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Neoclassical tearing mode islands are sustained by helically perturbed bootstrap currents arising at

finite beta from toroidal effects that trap a fraction of the particles in non-circulating orbits. DIII-D

and NSTX are here operated with similar shape and cross-sectional area but almost a factor of two

difference in inverse aspect ratio a=R. In these experiments, destabilized n ¼ 1 tearing modes

were self-stabilized (reached the “marginal point”) by reducing neutral-beam power and thus beta.

The measure of the marginal island gives information on the small-island stabilizing physics that in

part (with seeding) governs onset. The marginal island width on NSTX is found to be about three

times the ion banana width and agrees with that measured in DIII-D, except for DIII-D modes

closer to the magnetic axis, which are about two times the ion banana width. There is a balance of

the helically perturbed bootstrap term with small island effects with the sum of the classical and

curvature terms in the modified Rutherford equation for tearing-mode stability at the experimental

marginal point. Empirical evaluation of this sum indicates that while the stabilizing effect of the

curvature term is negligible in DIII-D, it is important in NSTX. The mode temporal behavior from

the start of neutral-beam injection reduction also suggests that NSTX operates closer to marginal

classical tearing stability; this explains why there is little hysteresis in beta between mode onset,

saturation, and self-stabilization (while DIII-D has large hysteresis in beta). NIMROD code

module component calculations based on DIII-D and NSTX reconstructed experimental equilibria

are used to diagnose and confirm the relative importance of the stabilizing curvature effect, an

advantage for low aspect ratio; the relatively greater curvature effect makes for less susceptibility

to NTM onset even if the classical tearing stability index is near marginal. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4729658]

I. INTRODUCTION

Toroidicity in a tokamak makes the total magnetic field

on a flux surface vary poloidally, so that it is stronger on the

inboard side and weaker on the outboard side. When colli-

sionality is low enough (as almost always in most tokamaks

when ions make collisions at an effective rate smaller than

the bounce frequency in trapped orbits), drift is added to par-

ticle gyrations and a fraction of particles are trapped on the

outboard side in magnetic mirrors formed due to the poloidal

variation of the magnetic field.1 A bootstrap current arises

(carried by passing electrons), which is approximately pro-

portional to the product of the trapped fraction and the elec-

tron pressure gradient; this results from “friction” of passing

electrons with trapped electrons and stationary ions and

exists independently of inductively driven and neutral beam

currents.2 Neoclassical tearing modes (NTMs) are destabi-

lized and sustained by helically perturbed bootstrap

currents.3–6 At sufficiently high beta (ratio of volume aver-

aged plasma pressure to magnetic field pressure), a linearly

stable tearing mode, if seeded by another MHD event, can

have the seed reinforced, a destabilizing effect that can lower

the plasma magnetic energy. However, curvature effects,

i.e., field line bending by the island, tend to raise the mag-

netic energy, a stabilizing effect;7–11 this is often called the

Glasser-Greene-Johnson (GGJ) effect after the original

authors. The destabilizing helically perturbed bootstrap cur-

rent is reduced, obviated, or weakened by a number of

effects at small island size; this tends to make an NTM line-

arly stable and non-linearly unstable, i.e., metastable. Refer-

ence 6 reviews the literature, which includes cross-field

transport,12–15 ion polarization current,16–18 and the reduc-

tion of the ion drive.19

All of the toroidal effects depend on how “spherical” a

tokamak is. Here, R is the major radius of the plasma bound-

ary surface about the magnetic axis and a is the minor radius.

The closer R=a is to one, the greater the toroidal effects, and

as R=a goes to infinity (a/R goes to zero), such effects cease

to exist. While the GGJ effect is usually neglected at large

aspect ratio (small inverse aspect ratio),6 time dependent

modeling in the low aspect ratio device MAST confirmed its

significance at low aspect ratio.20,21

In this paper, experimental results are contrasted

between the typical aspect ratio tokamak DIII-D (R=a ¼ 2:7)

and the low aspect ratio NSTX (R=a ¼ 1:4). In Sec. II, the

form of the modified Rutherford equation (MRE) for analysis

is described both for lumped small island effects and with

small island effects “broken out.” Section III has the experi-

mental situations for DIII-D and NSTX with discussion of

how the experiments are performed. The empirical scaling of
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the marginal island width for self-stabilization (a key param-

eter that along with seeding governs onset) is given in Sec.

IV along with some comparison to underlying mechanisms.

Section V has the analysis of the balance at marginality of

the destabilizing helically perturbed bootstrap current (with

small island effects included) to the sum of the stabilizing

classical tearing parameter (assumed stabilizing) and the cur-

vature effect. Section VI describes calculations with full

shaped geometry for DIII-D and NSTX equilibria utilizing

the flux surface-averaging component module “fluxgrid”

from the resistive MHD code NIMROD. This is used to

check the empirical fits for the relative importance of the sta-

bilizing curvature. Finally, a discussion is made in Sec. VIII.

II. FORM OF THE MODIFIED RUTHERFORD
EQUATION USED FOR EMPIRICAL ANALYSIS

For a q ¼ m=n island of full width w at rational surface

q of poloidal mode m and toroidal mode n, the island growth

or decay4,6,20,22–36 is here given by the MRE,

1:22�1 sR

r

dw

dt
¼ D0r þ CR

rDR

w
þ e1=2 rLq

Lpe
bhe

1

w
� w2

small

3w3

� �
:

(2.1)

This form has all of the relevant stability terms, the clas-

sical tearing drive, the curvature stabilization, and the heli-

cally perturbed bootstrap destabilization, which is “turned

off” at small island size. Here, sR is a resistive time, r is the

minor radius at q defined as ðRout � RinÞ=2 on the midplane

q surface [with Ro � ðRout þ RinÞ=2], w (in meters) is taken

at the outboard midplane location, and D0 (in m�1) is the

effective non-linear classical tearing index in the presence of

an island. Now, CR rDR/w is the GGJ effect of assumed good

average magnetic field curvature with dimensionless DR the

“resistive interchange parameter.” To leading order in

inverse aspect ratio e ¼ r=Ro at the rational surface,

DR � �ðq2 � 1ÞðL2
q=rLpÞb, where Lq is the radial magnetic

shear length q=ðdq=dRÞ at the outboard midplane, Lp is the

total pressure gradient scale length �p=ðdp=dRÞ at the out-

board midplane, and b ¼ 2lop=B2
T0 with p the local total

pressure, and BT0 the toroidal field on axis. CR ¼ (1) is a

constant of proportionality, which can be modified by finite

aspect ratio effects. Other forms of the MRE, with or without

the curvature term, make a guess at D0r (something between

0 and �2m) and fit a free constant proportional to the boot-

strap current term. In Refs. 20 and 22–36 (in chronological

order of publication), the choice (and number) of adjustable

constants differs. This is in part due to which physics is

included but largely from the uncertainty in computing D0

reliably from even the best reconstructed equilibria.37,38

Here, the effective non-linear D0r term is backed out from

the balance of Eq. (2.1) at the marginal point, to be dis-

cussed; this neither relies on a guess nor on the sensitivity to

calculation from an equilibrium reconstruction. Note that in

Eq. (2.1) as throughout, experimental evaluation is at the

outboard midplane q¼m/n surface (where diagnostics tend

to measure) and in general consists of ratios of two such

locally evaluated quantities. The equivalent rigorous flux

surface averaged form of the MRE will be given in Sec. VI

as Eq. (6.1); Eqs. (2.1) and (6.1) are of the same form with

the same stabilizing and/or destabilizing terms.

The key parameter at issue is the local q¼m/n surface

inverse aspect ratio e. This enters into the bootstrap drive,

the GGJ curvature effect, and the small island stabilizing

effects. For typical large aspect ratio tokamaks such as

DIII-D, e ¼ r=RO; but the physics actually comes from the

dominant poloidal in/out asymmetry in BT, which is itself only

approximately r=RO. Rigorously, toroidal effects come from

the variation in total B of eB � ðBin � BoutÞ=ðBin þ BoutÞ.1 For

DIII-D as in the shape of Fig. 1, eB including both toroidal

and poloidal field components from equilibrium reconsruc-

tion is only �0.3% smaller than r=RO. However, for NSTX

as in the shape of Fig. 1, eB is 14% smaller than r=RO. In this

paper, for both devices, e will always be evaluated from eB,

not r=RO, for each case, using the EFIT MHD equilibrium

reconstruction that includes radial profiles of the local mag-

netic field pitch by the motional Stark effect (MSE) diagnos-

tic. The sub B will now be dropped for convenience.

The destabilizing bootstrap current drive term in Eq.

(2.1) is e1=2ðrLq=LpewÞbhe where Lpe ¼ �pe=ðdpe=dRÞ at the

outboard midplane q ¼ m=n and bhe � 2lope=Bh
2 is the local

electron beta polodial. Now this form for the bootstrap drive

term is simplified for empirical analysis; the electron pressure

is assumed to dominate the bootstrap current while it is known

that different elements from electron density, electron temper-

ature, and ion temperature gradients contribute.2 Additionally,

with a trapped fraction proportional to
ffiffi
e
p

, a better constant of

FIG. 1. Comparison of cross-sections of discharges run for these experi-

ments in DIII-D and NSTX.
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proportionality more valid for arbitrary aspect ratio occurs to

leading order in
ffiffi
e
p

of ½2:3
ffiffi
e
p
=ð1þ 2:3

ffiffi
e
p
Þ�.9 We have sim-

plified this as
ffiffi
e
p

in Eq. (2.1) for in the relevant range,ffiffi
e
p
¼ 0:4 � 0:6, the bracket ½2:3=ð1þ 2:3

ffiffi
e
p
Þ� is weakly

varying near a value of one. Shaping effects and other choices

for the bootstrap dependence on kinetics could be lumped into

a “free” constant to be experimentally fitted.22

To leading order in e, keeping the form in the bracket []

above, the ratio of the resistive interchange parameter8 DR

� �ðq2 � 1ÞLq
2b=rLp to the simplified dimensionless

neoclassical bootstrap drive9 Dnc ¼ ½2:3
ffiffi
e
p
=ð1þ 2:3

ffiffi
e
p
Þ�

ðLq=LpeÞbhe is

DR

Dnc
� �ðq2 � 1ÞLq

2b=rLp

2:3
ffiffi
e
p
ð1þ 2:3

ffiffi
e
p
Þ�1Lqbhe=Lpe

: (2.2)

Note that both DR and the Dnc terms in Eq. (2.1) scale as

w�1 and thus this dependence cancels in the ratio Eq. (2.2).

Both the numerator and denominator scale linearly with

beta, but with different forms. As b=bhe ¼ ðBh=BTÞ2ð1þ Ti

Te
Þ,

we can use q � eðBT=BhÞð1þ j2Þ=2 with Ti � Te and Lp

� Lpe to get a ratio from Eq. (2.2) based on geometry only;

here, j is the elongation of the rational surface and we

neglect flux surface triangularily as yet a higher order effect,

DR

Dnc
� �ðq

2 � 1Þ
q2

Lq

r

� �
ð1þ j2Þ

4:6

2

e1=2ð1þ 2:3
ffiffi
e
p
Þ: (2.3)

This scales as e3=2 for 2:3
ffiffi
e
p
� 1, which is often

assumed, but not rigorous and becomes proportional to e2 for

2:3
ffiffi
e
p

> 1. For evaluation at the rational surface q ¼ 2,

Lq=r � 1=2, and j �
ffiffiffi
3
p

, DR=Dnc � �1:3 e3=2ð1þ 2:3
ffiffi
e
p
Þ,

which is relatively small ð� �0:2Þ for e ¼ 1=5 (DIII-D) and

significant ð� �0:6Þ, for e ¼ 1=3 (NSTX).

Finally, all of the small island stabilizing effects are

lumped together as wsmall. The bracket has the limit of w�1 for

large island widths, so that only the primary destabilizing heli-

cally perturbed bootstrap current effect is retained. The factor

3 in the Eq. (2.1) bracket allows for the bootstrap term with the

small island effects to be maximum at w ¼ wsmall, i.e., the

destabilizing term decreases with smaller island width. Experi-

mental situations are to be described in which a “marginal”

condition is accessed in which the metastable space

(dw=dt > 0 for some finite range in w) is just removed. The

“broken out” form (times w) of the bracket in Eq. (2.1) with the

individual small island physics effects (all of which co-exist) is

1� w2
small

3w2

� �
¼ dw2

w2 þ 28w2
bi

þ w2

w2 þ w2
d

� w2
pol

3w2

� �
: (2.4)

The first effect in the right-hand side represents the reduc-

tion of the “ion drive,” which contributes d in addition to

the electron drive [d � 2=3 for example, if Ti � Te and

rTi � rTe, flat ne, per Refs. 2, 19, and 33]. Here, wbi ¼
e1=2qhi is the ion banana width with qhi ¼ ð2mikbTi=
e2B2

hÞ
1=2

the poloidal ion gyroradius. For w.wbi, the

assumption of islands larger than the ion banana width

breaks down and the factor 28 is from an analytic (numeri-

cal) fit to account for this.19 For marginal island widths of

2 � 3 wbi (as in these experiments to be presented later),

the analytic factor 28 makes for a reduction of d to 1=8 �
1=4 of its large island value; this suggests that the contribu-

tion of the ions to the bootstrap drive can indeed be

neglected as the effective d becomes �1. Only large islands

with w >
ffiffiffiffiffi
28
p

wbi would have this contribution in effect,

something which could be combined with the Sauter coeffi-

cients for the equilibrium based analysis in future work.

The electron transport threshold in Eq. (2.4) is charac-

terized by a width wd within which transport perpendicular

to w can wash out the electron drive;12–15 however, note that

while wd ¼ ðe1=2qhiÞ, it does not scale with e1=2qhi. The

form with wd in Eq. (2.4), w2=ðw2 þ wd
2Þ has a “soft” grad-

ual turn off with increasing w. For marginal islands in this

work found to have w2 much larger than estimates of wd
2,

one can expand, so that w2=ðw2 þ wd
2Þ � 1� wd

2=w2.

Effectively, 3wd
2 is added in practice to w2

pol in Eq. (2.4),

so that w2
small � w2

pol þ 3w2
d includes both transport and ion

polarization current effects (discussed next) with the d term

taken as �1 (previously discussed).

Finally, the last term in the RHS of Eq. (2.4) is from ion

polarization currents, which arise because of inertial effects

in an island and are stabilizing for island propagation (in the

plasma frame of flow) between zero and the ion diamagnetic

drift frequency.16–18 The theory of the effect of the induced

helical polarization current by the island on the island itself

has evolved considerably as discussed in Sec. III E of Ref. 6.

The characteristic island to represent the strength of this

effect is given by wpol � ð0 � 3Þe1=2qhi depending on the

island flow magnitude and sign and on collisionality.

All of these three small island effects in Eq. (2.4) can

co-exist and be cumulative and are hard to sort out. The

lumped form on the LHS in Eq. (2.4) has the advantage of a

“harder” break in dw/dt as beta and w are reduced, to be

discussed, than that of a form w2=ðw2 þ w2
smallÞ; this was

contrasted previously in Refs. 20 and 25 for example.

III. EXPERIMENTS IN DIII-D AND NSTX

The experimental procedure in each device is: (1) raise

beta in a high confinement H-mode to excite an m=n ¼ 2=1

mode, (2) “slowly” reduce neutral beam injection (NBI)

power and thus beta, (3) stay in H-mode as power is reduced,

(4) avoid the rotating n ¼ 1 mode locking to the resistive

wall as torque is reduced with less NBI, and (5) reach the

marginal point for self-stabilization, i.e., removal of the met-

astable parameter space. DIII-D and NSTX cross-sections

are shown in Fig. 1. By comparing NTM behavior in these

devices, the effects of aspect ratio over a range of almost two

can be studied. Both devices are run with near balanced dou-

ble null divertor shapes of similar minor radius

ða � 0:60 mÞ, elongation ðj � 2Þ triangularity (du � 0:4 and

d‘ � 0:7) and cross sectional area ð�2 m2Þ.

A. DIII-D

DIII D was run with plasma current Ip¼ 0.8 MA and

axial toroidal field BT0 ¼ 1:3 or 2.0 T, so as to vary the safety

factor at the 95% flux surface from q95 ¼ 4:3 to 6.9. The

plasma current in DIII-D was chosen at a lower than usual

062506-3 La Haye et al. Phys. Plasmas 19, 062506 (2012)
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value to be close to that of NSTX and to have similar q95 as

at the standard 2.0 T value of DIII-D toroidal field. The lower

1.3 T value of DIII-D BT0 was also run to allow examination

of the conditions at the usual lower q95 � 4 DIII-D opera-

tion. DIII-D had to use gas puffing to stay in H-mode, other-

wise, an H to L transition occurred and beta rapidly

collapsed and profiles changed quickly. Spectrograms for

Mirnov modes showing onset, decay, and stabilization are

given in Fig. 2(a) for DIII-D.

DIII-D exhibits large hysteresis in beta between n ¼ 1

NTM excitation and the marginal point for self-stabilization.

This is shown in Fig. 3 for a discharge in which only the

m=n ¼ 2=1 mode is excited (the excitation of an NTM meta-

stable state by a seed island is discussed in Sec. V). A signa-

ture of an NTM is that the Mirnov amplitude j ~Bhj measured

by an outboard midplane wall array is proportional to the

square of global bh for large island width and profiles nearly

constant. Thus, a multiplier of bh
2 is plotted versus time to

exactly overlay at the start of the NBI rampdown. These

track well together until deviation comes after 3.0 s (small

island effects become significant) and stabilization starts at

the marginal point (small island effects dominate). The self-

stabilization period is blown up in Fig. 3(b). The transition

from a slowly decaying n ¼ 1 Mirnov amplitude to a rapid

decay, to complete stability is fairly sharp.

The analysis in Secs. IV and V relies on measuring the

full width of the marginal island on the outboard midplane. In

DIII-D, this is evaluated from the external poloidal magnetic

field probe (Mirnov) toroidal array and the MSE EFIT with a

calibration for the geometry (shaping, toroidicity, etc.) by

benchmarking to the radial profile of electron cyclotron emis-

sion (ECE) at the mode frequency; this is done for “fat” satu-

rated islands before NBI ramp-down to get better resolution.29

Islands “short circuit” the pressure (as well as ne, Te, and Ti)

gradients across the island unless cross-field transport domi-

nates and washes out this effect. As a result, flat spots (no gra-

dients) appear across the island O-points; this results in the

characteristic Te radial perturbation for direct island width

measure. However, ECE radial resolution is too coarse for

small island width accuracy. Thus, one calibrates large island

width magnetics by ECE to determine small island widths by

magnetics. The perturbed radial field j ~Brj at q ¼ m=n is found

from j ~Brj � 0:5j ~Bhj½ðRMirnov � RoÞ=r�mþ1
where RMirnov is

the major radius of the magnetic probe array. The island width

is found from w � CECEð16LqRoj ~Brj=nBTOÞ1=2
. There are

three separate cases in DIII-D: m/n¼ 2/1 in discharges with

q95 ¼ 4:3, m=n ¼ 3=1 with q95 ¼ 7:2, and m/n¼ 2/1 with

q95 ¼ 6:9. The separate systematic correction factors with

uncertainty due to ECE channel spacing are found to be

CECE ¼ 0:67 6 0:24, 0:68 6 0:21, and 0:74 6 0:19, respec-

tively. They apply equally to each separate case, i.e., are a

constant equally multiplying each analyzed island width.

These factors are used to get wmarg down to . 2 cm where

ECE channel spacing would make determination much more

uncertain.

B. NSTX

The NSTX parameters are standard for reliable H-mode

operation. NSTX has Ip ¼ 0:9 MA and BT0 ¼ 0:44 T for

FIG. 2. (a) Spectrogram of Mirnov activity |d ~Bh=dt| contours versus time for DIII-D at the higher q95 in which both m ¼ 3=1 and 2=1 modes were excited. As

beta is ramped down (not shown), the initially locked modes break free, the 3=1 mode stabilizes, and then the 2=1 mode stabilizes (but after an H ! L transi-

tion so the 2=1 marginal island data are not used.) CER measures of CVI toroidal rotation at chords closest to q ¼ 2 and 3 are superimposed. (b) Same for

NSTX with 2=1 mode only and superimposed CHERS rotation both on axis and fitted to the q ¼ 2 location from MSE EFIT; the q ¼ 2 CHERS rotation is

close to the n ¼ 1 Mirnov frequency.
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FIG. 3. (a) 3:4� bh
2 and n ¼ 1 | ~Bh | in DIII-D versus time for a single

m=n ¼ 2=1 excited mode. The start of the NBI power rampdown is noted,

which lowers the global bh. (b) Blowup of | ~Bh | vs. t in the self-stabilization.

The marginal point is noted.
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q95 ¼ 8:0: NSTX developed a reproducible n ¼ 1 onset con-

dition using modest Li evaporation and mode locking was

avoided by using both n ¼ 1 and n ¼ 3 error field correction

(DIII-D used just standard n ¼ 1 error field correction). Spec-

trograms for Mirnov modes showing onset, decay, and stabi-

lization are given in Fig. 2(b) for NSTX. NSTX exhibits little

hysteresis between n ¼ 1 NTM excitation (discussed in Sec.

V) and the marginal point for self-stabilization. This is shown

in Fig. 4 for the m=n ¼ 2=1 mode, which saturates and is

here closely followed by a single step down of NBI power (to

2/3 the initial value); the mode wanes somewhat, then stabil-

izes. NSTX, without ECE, has the best radial resolution from

Ti measurement. Here, NSTX has just the m=n ¼ 2=1 case

with q95 ¼ 8:0. The “fat” island flat spot in Ti is evaluated

from the CHERS (charge exchange recombination spectros-

copy and charge exchange recombination (CER) in DIII-D)

diagnostic of the radial profile of impurity ion temperature,

which has better radial spatial resolution than that of the

Thomson diagnostic of the Te profile; Thomson measured ne

profile being flat in H-mode is even less useful. The island

widths wsat for each discharge in NSTX are evaluated from Ti

flat spots and scaled modestly down to the marginal point (as

there is little hysteresis) to wmarg ¼ wsat ð ~Bh;marg=~Bh;satÞ1=2
as

EFITs indicate little change in q profiles during the modest

decrease in beta from saturation to marginality. The CHERS

spacing sets an estimated uncertainty in the coefficient of pro-

portionality of 623%, which is somewhat less than the rela-

tive uncertainty in DIII-D by ECE channel spacing. Note also

that in NSTX, the estimated uncertainty in island width is not

a systematic factor.

IV. MARGINAL ISLAND WIDTH SCALING

An NTM stabilizes when dw=dt ¼ 0 at w ¼ wmarg and

dw=dt < 0 for all other w; the metastable parameter space is

removed at slightly lower beta and the mode is then com-

pletely stable. The measure of the marginal island width

gives information on the small island stabilizing physics,

that in part, along with the seed island physics, governs

onset. If the effective wsmall is larger, an NTM is harder to

excite, i.e., requires a larger seed from another MHD event,

or needs beta to be raised to expand the dw=dt > 0 space

making seeding easier. Once the NTM is excited and sus-

tained by a balance of effects, the marginal point gives a

measure of small island effects without the complications

from mixing in seeding. In this paper, we want to measure

how the small island effects depend on aspect ratio.

A. DIII-D

The marginal island width for m=n ¼ 3=2 modes in typi-

cal “high” aspect ratio tokamaks was previously found to be

about twice the ion banana width in a multi-machine (ASDEX

Upgrade, DIII-D, JET, and JT-60U) q95 � 4 � 5 database.32

The factor two was consistent with cases using either beta

rampdown (in Ref. 25) or with beta maintained at a high level,

but electron cyclotron current drive (ECCD) at q ¼ 3=2 used

to shrink the island width to reach marginality. The DIII-D

m=n ¼ 3=2 data with beta rampdown (not with ECCD) are

now reanalyzed for this paper. This allows putting the previ-

ously published n ¼ 2 DIII-D data in context with that from

NSTX and DIII-D for n ¼ 1 modes. The DIII-D shaping used

for Ref. 32 compared to that in this DIII-D/NSTX paper was

with lower R=a ¼ 3:2, a little higher q95 ¼ 4:6, and

CECE ¼ 0:71 6 0:18. The reanalyzed DIII-D 3/2 data of wmarg

are well correlated with ð2:4 6 0:3Þe1=2qhi with linear correla-

tion r ¼ 0:75 whether the fit is forced through zero at the ori-

gin or not. Note that the EFIT is used to locate q and the

outboard midplane value of Bh there (as well as the values of

Bh and BT both inboard and outboard for e); CER is used to

get Ti at the q-location. The one sigma fitting uncertainty

(only 40% of the systematic uncertainty) puts the lower range

of the ratio at just above 2 for DIII-D data only. The empirical

factor of 2 for the multi-device high aspect ratio m=n ¼ 3=2

marginal island is what we want to compare to in the present

DIII-D/NSTX paper.

The new n ¼ 1 data from DIII-D for full marginal island

width at the outboard midplane versus ion banana width is

shown in Fig. 5. The three separate n ¼ 1 DIII-D cases do

not individually have enough data to separately correlate.

B. NSTX

The NSTX data for full marginal island width at the out-

board midplane versus ion banana width are also shown in

Fig. 5. The NSTX data alone have a ratio of 3:0 6 0:4 of the

ion banana width whether forced through zero at the origin

or not with a nice linear correlation of 0.88. The one sigma

fitting uncertainty is about 60% of the uncertainty estimated

from CHERS spacing (which is not systematic).

C. Comparison of DIII-D to NSTX

Two of the three n ¼ 1 DIII-D cases in Figure 5 overlap

the NSTX data, while a third case in which q ¼ 2=1 is closer

to the magnetic axis, has a lower ratio of 1:8 6 0:1 for the

three data points. Error bars for an NSTX case and two dif-

ferent 2/1 DIII-D cases to be analyzed in more detail later in

this paper are included in Fig. 5. The ratio of the marginal

FIG. 4. Same as Fig. 3 but for the NSTX m=n ¼ 2=1 mode. The multiplier

on bh
2 global is adjusted to match n ¼ 1 | ~Bh | at the start of NBI reduction.
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island width to the ion banana width is well correlated with

e1=2 as shown in Fig. 6. However, the range in e1=2 is only

from 0.4 to 0.6. Error bars for the three study cases are again

included. That the empirical m ¼ 2 or 3, n ¼ 1 marginal

island width with respect to the ion banana width increases

with inverse aspect ratio from �2 to �3 is consistent with

the previous high aspect ratio m ¼ 3 and n ¼ 2 scaling

value.

D. Comparison of experiment with theory

The two physics mechanisms which could be the source

of the marginal islands observed are that from cross-field

transport “washing out” the helically perturbed bootstrap

current drive and/or the stabilizing island-induced helical

polarization currents due to finite island flow in the plasma

frame.

Detailed evaluation of selected m=n ¼ 2=1 cases from

both high and low q95 DIII-D and from NSTX has been car-

ried out as to the dominant (if any) effect in wmarg; these are

the same three cases analyzed by NIMROD to be discussed

in Sec. VI. These cases are 134020 for NSTX as in Fig. 4,

133577 for DIII-D, and 135861 for DIII-D as in Fig. 3. The

values of e1=2 at q ¼ 2 are 0.567, 0.478, and 0.402, respec-

tively. Parameters are given in Table I.

Using cross-field transport v? as gyroBohm and colli-

sional parallel ion transport vjj, the values of wd are too small

to account for wmarg. The characteristic island size12–15 is

wd � ðLs=khÞ1=2=ðv?=vjjÞ1=4
with Ls ¼ qLq=e the parallel

magnetic shear length, kh ¼ m=r the poloidal wave number,

and v? � �iqhi
2 the gyroBohm cross-field transport39 with vi

the ion collisionality ½�i ¼ 5:09� 10�7neðcm�3ÞTiðevÞ�3=2�.
If the ion mean free path ki ¼ Vi=�i, ½Vi ¼ ð2kBTi=miÞ1=2�
is less than the parallel island correlation length

kjj ¼ 4pLs=khwmarg, then v
jj
� Vi

2=�i. Note that one must say

here that the entire “wd” theory breaks down for island widths

which are not many radial step sizes (�qhi for gyroBohm)

for cross-field diffusive transport; this is a theoretical issue

that needs to be addressed.

The characteristic ion polarization island width wpol

scales naturally as e1=2qhi but depends on both the collision-

ality regime16–18 [ð�i=eÞ=x], and the net island rotation x in

the frame rotating with the plasma. Here, the normalized col-

lisionality is the ratio of the ion collision frequency (divided

by the trapped ion fraction) to x, and x is evaluated

with respect to x	i the ion diamagnetic drift frequency in the

Er � B ¼ 0 frame of the rotating plasma.18 The diamagnetic

drift frequency for species j is xj ¼ nkBTj(dpj=dw=ejpj)

where the gradient in pressure pj is with respect to the poloi-

dal flux (profile from EFIT). With |x	e |, the magnitude of the

electron diamagnetic drift frequency, the values of

ð�i=eÞ=jx	e j for the cases analyzed cluster around unity as

given in Table I. Values of |x	e | instead of x are used for

evaluating collisionality as the values of x=x	i (with error

bars) cluster around zero; a zero value implies no ion polar-

ization current, as there is no island rotation in the plasma

frame and so no polarization current is induced. An effective

wpol only occurs theoretically for values of x=x	i between

0 and 1. Negative values are problematic as theory “breaks

down.” Previous DIII-D evaluations found x=x	i ¼ (1) at

low collisionality.18 Here as in Ref. 18, MSE EFIT is used to

find the location of q ¼ 2. CER or CHERS is used to get the

+σ

-σ

lin corr
= 0.72

wmarg

ε1/2 ρθi

4

3

2

1

0
0.00 0.25

ε1/2 at q= m/n
0.50 0.75

135861

134020

133577

2/1 NSTX q ~8

2/1 DIII-D q95

95

95

95

~7

2/1 DIII-D q ~4

3/1 DIII-D q ~7

FIG. 6. Ratio of the marginal island width to the ion banana width versus

square root of the “inverse aspect ratio” (from total B). The linear correla-

tion is 0.72 and the one sigma uncertainties in the fit are added.

TABLE I. Evaluation of sources of small island effects at the marginal point

for m/n¼ 2/1.

NSTX #134020 DIII-D #133577 DIII-D #135861

e1=2 0.567 0.478 0.402

wmargðcmÞ 3.42 2.76 1.71

wbi ¼ e1=2qhi 1.40 0.89 0.99

wdðcmÞ 1.07 1.03 0.82

ðvi=eÞ=jx	e j 0.84 2.73 1.09

x=x	i 0.23 6 0.37 �0.20 6 0.38 �0.07 6 0.30

(3Lq=Lpe)1/2wbi 3.01 1.52 (4.60)a 2.16

aHigh collisionality is enhanced by e�3=4.

FIG. 5. Full marginal island width at outboard midplane q ¼ m=n versus

local ion banana width. NSTX and two of three DIII-D cases have a ratio of

about 3 while the one of three DIII-D cases that is closer to the magnetic

axis (smaller local inverse aspect ratio magnetic field variation) is closer to a

ratio of 2.
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plasma frame Er � B rotation from toroidal rotation corrected

by the rpi term (a small effect) but the poloidal rotation is

taken as zero [due to strong poloidal flow damping, particu-

larly in NSTX, but indeed a very small effect in Ref. 18 where

it was included]. Taking the low collisionality regime

½ð�i=eÞ=jx	e j � 1� and evaluating for an assumed stabilizing

island flow, wpol � ð3Lq=LpeÞ1=2wbi and is given in Table I.

The first and third cases have reasonable agreement with

wmarg, but the second case with both higher collisionality and

possibly negative propagation does not. Allowing for a higher

collisionality regime theoretically enhances wpol by e�3=4.16,18

This is also given in Table I for case 2 which has a collisional-

ity higher than unity. The measured value of wmarg falls

between the low and high collisionality values. However, it is

again noted that rotation is (within error bars) close to zero or

somewhat negative, which should theoretically negate the ion

polarization current effect.

A theoretically consistent explanation of the empirical

marginal island scaling remains elusive. The transport

model, even if theoretical inconsistencies are neglected, does

not yield large enough values or have the correct scaling

with ion banana width. The polarization model is consistent

with the size, scaling, and effect of collisionality but island

flow in the plasma frame is measured to be inconsistent

with a stabilizing effect. When the curvature and bootstrap

terms are comparable, as at low aspect ratio for example,

the measure of wmarg is not necessarily wsmall. This is

addressed later in evaluating the MRE from excitation of an

island, to saturation, to the marginal point where stabilization

occurs.

V. MRE BALANCE AS A METHOD TO EVALUATE THE
IMPORTANCE OF THE CURVATURE EFFECT

The DIII-D and NSTX cases at the marginal point are

balanced with the destabilizing helically perturbed bootstrap

current (including the small island effects lumped together as

wsmall in Eq. (2.1)) just cancelled by the stabilizing sum of the

classical tearing parameter (assumed stabilizing, i.e., nega-

tive, and possibly non-linear, i.e., having a dependence on w)

and by the good magnetic field curvature term (the GGJ

effect). In this section, we wish to evaluate the relative impor-

tance of the curvature term with aspect ratio. The form of Eq.

(2.1) with 1:22�1sRðdw=dtÞ=r � 0 is used here, while we fol-

low up in Sec. VI with the equivalent koðdw=dtÞ=g	 � 0 of

Eq. (6.1) for full shaped geometry. Any situation in which an

island width is stationary in time, is, i.e., “saturated” or

slowly evolving [so that 1:22�1sRðdw=dtÞ=r on the LHS of

Eq. (2.1) is “small”] could be used to evaluate terms in this

balance. This work makes use of the slow (NSTX) or very

slow (DIII-D) decrease of island widths leading to the mar-

ginal point and self-stabilization. As a check, the NSTX case

#134020 of Fig. 4 is evaluated as to how big

1:22�1ðsR=rÞdw=dt is. The resistive diffusion of flux within

the q ¼ m=n surface is sR � loZef f
�1f ðeÞrspTe

3=2r2 with

lo ¼ 4p� 10�7 the permeability of free space, rsp the Spit-

zer conductivity coefficient [explicitly calling out the Zef f

and trapped electron correction f ðeÞ dependencies],1,40,41 and

r the minor radius of the flux surface as previously described.

The effect of electron trapping reduces conductivity by a fac-

tor f ðeÞ � ð1� 1:80
ffiffi
e
p
þ 0:80eÞ�1

, which is here � 0:21.42

Using rsp¼1278(sm�1H�1eV�3=2), Te¼429 eV, r¼0:356 m,

and Zef f ¼ 2 with f ðeÞ ¼ 0:21 yields 1:22�1sRðdw=dtÞ=r
� �0:09 (with sR ¼ 0:21 s), which is indeed “slow” and

small compared to the bootstrap term in the RHS of Eq. (2.1)

evaluated from measured quantities (which is discussed

next). Note that the first use of this sR in the MRE for evolu-

tion of an NTM was made in TFTR taking an older simpler

(but comparably quantitative) model of the neoclassical resis-

tivity correction.43

All DIII-D and NSTX cases are evaluated at the mar-

ginal point using Eq. (2.1) with the bracket set to

2=ð3wmargÞ. This assumes that the variations with w in D0r
and with w in the curvature term / w�1 are both small with

respect to the bootstrap term / w�1. This is justifiable for

D0r � Co � C1w (with Co and C1 constants) at small island

sizes and at high aspect ratio if the curvature term is rela-

tively small compared to the bootstrap term. In this case, the

most unstable w is at wmarg � wsmall.

The inferred sum of the D0 and curvature terms versus

safety factor q95 is shown in Fig. 7. Error bars are for the

three study cases previously mentioned. These error bars are

predominantly from evaluating island width and from fitting

the electron pressure gradient scale length.) The m=n ¼ 2=1

mode in DIII-D shows greater classical stability at larger q95.

This is unsurprising as low beta experiments at lower q95

much below 3 inevitably induce 2/1 tearing as current pro-

files become unstable.44 However, surprisingly, the m=n ¼
3=1 mode in DIII-D is interpreted to be less classically stable

at its marginal point than the 2/1 mode at its marginal point

at the same high q95. As seen in Fig. 2(a), the differentially

rotating (from 2/1) 3/1 mode stabilizes earlier in the beta

rampdown. If one expects �D0r to be of order 2 m or less,38

FIG. 7. Sum of the D0 and GGJ terms (from balance with the helically

perturbed bootstrap term evaluated at the marginal point) versus safety

factor q95.
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the m ¼ 3 mode would be classically more stable. However,

in Fig. 2(a), one can see that it is stabilized while the m ¼ 2

mode at the same time and beta remains non-linearly desta-

bilized. A principal difference between the early 3/1 stabili-

zation and the late 2/1 stabilization (both at q95 � 7 ELMing

H-mode) is the 2.5 times higher beta at the earlier 3/1 mar-

ginal time.

In contrast to DIII-D, the NSTX 2/1 data at the marginal

point, all at about the same q95, show a wide variation in Fig.

7. A hidden variable is clearly indicated. We look for this in

plotting the inferred sum of the D0r and curvature terms from

the MRE balance versus the variation of the form of the cur-

vature term alone in Fig. 8, where the curvature term on the

horizontal axis is calculated from EFIT equilibria and the

CER/CHERS and Thomson data. Error bars are again noted

for the three study cases with the curvature term uncertainty

dominated by both evaluating island width and the fitting of

the total pressure gradient scale length. There is a good cor-

relation for NSTX with the computed curvature parameter

rDR=w with linear correlation of 0.88. The uncertainty of the

multiple data point fit is about half of the uncertainty esti-

mated for a single data point. Again, lacking a reliable inde-

pendent calculation (or measure) of the non-linear D0 term,

one cannot subtract it from the sum to get a residual alone

that constitutes the curvature term, which in turn, could be

compared to theory. However, this NSTX linear fit does give

us two fitted numbers which, if D0r and CR are the same for

all the data points allow us to back out both values. The lin-

ear fit (not forced through zero) extrapolates to about 0 at

rDR=w ¼ 0. This suggests that D0r � 0:0 6 0:4 to the one

sigma of the fit and that the curvature term with CR

� 1:060:13 is thus the dominant stabilizing effect that bal-

ances the helically perturbed bootstrap term (with small

island effects). This explains the relatively small hysteresis

in beta in NSTX between the saturated balance before NBI

stepdown and the marginal point shortly after stepdown; if

the curvature term / b and the bootstrap term / bhe scale

together and are delicately balanced, with D0r “small,” there

is little difference between these two operating points. In

contrast to NSTX, the curvature parameter in DIII-D for all

three cases is much smaller as also seen in Fig. 8. Thus, the

stabilizing term in DIII-D is dominated by negative D0r and

a large hysteresis in beta occurs.

The MRE fit for DIII-D is shown in Fig. 9 for the

m=n ¼ 2=1 case #135861. The marginal data point is fitted

with the curvature neglected and labeled global bh ¼ 0:45. As

_w ¼ 0, the Y-axis value is 0, independent of the value of sR

estimated. Then using the same D0 and profiles, the marginal

point is projected back in time to the start of the NBI ramp

down which has bh ¼ 2:22 (and wsmall / Ti
1/2/ bh

1/2 is

increased). Again, as _w ¼ 0, the Y-axis value is 0 independent

of sR. There is good agreement between the measured high

beta saturated island and the value estimated from the zero

crossing of the high beta curve (11.6 vs. 12.2 cm) in Fig. 9.

Finally, it is noted that an m=n ¼ 1=1 fishbone chirping down

in frequency (with m61 ¼ 161 including m ¼ 2 sideband) is

the seed (at a value of bh ¼ 2:24) that grows to saturation.

This point (w � 5:9 cm measured at 160 cm/s) is added in

Figure 9 to the MRE curve for high beta and is consistent

with the MRE fit for sR � 0:35 s. The resulting calculated

value of sR � l0Zef f
�1f ðeÞrspTe

3=2r2 from resistive diffusion

within the island rational surface for Zef f ¼ 2, Te ¼ 2450 eV,

and r ¼ 0:30 m, is about 3.6 s or 10 times longer than that

from fitting in Figure 9. Trapped electrons do not contribute

to the diffusive current and effectively decrease the Spitzer

conductivity by a factor f ðeÞ ¼ ð1� 1:80
ffiffi
e
p
þ 0:80eÞ; this is

about 0.41 times and is included. Because of the large

FIG. 8. Same as Fig. 7 but inferred sum of the stabilizing terms plotted ver-

sus the independently calculated curvature parameter. The linear fit for

NSTX and the 61r certainties are overlaid.

FIG. 9. Evaluation of the MRE for DIII-D m=n ¼ 2=1 case of #135861

from Fig. 3. Fitting at the marginal point with the DR term neglected. The

same fitting parameters are used for the saturated mode at the start of the

NBI ramp at higher beta (except wsmall / bh
1=2 assumed). And in red, the

initially growing island width seeded by a fishbone (at similar beta to the

start of the ramp) is noted.
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hysteresis in DIII-D, if at high beta when the NTM is scaled,

D
0
r is less negative (less stability), the inferred sR would be

longer.

Turning to NSTX, note that with both the D
0

term and

wsmall effects neglected, MRE solutions of the form of Eq.

(2.1) with _w ¼ 0 do not exist. The balance would then have

0 ¼ CRrDR=wþ e1=2rðLq=LpeÞbhe=w which with DR / b and

b / bhe has no solution for w. Even with the wsmall effect

retained, it is possible to show that there are no solutions

of equation (2.1) with D0 � 0 that allow _w ¼ 0 at wmarg and

_w < 0 at all other w, the form of the MRE we seek to match

to experiment. Furthermore, retaining the curvature term

/ w�1 (but still neglecting any dependence of D
0
on w) shifts,

the value of wmarg from exactly equal to wsmall to a larger

value,

w2
marg

w2
small
¼ e1=2rðLq=LpeÞbhe

CRrDR þ e1=2rðLq=LpeÞbhe

> 1; (5.1)

noting CRrDR is negative and e1=2ðrLq=LpeÞbhe is positive

and again assuming D0r 6¼ D0rðwÞ. Operationally, in NSTX,

it was actually difficult to routinely strike an m=m ¼ 2=1

mode every shot with the available beam power; thus only

these seven discharges are available for analysis in which the

mode is excited, and stays in H-mode without wall-locking

as beam power is stepped down, and stabilizes. The behavior

is thus consistent with the requirement for a positive D0 to es-

tablish a metastable space ( _w > 0 for some range in w) to be

seeded; which then falls back to D0 < 0 with the mode stabi-

lizing as beta is reduced. In contrast, in virtually every DIII-

D discharge, it was easy to produce the m=m ¼ 2=1 mode

but at much higher beta than for self-stabilization.

Fitting an MRE to the NSTX marginal point and to the

slightly larger saturated island at the NBI stepdown (at

slightly higher bh) constrains the curvature term, the D0r term

and the relation of wmarg to wsmall. The MRE fit for NSTX is

shown in Fig. 10 for the m=n ¼ 2=1 case # 134020. The cur-

vature term is about 5 times as stabilizing as the D0r term and

the small island effect parameterization wsmall is about half of

the marginal island width [which increases the effective boot-

strap term at the marginal point by (2/3)/(11/12)� 11/8]. Note

how close the start of NBI reduction and the marginal point

curves are in Fig. 10, which denotes the little hysteresis

between saturation and stabilization. NSTX discharge

#134020 has the m=n ¼ 2=1 mode seeded by an edge local-

ized mode (ELM) at bh ¼ 0:84 and an initially growing island

of about 2.1 cm at a rate of about 42 cm/s and minor radius

r � 36 cm. To modify the MRE to allow growth to saturation

(at wsat � 4:2 cm), an initially positive D0ðD0r > 0Þ must be

invoked which goes through zero and then becomes negative

as the island grows. The physics in a D
0
r of form Co � C1w

arises from matching outer solutions across the island width

rather than for w � 0, the much narrower tearing layer.38

Such an NTM mechanism has been observed in Tokamak à

Configuration Variable (TCV).31 This is the red seeding MRE

curve in Fig. 10. The value of _w=r at wseed in Figure 10 yields a

sR of about 84 ms. This is about two fifths of the value from

resistive diffusion within the rational surface of sR � 210 ms,

previously discussed. Again, as in DIII-D, the fitted sR from ini-

tial mode growth after seeding is less (or in DIII-D, well less)

than that computed from Spitzer resistivity, which includes a

trapping correction and a reasonable estimate of Zef f .

VI. NIMROD CODE MODULE DIAGNOSTIC
CALCULATIONS

The relative importance of the stabilizing curvature in

full shaped geometry can be confirmed by diagnostic mod-

ules in the NIMROD resistive MHD stability code.45 MHD

equilibrium reconstructions with MSE for the cases of Table

I are used as inputs: these include kinetic fits of ne and Te

profiles from Thomson scattering and of Ti profiles from

CER or CHERS. Flux surface averaging is done on the origi-

nal equilibrium in a separate part of the code, the module

“fluxgrid,” and is not looking at the time advance of the

fields; this allows calculation of the geometry without doing

a time dependent initial value simulation.46 NIMROD calcu-

lates the effective m=n ¼ 2=1 mode bootstrap drive coeffi-

cient Dnc in full shaped geometry using the simplified

“1� 1” approximation of Ref. 10; this calculates the boot-

strap drive from the electron pressure only and is very close

to what was here done analytically as described in Sec. II.

NIMROD also calculates the resistive interchange stability

parameter DR in the full shaped geometry. The stability coef-

ficients that NIMROD is calculating here are also defined in

terms of an MRE. This is also laid out in terms that are

equivalent to those of the MRE of Eq. (2.1) (which is itself

based on analysis on the outboard midplane). The dimen-

sionless form of the MRE in NIMROD is taken as9,46

k0

g	
dw

dt
¼ D	 þ DR

w

� �
þ Dnc

w
þ Dpol

w3

� �
; (6.1)

where w is the full island width in normalized flux space, g	

is the resistive diffusion coefficient in flux space, k0 is a

FIG. 10. Evaluation of the MRE for NSTX m=n ¼ 2=1 case #134020 from

Fig. 4. Fitting at the marginal point is dominated in stabilization by the cur-

vature term ðCRrDR=w ¼ �3:07Þ but with a negative D0ðD0r ¼ �0:62Þ
retained. The wsmall parameter is reduced to 0.48 wmarg. The curves (black/

brown) for “b reduced” have fixed D0r ¼ �0:62, and the curve (red) for

“seeding by ELM” has D0r ¼ 0:62� 0:30w. The label “b reduced” (green)

shows the period from the start of the reduction in NBI power to the mar-

ginal point.
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constant, and Dpol allows an explicit small island stabiliza-

tion to be included. Again, note that in this paper, NIMROD

is not doing an initial value simulation, but only calculating

the terms DR and Dnc. NIMROD does not (yet) have a model

for evaluating Dpol. Further, NIMROD is not a code that can

calculate D	; this must be ported in from a code such as

PEST3, beyond the scope of this paper, as already discussed.

We have gathered the stabilizing terms in the first set of

parentheses, and the destabilizing bootstrap term opposed by

small island effects in the second set.

The NIMROD calculations are given in Table II. (These

are based on the same cases as in Table I.) The curvature pa-

rameter DR from NIMROD is actually close to the large as-

pect ratio expansion analytic formula for NSTX, but

NIMROD finds that the DR in DIII-D is 3 � 5 times a bigger

effect than that of the expansion formula, depending on the

local q-surface aspect ratio, which in turn is found to change

with q95 (see row 2 of Table II). The large aspect ratio

expansion is based on outboard midplane evaluation only

and does not take into account the strong shaping (in both

elongation and triangularity) that NIMROD does include

rigorously.

Curvature stabilization is found by NIMROD to be rela-

tively small in NSTX and to be relatively even smaller in

DIII-D as the ratio of DR=Dnc � 1. The computed ratio of

DR=Dnc decreases as e is reduced with DR=Dnc � �1:8e1:6

(see row 3 of Table II). The large aspect ratio expansion

(assuming Ti � Te, Lpe � Lp, Lq=r � 1=2, and j � 1:7)

yields an equivalent DR=Dnc � �1:3e3=2, which is close to the

NIMROD evaluation. Note that when DR=Dnc < 1ðor� 1Þ,
the curvature cannot by itself (absent other effects) obviate the

destabilizing bootstrap drive; this is discussed next.

At the marginal point, we can assume as before in Eq.

(2.1) that the effective Dpol=w3 ¼ �Dnc=3w. Then to gauge

the relative stabilizing effect of the curvature to that of D
0
,

Eq. (6.1) yields at _w ¼ 0,

DR=D
	w ¼ �1=ð1þ 2Dnc=3DRÞ (6.2)

noting Dnc is positive and DR and D	 are assumed negative.

This is also given in Table II (see row 4). For these three

m=n ¼ 2=1 cases of different e, NIMROD finds that the ratio

decreases with reduced e as 8.9 e2:2. The NSTX case

#134020 evaluated here is found by NIMROD to have a sig-

nificant but not dominant stabilizing curvature effect compa-

rable to that of a negative D0 (not directly calculated) as

previously discussed. In contrast, the MRE analysis used in

Fig. 10 at the marginal point (based on the multi-shot data fit

to NSTX in Fig. 8) has the equivalent CRDR=D
0
wmarg � 5,

i.e., dominated by the curvature term. The DIII-D cases are

found by NIMROD to be D
0
dominated (3�6 times more sta-

bilizing than the curvature term), justifying the neglecting of

DR in the fit of Fig. 9.

VII. DISCUSSION

The excitation, saturation, and self-stabilization (mar-

ginal point) of m ¼ 2 or 3, n ¼ 1 neoclassical tearing modes

in DIII-D and NSTX with very different aspect ratio allows

examination of two key pieces of physics in NTMs: (1) the

scaling of the small island effects that turn off the destabiliz-

ing bootstrap drive and (2) the relative importance of the sta-

bilizing effect of good average magnetic field curvature.

Empirically, the marginal island width is found to be

2�3 times the ion banana width, with the ratio increasing

with the square root of the local q ¼ m=n inverse aspect ra-

tio. Comparison to the transport threshold is problematic due

to uncertainty over which v? to use; the typical equilibrium

gyroBohm transport does not have a radial step size smaller

than the marginal island, thus is not diffusive. Further, wd

using gyroBohm is both too small compared to (and does not

scale as) e1=2qhi. The polarization threshold as an explanation

of the small island physics is also questionable. Theory

requires island propagation in the plasma frame to be

between zero and the ion diamagnetic drift frequency for hel-

ical polarization current to be stabilizing. However, within

experimental uncertainties, propagation is found to be zero

or slightly in the electron diamagnetic drift frequency direc-

tion. This may be due to the relatively high ion collisionality

�i=e with respect to the magnitude of the electron drift fre-

quency x	e at the marginal point ranging from . 1 . 3, a

subject for future exposition. However, including the effect

of high collisionality enhancement of the ion polarization

current and ignoring the flow yields a fair agreement of the

experimental ratio of the marginal island width to the ion ba-

nana width with polarization theory.

The evaluation of the destabilizing helically perturbed

bootstrap current with small island effects yields the sum of

the stabilizing classical tearing ðD0Þ and curvature ðDRÞ
effects. Lacking a tractable means to measure D0 directly or

reliably calculate it from an MHD equilibrium reconstruc-

tion, the sum is separated first by comparing the scaling with

a curvature parameter. The good linear correlation for NSTX

extrapolates to D0 � 0, which allows separation. Further em-

pirical analysis indicates that for DIII-D, the curvature effect

is much smaller and that negative D0 dominates the sum of

the two terms. This separation also readily explains the very

different behavior of the n ¼ 1 NTMs from onset to satura-

tion to stabilization with beta in that there is little hysteresis

in NSTX and there is large hysteresis in DIII-D. Second, the

size of and the relative importance of the curvature effect in

relation to the bootstrap drive is computed in full geometry

by the resistive MHD stability code NIMROD. The strong

e3=2 scaling predicted by the large aspect ratio approximation

of DR is confirmed by NIMROD. The MRE balance at the

marginal point in a NIMROD formalism shows that the

TABLE II. NIMROD calculation of terms in the MRE for the cases of Ta-

ble I for m/n¼ 2/1.

NSTX #134020 DIII-D #133577 DIII-D #135861

e1=2 0.567 0.478 0.402

DR �0.23 (�0.26)a �0.044 (�0.015)a �0.088 (�0.018)a

DR=Dnc �0.28 �0.18 �0.092

DR=ðD	wÞ 0.72b 0.37b 0.16b

aFrom analytic formula DR �(q2 � 1)(Lq
2=rLp)b.

bFor Dpol=w3 ¼ �Dnc=3w at the marginal point.
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curvature stabilization is relatively unimportant in the large

aspect ratio DIII-D; for NSTX, NIMROD analysis of a typi-

cal discharge suggests curvature is almost as important as a

negative D0 at the marginal point, however not dominant as

in the multi-discharge empirical analysis.

Advantages at low aspect ratio are confirmed of both a

relatively larger characteristic small island for stabilization

and the presence of a significant stabilizing curvature effect.

Both together should tend to make NTMs harder to excite. A

stabilizing curvature effect could maintain NTM stability of

an equilibrium which is even classically unstable, i.e.,

D0 > 0.
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