of

the high bN phase (�1:5 s).

The broadening of the current density profile with off-

axis injection is evident from a comparison of the discharges

in the qmin scan shown in Fig. 2. This set of discharges

is composed of the qmin � 2:4 off-axis beam discharge

shown in Fig. 1, along with the three on-axis-beam-only, bN

� 2:7; q95 � 6:8 discharges in the systematic scan described

in Ref. 21. Off-axis neutral beam injection enabled the qmin

scan shown in Ref. 21 to be continued to a higher value

[Fig. 2(a)]. As qmin is increased, current density is shifted

from the region near the axis to the outer half of the dis-

charge, resulting in a broadening of the current profile

[Fig. 2(b)]. This is most evident when comparing the

qmin < 2 discharges to the two discharges with qmin � 2. The

most noticeable effect of the change to off-axis injection is

the drop in the current density near the axis, with, in this

example, the additional off-axis current density primarily in

the H-mode pedestal region.

The scan of qmin with other parameters held constant

demonstrates that the thermal pressure profile broadens as

qmin increases. The electron temperature at mid-radius

increases continuously with qmin and Teð0Þ decreases

[Fig. 2(c)]. The broadest Ti profiles are also at the largest

qmin [Fig. 2(d)]. A broader ne profile with off-axis injection

results partially from a decrease in neð0Þ [Fig. 2(e)], as

would be expected from the decrease in the on-axis neutral

beam fueling. An additional contribution comes from the

increase in ne at the H-mode pedestal that resulted from a

change in the divertor strike point location that reduced the

pumping of divertor exhaust.20 The sum of these profile

changes results in a continuous broadening of the thermal

pressure profile [Fig. 2(f)] as qmin increases and off-axis

neutral beam injection is added. The scaling of the peaking

factor for the thermal pressure, fpth ¼ ½neð0ÞTeð0Þ
þ nið0ÞTið0Þ�=hPthi, summarizes this result; fpth decreases

continuously as qmin increases [Fig. 2(g)]. The profile of the

total pressure [Fig. 2(h)], which includes the calculated fast

ion pressure, also broadens.

If the q profile does not change, the thermal pressure

profile does not change as a result of injection of a fraction

of the beam power off-axis. This is demonstrated by the

comparison of profiles for two discharges that were prepared

identically except that in one of the discharges, 45% of the

beam power was injected off-axis (Fig. 3). With relatively

low qmin, and thus relatively high current density on axis, the

change in the JB profile made little change in the q profile

[Fig. 3(a)]. The density profile is slightly broader in the

off-axis injection case, possibly as a result of the change in

the neutral beam fueling profile [Fig. 3(b)], but the change is

roughly equal to the standard deviation. The temperature

profiles are nearly identical [Figs. 3(c) and 3(d)]. The

FIG. 2. Radial profiles in a scan of qmin. Two of the discharges are shown in

Fig. 1 (solid line: with off-axis injection, dashed line: on-axis injection only)

plus there are two discharges at lower qmin with on-axis injection only21

(long-dashed: 136939, dotted-dashed: 136853). BT ¼ 2:0 T; Ip ¼ 0:97 MA;
q95 � 6:8; bN � 2:7. Radial profiles of (a) safety factor, (b) current density,

(c) electron temperature, (d) ion temperature, (e) electron density, and (f)

thermal pressure. (g) Thermal pressure peaking factor vs. qmin (triangles:

only on-axis neutral beam injection, circle: with off-axis injection). (h)

Radial profile of the total plasma pressure.

FIG. 3. Radial profiles of parameters in a discharge with on-axis injection

only (dashed curves, 147380) and an otherwise identical discharge with 45%

of the neutral beam power injected off-axis (solid curves, 147379). (a)

Safety factor, (b) electron density, (c) electron temperature, (d) ion tempera-

ture, (e) thermal pressure, and (f) calculated fast ion pressure. In (f), the solid

and dashed curves have no fast ion diffusion included in the model, while

the long-dashed curve has only on-axis injection and Df ¼ 0:6 m2=s in the

model and the dot-dashed curve has off-axis neutral beam injection and

Df ¼ 1:0 m2=s.

092504-4 Ferron et al. Phys. Plasmas 20, 092504 (2013)



thermal pressure profiles, then, are identical within the stand-

ard deviation [Fig. 3(e)]. The thermal pressure peaking

factor, fpth � 2:7, is lower than the qmin � 1 value shown in

Fig. 2(g) because21 bN is higher in this case, �3:5.

The calculated25 fast ion pressure profile broadens with

off-axis injection as a result of the change in the neutral

beam deposition profile. As an illustration, Fig. 3(f) includes

one set of profiles that was calculated without including

enhanced fast ion transport, and one set that was generated

by including the appropriate fast ion diffusion coefficient in

the calculation, the value determined as discussed in Sec. II.

In both cases, the off-axis injection results in a broader pro-

file, with reduced fast ion pressure on axis and, in the case

with no fast ion diffusion, increased pressure at mid-radius.

The trends for the pressure peaking factors in DIII-D

high fNI discharges match those found from examining indi-

vidual discharges (Fig. 4). At a fixed value of qmin, the peak-

ing factors for both the total pressure and the fast ion

pressure are the lowest for discharges, which have off-axis

neutral beam injection (e.g., compare the discharges with

1:0 < qmin < 1:5). For qmin below 2, the reduction in fp is the

result of broadening of the fast ion pressure profile (Fig. 3).

The lowest values for the thermal pressure peaking factor

are at qmin > 2, in agreement with Fig. 2. As discussed in

Ref. 21, the scaling of fpth with qmin is strong at bN � 2:7, as

in Fig. 2(f), but is weak at the higher values of bN shown in

Fig. 4. The shaded region in Fig. 4 highlights the overall

trend toward lower peaking of the total pressure at qmin > 2.

Broadening of the pressure profile results in an increase

in the calculated bN stability limit, with the highest values

accessed through off-axis neutral beam injection. This is

demonstrated in Fig. 5 where the calculated ideal n ¼ 1 sta-

bility limit in the presence of a perfectly conducting wall at

the location of the DIII-D vacuum vessel is shown for a large

fraction of the discharges in the high fNI database. The width

of the pressure profile is represented by fp and the width of

the current profile is characterized by the internal inductance

(‘i), with larger values indicating more peaked profiles. The

cases with ‘i > 0:7 follow the pattern of a progression in the

bN limit from less than 3.5 at the largest values of fp to above

4.5 with the broadest pressure profiles. For the stability limit

to be above bN ¼ 4:5, fp < 3 is required. That region is

primarily populated with equilibria from off-axis neutral

beam injection discharges. In order to estimate the bN at the

stability limit, test equilibria were produced using the TEQ

equilibrium code33 with the same q profile and discharge

shape as in the experimental equilibria, but with the pressure

profile scaled by a factor that is constant as a function of

radius. For each new equilibrium, the n ¼ 1 stability was

calculated using the DCON code34 and the scale factor was

iterated to find a marginally stable equilibrium.

For the discharges produced thus far with off-axis neu-

tral beam injection, the current profile has not been suffi-

ciently broadened that an increase in the bN stability limit

through improved ideal-wall stabilization could be demon-

strated. There is a trend to lower ‘i as fp decreases and the

n ¼ 1 ideal-wall bN limit increases (Fig. 5), but the off-axis

cases with the broadest current profiles, ‘i < 0:7 where

qmin > 2, have the bN limit below 4. In contrast, the lowest fp
equilibria with ‘i > 0:7 have qmin � 1:5 and the bN limit is

primarily above 4.5. This is consistent with expectations for

the ideal n ¼ 1 stability limit. With insufficient ideal-wall

stabilization, the limit decreases with increasing6,12 qmin and

decreasing7 ‘i. It is likely that for the lowest ‘i equilibria in

Fig. 5, the conducting wall is not sufficiently close to the

plasma for its stabilizing effect to overcome the destabilizing

effect of a low value of ‘i and a high value of qmin. If an

improvement in wall stabilization is simulated by calculating

the stability limit using a conformal wall (i.e., with the same

shape as the plasma) located at 1:35a, the bN stability limit is

increased to above 4 for most of the equilibria with ‘i < 0:7.

FIG. 4. The pressure peaking factors from the database of high fNI DIII-D

disharges described in Sec. II. The focus is on the higher bN discharges with

the bN � 2:7 discharges from the q profile scan discussed in Ref. 21 not

shown. Open symbols: only on-axis neutral beam injection, solid symbols:

with off-axis injection. Triangles: fast ion pressure (fpf ), squares: thermal

pressure (fpth), and circles: total pressure (fp). The shaded area highlights the

trend toward lower fp at higher qmin.

FIG. 5. The locations of equilibria from the high fNI database as a function

of the pressure peaking factor and the internal inductance with the corre-

sponding range of the bN stability limit. Each symbol represents an equilib-

rium from a single time slice in one of the discharges in the database,

with multiple time slices included for each discharge. Open triangles: only

on-axis neutral beam injection, closed circles: with off-axis injection. The

colors indicate the range of the n ¼ 1 ideal-wall bN stability limit. Black:

bN < 3:5, blue: 3:5 < bN < 4:0, red: 4:0 < bN < 4:5, and green: bN > 4:5.

092504-5 Ferron et al. Phys. Plasmas 20, 092504 (2013)



(The DIII-D vacuum vessel is equivalent to a conformal wall

at approximately 1:42a.) This leads to the plans for DIII-D to

improve wall stabilization to enable stable operation with

bN � 5 by further broadening the current density profile, as

discussed in Sec. VI.

IV. CONFINEMENT

Although the broader pressure profiles obtained with

off-axis neutral beam injection lead to the expectation of

higher stability limits, the highest bN obtained with qmin � 2

thus far is 3.3. The maximum bN is limited by confinement

and the maximum available neutral beam power rather than

ideal low-n MHD stability, although, as noted in Sec. III,

plasmas with the broadest current profiles may have been

close to the stability boundary.

Steady-state scenario discharges have confinement

of the thermal pressure at the level expected for a typical

H-mode [Figs. 6(a) and 6(b)]. The figure shows the ratio of

the thermal energy confinement time (sEth) to s98, the con-

finement time predicted by the IPB98(y,2) energy confine-

ment scaling.9 This value is referred to here as H98, the

H-mode confinement scaling factor, although here the ther-

mal energy confinement time is determined from the meas-

ured thermal pressure profile integrated over the plasma

volume (Wth). The value of H98 is usually determined for

DIII-D by subtracting an estimate of the fast ion stored

energy from the total stored energy obtained from an equilib-

rium reconstruction using the EFIT27 code (WMHD). This

value of H98 should be equal to the value computed from sEth

within the uncertainties in stored energy values determined

from the measurement of the thermal pressure profile, the

estimate of the fast ion stored energy, and the equilibrium

reconstruction. The method used here was chosen because of

the evidence for enhanced fast ion transport in the experi-

ment that increases the uncertainty in the calculation of the

fast ion stored energy. For H-mode, H98 ¼ 1 would be

expected, while most of the discharges shown in the figure

are clustered around H98 � 1:2, with some cases having

somewhat higher values. Both in a scan of qmin with other

parameters held constant [Fig. 6(a)] and in the full database

[Fig. 6(b)], there is no systematic trend observed with qmin or

a systematic difference between discharges with and without

off-axis injection.

The highest qmin plasmas have global (i.e., thermal

plus fast ion) confinement below the typical H-mode level

[Figs. 6(c) and 6(d)]. The value of the H89 confinement scal-

ing factor10 typically associated with H-mode is approxi-

mately 2. At the lowest values of qmin, DIII-D high fNI

discharges have H89 above this value, as shown in the figure

for both the single parameter qmin scan [Fig. 6(c)] and for the

full database [Fig. 6(d)]. However, there is a trend toward

H89 < 2 at qmin > 2. Discharges with qmin > 2 and off-axis

neutral beam injection have H89 as low as 1.65. It is these

low values of H89 that have thus far limited the achievable

value of bN with qmin > 2.

A change in the neutral beam injection location to off-

axis results in only a small reduction in the global confine-

ment, as demonstrated by a comparison of the two discharges

shown in Fig. 3. This confinement decrease can be understood

as resulting from neutral beam deposition in a region that is

closer to the plasma boundary; and in that region, the thermal

diffusivity is higher. The two discharges have the same

bN � 3:5, and have nearly the same q, temperature and den-

sity profiles (Fig. 3). The discharge with 45% of the neutral

beam power injected off-axis during the high bN, relatively

stationary portion of the discharge, required an increase in the

total neutral beam power of 13% over that required for the

discharge which had only on-axis injection. With 2.8 MW

ECCD power also present in both cases, this translates to a

reduction in energy confinement time of 10% and a reduction

in H89 of only 5% (as the H89 scaling includes the square root

of the heating power PH ¼ PB þ PEC). This reduction in H89

is much less than the difference between the low and high

qmin discharges in Figs. 6(c) and 6(d).

Because the confinement of the thermal energy is as

expected for H-mode and shows no evidence of scaling with

qmin, the decrease in global confinement with qmin is inter-

preted as resulting from increased fast ion transport as qmin

increases. It is possible that fast-ion-driven instabilities are

causing fast ion transport, and consistent with this is the

observation that the fluctuation power in the Alfv�en eigen-

mode frequency range,35 f > fTAE ¼ vA=ð4pqRÞ, increases

as a function of qmin for discharges in the high fNI database

(Fig. 7). Here, vA ¼ BT=
ffiffiffiffiffiffiffiffiffiffi
l0qm
p

is the Alfv�en velocity where

qm is the ion mass density.

V. SCALING OF FULLY NONINDUCTIVE SOLUTIONS

In this section, a relatively simple 0-D model, yielding

primarily global values, is used to describe the features of

the parameter space where fNI ¼ 1 is accessible in DIII-D.

The primary motivation is to define the conditions where

fully noninductive operation is compatible with bN ¼ 5 or

above, as is desirable in a reactor. This compatibility does

FIG. 6. H-mode confinement scaling factors from the DIII-D steady-state

scenario discharge database: (a) and (b) Wth=PH=s98 � H98 for thermal con-

finement, (c) and (d) H89 ¼ WMHD=PH=s89 for global confinement.10 (a) and

(c) Only the discharges in Fig. 2. (b) and (d) The full database. Triangles:

only on-axis neutral beam injection; and circles: with off-axis injection.
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not occur with arbitrary plasma parameters because a

balance is required between the confinement and heating that

determines the plasma pressure and the bootstrap current

fraction, and the input power required for externally driven

current, which also heats. We show that with a broad pres-

sure profile, fNI ¼ 1 is projected at bN > 4, but that steeper

pressure gradients yield fully noninductive solutions at lower

values of bN. Thus, the use of off-axis neutral beam injection

to broaden the plasma profiles and increase the stability lim-

its to plasma pressure, as in the experiments described here,

is also consistent with achieving steady-state operation.

Although fully noninductive conditions have been produced

previously20,36 in DIII-D with on-axis neutral beam injec-

tion, in these initial off-axis injection experiments, the nonin-

ductive fraction was in the range 0:65 < fNI < 0:8. In order

to enable a systematic approach to producing fully noninduc-

tively driven discharges, we also describe predictions from

the model for how the locations in parameter space where

fNI ¼ 1 scale with q95; BT, and ne, and the effects of increas-

ing the fraction of the neutral beam power deposited off-axis

or the fraction of electron cyclotron power. The predicted

values of fBS are also examined and are contrasted with what

is expected to be achievable in a reactor.

The task in searching for a steady-state operating point

using the 0-D model is to find a set of the externally select-

able discharge parameters that results in fNI exactly 1. Once

the tokamak geometry has been determined (including

the plasma shape and size), the set of externally selectable

parameters is limited. Available for modification are

bN; q95; BT, settings that affect the external particle fueling

and divertor exhaust pumping rates and thus the plasma den-

sity, settings that determine the deposition profile of the

external current drive power, and the types of the external

heating sources. Other parameters are determined self con-

sistently by the plasma.

Given a set of the externally selectable parameters, the

0-D model provides values for the noninductive current frac-

tions fBS; fB, and fEC, as described in the appendix. The

model extrapolates from the existing database of DIII-D

steady-state scenario discharges (Sec. II), including cases

both with and without off-axis neutral beam injection. The

database contains discharges with a range of parameters

(e.g., qmin; q95, bN; fBS; fNI) sufficiently broad that the model

is well validated and the extrapolations necessary to study

steady-state solutions are of reasonable range. The plasma

pressure is found by using the IPB98(y,2) global confine-

ment scaling9 to determine the thermal plasma pressure, and

the fast ion pressure is obtained from a model that uses as

input the neutral beam power and estimates of ne and Te. The

noninductive current fractions are determined from theory-

based analytic models with coefficients that are determined

from fits to the experimental database. The fitting coeffi-

cients implicitly characterize the temperature and density

profiles typical of the DIII-D discharges. Other parameters

that are inputs to the model are chosen to match the experi-

mental results. In particular, H98 ¼ 1:2 is used here, as is

appropriate for most of the database (Fig. 6). The pressure

peaking factors for the inner (fpi) and outer (fpo) portions of

the profile (defined in the appendix) are chosen to character-

ize the differences between discharges with and without off-

axis neutral beam injection (Sec. III). The broadening of the

thermal pressure profile as a result of the increase in qmin

with off-axis injection results in lower values of fpi and

slightly increased fpo. Similarly, the Ti to Te ratio near the

axis increases with off-axis injection as a result of the broad-

ening of the Te profile. The model provides an estimate of

the average current density and q near the axis, but otherwise

cannot predict the complete current density profile.

A single fNI ¼ 1 operating point can be found through a

scan of one of the adjustable model input parameters with

the other input parameters held fixed. An example is shown

in Fig. 8, where the scanned parameter is bN, the parameter

on which fNI is most strongly dependent. The IPB98(y,2)

thermal confinement model and the fast ion pressure model

are used to determine the required PH at each value of bN

[Fig. 8(a)]. Here, PEC is held constant at the maximum that

has been available at DIII-D, with neutral beams providing

the remainder of the input power. Application of the con-

straint that the current drive power (PCD) is equal to the heat-

ing power, as is the case in DIII-D experiments, then yields

the noninductive current fractions [Fig. 8(b)], and a single

value of bN where fNI ¼ 1 (circled in Fig. 8). The bootstrap

current fraction increases with bN as a result of the increase

in the self-consistent value of qcore [Fig. 8(c)] (the average

value of q in the region 0 < q̂ < 0:3) and the increase in

bNth, the component of bN resulting from the thermal plasma

pressure [Fig. 8(d)]. The value of qcore increases because,

near the axis, the inductive current density drops more

rapidly than the increase in the bootstrap and neutral-

beam-driven current densities. The external current drive

fraction [fCD ¼ fB þ fEC, Fig. 8(b)] increases with the input

power and Te which rises as the stored energy increases at

constant line average density.

The parameter space for fNI ¼ 1 operation is determined

by calculating a continuum of solutions. As an illustration,

Fig. 9 shows parameters at fNI ¼ 1 as a function of q95. At

each value of q95; bN was scanned in order to find the value

at which fNI ¼ 1. Other parameters provided as input to the

model were held fixed at values that are appropriate for weak

shear profile DIII-D discharges. The line average electron

density is held fixed at a value that is typical of what can be

obtained in DIII-D with fueling from high-power neutral

FIG. 7. For the discharges in the DIII-D high fNI discharge database, the

average electron density fluctuation power in the range of frequencies above

fTAE normalized to the ratio of the neutral beam power in each discharge to

the maximum neutral beam power in all discharges in the database.

Triangles: only on-axis neutral beam injection; and circles: with off-axis

injection.
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beam injection and cryopumping of divertor exhaust.

Similarly, the locations of the fNI ¼ 1 operating point as a

function of BT; ne and PEC are shown in Figs. 10–12.

The bootstrap current fraction [Figs. 8(b) and 9(c)] is

limited to a value near 0.5 as a result of the use of external

heating sources that also efficiently drive current and the

broad pressure profile characteristic of the weak shear dis-

charges studied here. At fNI ¼ 1, the division between boot-

strap current and externally driven current is determined by

the relative magnitudes of the efficiency of current fraction

generation by the heating and current drive powers, gBS ¼
fBS=PH and gCD ¼ fCD=PCD. Using the 0-D model for fBS

(appendix) yields

gBS ¼
4

3

l0asEth

BTIpV
ðC1qcoref C2

pi þ C3q95f C4
po Þ; (1)

where V is the plasma volume. With the assumption that the

IPB98(y,2) thermal energy confinement time scaling holds,

sEth / H98P�0:69
H so that gBS decreases rapidly as the heating

power is increased in order to increase bN [Fig. 8(e)]. In con-

trast, from the scaling relations in the appendix, gCD / Te=ne

so that it is independent of the input power and increases

with bN because Te rises [Fig. 8(e)]. As a result, gCD is com-

parable to or larger than gBS and, at fNI ¼ 1 with PH ¼ PCD,

fBS ¼ 1=ð1þ gCD=gBSÞ is 0.5 or below.

For efficient steady-state operation, it is desirable to

maximize fBS and there are several ways to increase its value

FIG. 9. Parameters at the fNI ¼ 1 operating point as a function of q95 from

the 0-D model. (a) bN, bNth, and bNf , (b) qcore, (c) the noninductive current

fractions (d) the input powers, (e) gBS ¼ fBS=PH; gCD ¼ fCD=PCD, and (f)

G ¼ bNH89=q2
95. Solid line: Poffaxis ¼ 0; H98 ¼ 1:2; fpi ¼ 1:35; fpo ¼ 1:25;

Tið0:13Þ=Teð0:13Þ ¼ 1:22, dashed line: Poffaxis ¼ 0; H98 ¼ 1:4; fpi ¼ 1:35;
fpo ¼ 1:25; Tið0:13Þ=Teð0:13Þ ¼ 1:22, dotted-dashed line: Poffaxis

¼ 5:0 MW; H98 ¼ 1:2; fpi ¼ 1:05; fpo ¼ 1:3; Tið0:13Þ=Teð0:13Þ ¼ 1:45.

The solid and the dotted-dashed lines overlay each other in (c).

FIG. 10. Parameters at the fNI ¼ 1 operating point as a function of

BT obtained using the 0-D model. (a) bN; bNth; bNf , (b) qcore, (c) the non-

inductive current fractions, and (d) the input powers. Solid line:

q95 ¼ 5:3, dashed line: q95 ¼ 6:2:Poffaxis ¼ 0; fpi ¼ 1:35; fpo ¼ 1:25;
Tið0:13Þ=Teð0:13Þ ¼ 1:22.

FIG. 8. Output of the 0-D model. (a) The required total heating (dashed

curve) and neutral beam (solid curve) powers, (b) fNI (solid curve), fBS

(dashed curve), fCD (long-dashed curve), (c) qcore, (d) bNth (solid curve), and

bNf , the component of bN resulting from the fast ion pressure (dashed curve),

(e) gBS ¼ fBS=PH (dashed line), gCD ¼ fCD=PCD (solid line). The circles

highlight the values when fNI ¼ 1. Values of the fixed parameters for the

model are also used for Fig. 9 through 12 unless specifically mentioned in

the caption: q95 ¼ 5:75; Poffaxis ¼ 5:0 MW; PEC ¼ 3:35 MW, neutral beam

voltage 77 kV, BT ¼ 1:75 T; fpi ¼ 1:05; fpo ¼ 1:3; Zeff ¼ 1:8; Tið0:13Þ=
Teð0:13Þ ¼ 1:45; Df ¼ 0; H98 ¼ 1:2; q̂EC ¼ 0:45; �ne ¼ 4:5� 1019 m�3.
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by increasing gBS. An increase in q95 results in an increase in

gBS at the fNI ¼ 1 solution [Fig. 9(e)] and a corresponding

increase in fBS [Fig. 9(c)] because there is very little change

in gCD [Fig. 9(e)]. Additional contributions to the change in

gBS come from higher values of qcore at increased q95 that are

a result of reduced PB [Fig. 9(b)] and thus reduced neutral-

beam-driven current density near the axis, and an increase in

sEth=Ip with q95 as a result of the reduced heating power. If

the assumed confinement quality is increased to H98 ¼ 1:4
(Fig. 9, dashed line) from 1.2 (solid line), fBS increases by

about 0.05. Operation at reduced BT (Fig. 10) results in

increased gBS and fBS because of the reduced heating power.

Another approach to increasing fBS could be an increase in

the pressure gradient, which is relatively small with a weak

shear q profile. An increase in the outer half of the discharge,

in particular, where fpo is weighted by q95, could make a sig-

nificant change in gBS. At the fNI ¼ 1 solution, though, the

effect of an increase in the pressure gradient is somewhat

moderated by an accompanying decrease in bN and bNth.

With more bootstrap current, reduced external current drive

power is required resulting in a drop in stored energy, so that

fBS does not increase as much as might have been expected

from simply increasing the pressure gradient.

A larger value of fBS can be obtained by increasing the

electron density (Fig. 11). This is a result of a decrease in gCD

as �ne increases [Fig. 11(d)] while gBS is nearly constant

because of a positive scaling of sEth with �ne in the IPB98(y,2)

scaling law. The fNI ¼ 1 solution shifts to higher bN and

higher PH as is required in order to replace externally driven

current with bootstrap current. At the highest density shown

(which approximately matches the cutoff density for the

ECCD), fBS is still limited to �0:57, even at q95 ¼ 6:2.

The projected fNI ¼ 1 operating point in DIII-D has bN

between 4 and 5, with only weak dependence on the exter-

nally selectable discharge parameters. Increasing q95 reduces

bN at the solution [Fig. 9(a)] along with the required heating

power, but also results in reduced bT and so projects to

reduced fusion gain. The requirement for the ITER Q ¼ 5

steady-state mission,2 G ¼ bNH89=q2
95 ¼ 0:3, is projected at

q95 � 5:8 in this example [Fig. 9(f)]. An increase in the

assumed confinement quality (Fig. 9 dashed and solid lines)

results in a decrease in the required PB and a corresponding

reduction in fCD and increase in fBS, but almost no change in

bN. Solutions at relatively low fCD have relatively high bN in

order to produce the required fBS. This is evident again in the

scaling with BT (Fig. 10) where the required heating power

increases32 rapidly with BT, resulting in an increase in fCD, a

decrease in fBS, and a decrease in bN at the fNI ¼ 1 solution.

The increase in PB results in a drop in qcore with BT [Fig.

10(b)] because the neutral-beam-driven current density

increases near the axis.32 This increase is partly compen-

sated, though, by a drop in the bootstrap current density near

the axis so the rate of change of qcore with BT is small.

Fast ions account for a large fraction of the total stored

energy, contributing to the relatively high bN at fNI ¼ 1

[Figs. 8(d), 9(a), and 10(a)]. Because the fast ions carry the

neutral-beam-driven current, high fast ion pressure is

required in order to drive a significant fraction of

Ip; fB � 0:4–0.5. The fast ion pressure increases linearly

with PB and also increases with Te (as shown by the scaling

described in the appendix). In contrast, assuming IPB98(y,2)

confinement scaling, the thermal plasma pressure increases

more slowly, / P0:31
H . In the example of Fig. 8, as the neutral

beam power increases in order to increase bN by 47% (from

3.4 to 5), bNth increases only 17% while the component

resulting from the fast ion pressure, bNf, increases by a factor

of 2; and, at the fNI ¼ 1 solution, bNf=bN � 0:4. The fast ion

pressure remains near 40% of the total pressure as q95; BT,

and ne are varied.

A shift of a fraction of the neutral beam power to off-axis

injection makes a relatively small difference in the fNI ¼ 1

operating point (Fig. 9 dotted-dashed line compared to the

solid line). The fast ion stored energy fraction decreases

slightly as a result of the difference in ne and Te between the

axis and the mid-radius, but the total neutral-beam-driven cur-

rent remains the same as a result of reduced electron shielding

at mid-radius.19 The result is slightly lower bN to achieve the

same bNth. With less neutral-beam-driven current density in

the region near the axis, qcore increases [Fig. 9(b)]. fBS remains

the same, though, because the model input value of fpi for

cases with off-axis injection reflects a decrease in the pressure

gradient near the axis that matches the experimentally

observed broadening of the pressure profile.

A substantial increase in the EC power can make a sig-

nificant change in the discharge parameters at fNI ¼ 1 by

driving current without producing a large fast particle pres-

sure. With the EC power configured to drive current off-axis,

as is the case in all of the discharges discussed thus far, the

value of bN at the fNI ¼ 1 solution decreases as a result of a

decrease in the fast ion pressure (Fig. 12, solid lines). As PEC

increases, EC driven current replaces neutral beam driven

current sufficiently well that bNth and PH [Figs. 12(a) and

12(d)] remain approximately constant while PB decreases.

(The EC power is assumed to heat the thermal plasma as

FIG. 11. Parameters at the fNI ¼ 1 operating point as a function of �ne

obtained using the 0-D model. (a) The noninductive current fractions (b) PB,

(c) bN and bNth, and (e) gBS ¼ fBS=PH and gCD ¼ fCD=PCD. q95 ¼ 5:0 (long

dash), 5.5 (dashed line), and 6.2 (solid line). Poffaxis ¼ 5 MW; fpi ¼ 1:05;
fpo ¼ 1:3; Tið0:13Þ=Teð0:13Þ ¼ 1:45.
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efficiently as neutral beam power.) The bootstrap current

fraction at this constant PH increases somewhat because qcore

increases as the neutral beam driven current near the axis

decreases. Thus, it can be much easier to satisfy MHD stabil-

ity requirements as bN in the fully noninductive solution

drops from �5 with zero EC power to �3:3 at the maximum

power shown. Note that there are quantitative uncertainties

in these projections as a result of the use of EC power well

outside the range that has been used thus far at DIII-D.

An approach to achieving a bootstrap current fraction

near 1 is to use a source of substantial heating power that

does not drive current. This could yield a fNI ¼ 1 solution

with bN � 5 and bT in the range required for a high Q burn-

ing plasma. Heating power of this type will come from alpha

self-heating in a reactor. A projection of this scenario for

DIII-D can be made by treating the EC power as a source of

heating only (which would be the case with perpendicular

injection), as illustrated by the dashed lines in Fig. 12. As

PEC is increased, the neutral-beam-driven current is replaced

by bootstrap current as bNth increases. The required PB drops

as does the fast ion pressure. However, with the slow,

/ P0:31
H , increase of the thermal stored energy, the decrease

in PB with increasing PEC is slow. Even with the relatively

high H98 ¼ 1:5 assumed, to reach fBS � 0:9 (where fNI ¼ 1

and bN � 5:2), PEC � 60 MW is required, well beyond the

range considered in Fig. 12. Another possible source of heat-

ing power that would drive little current is neutral beam

injection balanced in the co and counter plasma current

directions. The power required in this case would be compa-

rable to what is required with EC heating, but, because a sub-

stantial fast ion population would be introduced, bN at

fNI ¼ 1 would be higher.

VI. A bN55 SOLUTION FROM A 1-D MODEL

In this section, we describe how off-axis neutral beam

injection could be combined with off-axis ECCD to produce

an MHD stable plasma in DIII-D with bN � 5. To project to

this type of discharge, a 1-D model was used to study weak

shear q profiles with qmin > 2 and the radius of the minimum

in q, q̂qmin
, as large as possible. This approach results in a

current density profile with peak value well away from the

magnetic axis to maximize the stabilizing effect of the con-

ducting vacuum vessel wall. In addition, the majority of the

additional neutral beam power required to raise bN is

injected off-axis in order to produce a broad fast ion pressure

profile and contribute to broadening the current profile. An

increase in the available ECCD power to 9 MW was

assumed, with the role of the ECCD in this modeling to

provide current drive as far off-axis as possible while still

maintaining a reasonable current drive efficiency. An

increase in the available off-axis co-injected neutral beam

power to 14 MW is also assumed. The plasma current was

held constant with BT ¼ 1:75 T to fix q95 at 5.5. Anomalous

fast ion diffusion Df ¼ 0:3 m2=s was applied in the neutral

beam model NUBEAM.25

In order to design this discharge scenario, the transport

code ONETWO28 is used with the TGLF37 transport model

to predict the electron and ion temperature profiles. The tem-

perature profiles in the H-mode pedestal, q̂ > 0:8, are based

on a previous DIII-D discharge (147634) as is the complete

density profile. An iterative numerical procedure is

employed that finds a stationary solution (d=dt ¼ 0) of core

transport using FASTRAN.38 This approach was bench-

marked against the database of DIII-D steady-state scenario

discharges, with the result that the stored energy and fBS

were predicted within 15%, although the temperature profiles

and gradients are not always accurately reproduced.26 This

1-D method has the advantage over the 0-D model of allow-

ing calculation of the current density25,29–31 and pressure

profiles using realistic current drive and heating power sour-

ces. Deposition profiles for the externally driven current can

be varied in order to determine the power requirements to

produce a particular q profile. In addition, the code produces

a self-consistent equilibrium27 that was tested against the

ideal stability codes GATO39 and DCON.34 The stability

limit is defined here as the maximum stable bN for ideal

n ¼ 1; n ¼ 2, and n ¼ 3 modes in the presence of a perfectly

conducting wall at the location of the DIII-D vacuum vessel.

The MHD stable, stationary equilibrium solution found

with the 1-D model has bN ¼ 4:94 and both a broad pressure

profile, with fp � 2:7, and a broad current density profile, with

the peak at q̂ � q̂qmin
� 0:6 [Fig. 13(a)]. In contrast, in current

experiments, although fp is about the same, the radius of the

current density peak is much smaller q̂ � 0:3 [Fig. 13(c)]. A

change in the discharge shape, from the high average triangu-

larity, single-null divertor shape used in present experiments

to maximize divertor exhaust pumping20 (with elongation

j � 1:8) to an up-down symmetric double null divertor

(j � 2) also contributes an improvement to MHD stability.

The noninductive current [Fig. 13(b)] is a combination of the

EC driven current JEC (fEC ¼ 0:17), neutral-beam-driven

FIG. 12. Parameters at the fNI ¼ 1 operating point as a function of PEC

obtained using the 0-D model. (a) bN, bNth, and bNf , (b) qcore, (c) the nonin-

ductive current fractions, and (d) the input powers. For the solid line, the EC

power drives current off-axis; and for the dashed line, the EC power is mod-

eled as providing heating only, without driving current (so fCD ¼ fB;
fEC ¼ 0). Poffaxis ¼ 0; fpi ¼ 1:35; fpo ¼ 1:25; Tið0:13Þ=Teð0:13Þ ¼ 1:35 at

zero EC power ramped to 1.2 at the maximum EC power, H98 ¼ 1:5.
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current JB peaking at q̂ � 0:4 (fB ¼ 0:43), and a relatively

large bootstrap current density JBS at this high value of bN

(fBS ¼ 0:56). With bN ¼ 4:94, the total noninductive current

fraction is above 1, fNI ¼ 1:16, in agreement with the projec-

tion of the 0-D analysis for q95 ¼ 5:5 (Fig. 9). Further tuning

of the model equilibrium to find fNI closer to 1 at bN ¼ 5

should, according to the 0-D model, shift q95 to a lower value.

VII. CONCLUSION

The initial experiments on off-axis neutral beam injec-

tion into DIII-D high bN discharges have demonstrated

changes in the plasma profiles in the direction toward

increased limits to plasma pressure as determined by ideal

low- n MHD instabilities. Both the current density and

plasma pressure profiles were broadened. Discharges could

be produced with qmin maintained above 2 as a result of a

shift of neutral-beam-driven current from on-axis to off-axis.

The broader pressure profiles led to an increase in the calcu-

lated bN limit for experimental discharges with ‘i > 0:7 to

values above 4.5. Confinement of the thermal plasma with

off-axis injection was found to be comparable to what is

expected for H-mode. Global confinement, though, appears

to be reduced when qmin is above 2 so that the experimental

values of bN in this range of qmin have thus far been limited

to a maximum of 3.3. At lower qmin, a test of the effect on

global confinement of the shift in neutral beam deposition

location to off-axis showed only a small reduction.

We have described an approach to a steady-state sce-

nario with bT in the range required for a reactor in which

broad pressure and current profiles enable stability at high

normalized pressure, and, self-consistently, the high pressure

is required in order to reach fNI ¼ 1. The 0-D model was

used to show that steady-state solutions in DIII-D require bN

in the range 4–5 in discharges with a broad pressure profile.

This is the case over the full range of q95; BT, and ne appro-

priate for DIII-D. A projected fully noninductive solution at

bN � 5 and bT � 6:5% was found at q95 � 4. The 1-D model

was used to show that broadening of the current density pro-

file beyond what has thus far been achieved in the experi-

ment in relatively stationary conditions, while maintaining

the weak-shear q profile shape along with the predicted

broad pressure profile, can lead to MHD stable discharges in

this range of bN. A fully noninductive solution at bN � 5 and

q95 ¼ 5:5 that could be demonstrated in DIII-D with an

increase in the available heating and current drive power was

described. Although the numerical results found from the

models will be specific to DIII-D, the parametric dependen-

ces of fNI ¼ 1 solutions should apply to the current genera-

tion of tokamaks.

An issue that has not yet been resolved in the experi-

ment is the role of fast ion transport. The data presented here

provide some evidence that the anomalous fast ion behavior

at the highest values of qmin is a result of interactions with

Alfv�en eigenmode type instabilities. It is not yet known,

though, to what extent behavior that differs from the

NUBEAM model is a result of anomalously rapid slowing

down, radial redistribution of fast ions, or fast ion loss. In

addition, it is not yet known whether the fast ion diffusion

model in NUBEAM is a good representation of the experi-

mental behavior. Because of this, fast ion diffusion was not

included in the discussion of the 0-D model and only a small

fast ion diffusivity was included in the 1-D model. The most

significant consequence could be an under prediction of the

required neutral beam power by the model. Detailed meas-

urements of the fast ion profiles and the profile of the current

density driven by the off-axis neutral beams in high bN

discharges and comparison with the NUBEAM model are

planned in order to improve understanding of the fast ion

behavior. A further goal of additional experiments will be to

determine the parameter regimes where the fast ion stored

energy is the closest to the NUBEAM-predicted value in

order to improve the global confinement, or to find regimes

where fast ion loss can be compensated by improvements in

thermal confinement.

The reactor-relevant physics of current drive, bootstrap

current generation, and maintenance of stable, stationary,

steady-state discharges can be studied in the current genera-

tion of tokamaks, but the combinations of fBS and bN will

differ from what would be expected in a burning plasma. A

comparison can be made, for example, to the Aries-AT study

which found4 an optimized steady-state reactor design at

fBS ¼ 0:91 and bN ¼ 5:4 by maintaining high thermal

plasma pressure. The current tokamak generation lacks the

necessary high alpha self-heating power that overcomes the

slow scaling of thermal stored energy with input power. As

shown here, with the broad pressure profile that enables the

self consistent, fNI ¼ 1 solution to be at bN � 5, at fNI ¼ 1

the bootstrap current fraction is limited to a value near 0.5.

This will be the case even as qmin is increased because the

thermal pressure profile broadens simultaneously, reducing

the pressure gradient in the region where q � qmin. If an

ITB-type pressure profile with steeper gradients is present,

fBS can be larger, but at fNI ¼ 1, bN is reduced. Thus, the

FIG. 13. (a) Current density (solid curve) and safety factor (dashed curve)

profiles in the bN ¼ 4:94 equilibrium calculated using the 1-D model. (b)

The noninductive current density profiles corresponding to the total current

density in (a). (c) The current density (solid curve) and safety factor (dashed

curve) profiles in an experimental discharge with qmin > 2; bN ¼ 3 and off-

axis neutral beam injection (146821).
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current options are either high bN combined with lower than

desired fBS, or higher fBS combined with relatively low bN.

In both cases, MHD stability and good alignment of the non-

inductive and total current profiles must be considered. The

Aries-AT design combines these two approaches with

qmin > 2 and qð0Þ � qmin � 1, but with q̂qmin
� 0:8 and a

very broad pressure profile. In this way, most of the pressure

gradient is located in the outer half of the discharge and the

bootstrap current density profile is broad with the peak close

to the boundary. DIII-D experiments are pointing in this

same direction through the use of off-axis neutral beam and

EC current drive to simultaneously produce both broad pres-

sure and current density profiles. The aim of this line of

research is to provide the physics basis for steady-state oper-

ation in ITER and later facilities such as FNSF and a demon-

stration reactor.
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APPENDIX: DESCRIPTION OF THE 0-D MODEL

The 0-D model is composed of a series of easily eval-

uated analytic expressions for fBS; fB; fEC and quantities on

which these values depend. Each of the expressions contains

free parameters (represented here by Cn) that are determined

through fits to the database of DIII-D discharges described in

Sec. II.

The profiles of JB, the ECCD current density JEC, and

the fast ion pressure do not vary significantly over the range

of parameters used for DIII-D steady-state scenario dis-

charges, except for changes that result from off-axis neutral

beam injection. Therefore, fB; fEC, and the total fast ion

stored energy, Wf , can be well represented as proportional

to the current density or pressure evaluated at a single radius

chosen to minimize the v2 of the fit to the database. The key

radii are q̂ ¼ 0:13, 0.4, and 0.5. Estimates of Te at these

locations are obtained from hPthi, the local ne, and model

input values of Ti=Te and the thermal pressure peaking

factors for the inner and outer portions of the discharge,

fpi ¼ ½Pthð0:13Þ � Pthð0:5Þ�=hPthi and fpo ¼ Pthð0:5Þ=hPthi.
Estimates of neð0:13Þ and neð0:5Þ are obtained using model

input values of the main ion density and Zeff , and estimates

of the local fast ion density from fits to PBsth=EB, the prod-

uct of the local fast ion thermalization time40 and the vol-

ume average fast ion source rate, where EB is the neutral

beam injection energy.

The bootstrap current fraction is modeled as the sum of

two terms representing the bootstrap current in the inner and

outer halves of the plasma, similarly to what was described

previously:21 fBS ¼ bNthðC1qcoref C2

pi þ C3q95f C4
po Þ. A differ-

ence from the previous method21 is the use of separate peak-

ing factors that account for broadening of the thermal

pressure profile with off-axis neutral beam injection and the

corresponding changes in the profile shape. The average

value of q in the region 0 < q̂ < 0:3 is qcore ¼ C5BT=Jcore,

where Jcore is the sum of the average bootstrap, beam-driven

and inductively generated (zero at fNI ¼ 1) currents in the

region 0 < q̂ < 0:13, a region chosen to minimize the v2 of

this fit.

The neutral-beam-driven current density estimate is

based on Eq. (15) of the neutral beam current drive model in

Ref. 41

~JB ¼
PBZ2

Bsse

V
ffiffiffiffiffiffiffiffiffiffiffi
ABEc

p
" #

JðEB;Ec;…ÞFðZB; Zeff ; �Þ: (A1)

Here, ZB and AB are the charge and mass of the fast ions,

� ¼ a=R is the inverse aspect ratio, the ion-electron slowing

down time sse and the critical energy Ec are defined in

Ref. 41, J accounts for slowing down on both ions and elec-

trons, F includes the effect of trapping on the electron shield-

ing current (J and F are defined in Ref. 41), and the term in

brackets times J increases with Te=ne in the DIII-D parame-

ter range. The neutral beam current drive fraction is

fB ¼ C6
~JBð0:5Þðq95=BTÞ.

A model for the fast ion stored energy is obtained by

integrating the steady-state solution to the pitch angle aver-

aged Fokker-Planck equation f ðvÞ ¼ ðPBsse=EBÞ=ðv3 þ v3
cÞ

to obtain

~Wf ðPB; Te; ne; � � �Þ

¼ PBsse

2
1þ 2

3

vc

vB

� �2 1

2
ln

ðvB þ vcÞ2

v2
B � vBvc þ v2

c

" #((

�
ffiffiffi
3
p p

6
þ tan�1 2vB � vcffiffiffi

3
p

vc

� �� ���
: (A2)

Here, vB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EB=ABmp

p
is the neutral beam injection veloc-

ity, and vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ABmp

p
is the critical velocity (mp is the

mass of a proton). The total fast ion stored energy is the

sum of contributions from the on-axis and off-axis neutral

beams, Wf ¼ C7
~Wf ðPB � Poffaxis; Teð0:13Þ; neð0:13Þ;…Þ

þC8
~Wf ðPoffaxis; Teð0:5Þ; neð0:5Þ;…Þ.

The fraction of Ip resulting from ECCD, fEC, is

fEC ¼
PECTeð0:4Þ

neð0:5Þ
½C9 þ C10q̂EC�½C11 þ C12ð �Rm � RECÞ�

q95

BT

;

(A3)

where �Rm is the average major radius of the magnetic axis

and REC is the major radius of the EC resonance. The de-

pendence on ne and Te matches the description in Ref. 42.

The two terms in brackets are linearizations within the range

of the database that represent the dependence on the average

radius of the EC deposition, q̂EC, and a reduction in the cur-

rent drive efficiency as the resonance location moves from

smaller to larger major radius where the electron trapping

fraction is higher.
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