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Abstract

A model for field error penetration is developed that inchiden-resonant as well as the
usual resonant field error effects. The non-resonant coemisrcause a neoclassical toroidal
viscous torque that tries to keep the plasma rotating aeacanhparable to the ion diamagnetic
frequency. The new theory is used to examine resonant getdrpenetration threshold scaling
in ohmic tokamak plasmas. Compared to previous theoratisallts, the plasma is found to
be lesssusceptible to error-field penetration and locking, by adiathat depends on the non-
resonant error-field amplitude.
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1 Introduction

Efforts to understand the penetration of non-axisymmetragnetic field perturbations—"error-
fields"—into high temperature plasmas have concentratetherrole of resonant components.
Resonant helical magnetic perturbations are those whose vectork is perpendicular to the
equilibrium magnetic field somewhere inside the plasmaiieerek - B, = 0 (which is equivalent
to the statemeny = m/n). Such a surface is termed the “resonant surface” for thecpéar
mode in question. In this work, it is shown that non-resormaagnetic field perturbations can
play a crucial role in the error-field penetration problempbgducing a global neoclassical torque
that damps toroidal flow toward a diamagnetic ion-type flowcdontrast, a resonant perturbation
produces a localized electromagnetic braking torque a¢ggective resonant surface. Accounting
for both these effects leads to a criterion for the errodfigénetration which indicates that the
critical resonant error-field amplitude increases wittspia density, a result that is in qualitative
agreement with empirical scaling [1].

2 History and Motivation

Considerable theoretical [2—6] and experimental [1, 7-€rt has been aimed at understanding
the effects of small resonant helical magnetic field erraasising from field coil misalignments
and non-axisymmetric coil feed-throughs—on plasma conferd in tokamaks. The impetus for
this research has come from the experimental correlatiomdss the emergence of locked modes
and disruptions in tearing-stable low-density ohmic disges. Error-field locked modes are in-
duced and develop as follows [1, 7]: 1) the resonant errat fsetamped up linearly or the electron
density is ramped down slowly(100 ms), 2) when the locked mode threshold is reached, a rapid
(~ 5 ms) bifurcation to a non-rotating “locked-state” is obsgtyand then 3) forr 100 ms a
stationary magnetic island—driven by the error field—depsl (usually on theg = 2 surface)
and leads to either a major disruption or confinement degjradalocked mode avoidance in
low-density ohmic discharges is highly desirable—if natatal—for reliable tokamak operation.

To date, the theoretical and experimental error-field stsidave been confined to predicting the
resonant (e.gx/n = 2/1) critical error-field strength (as a function of plasma dgnsoroidal
field strength, and other variables) when bifurcation oseund after which a locked mode develops.
Currently, empirical and theoretical locked mode thredba@o not agree on the scaling to larger
devices. Predictive capability for locked-mode avoidaondTER [13] is needed. The present
benchmark scenario for ITER relies on an ohmic start-up asitkanticipated low toroidal rotation
rate ¢~ 0.5 kHz).

3 Conventional Error-field Theory

The standard model [4-6, 14] employed to describe errai-pehetration considers the response
of a large aspect ratio toroidally-rotating tearing-séaplasma to a single resonant helical mag-
netic perturbation. The plasma is approximated by a periogiinder, with nearly circular flux
surfaces. Standard cylindrical coordinated, =) and simulated toroidal coordinatesé, ¢) with

z = Ry¢ will be employed in this work. The resonant field componermrexan electromagnetic
torgue on the plasma only in the vicinity of its rational swwé [4]. This torque is brought about by
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the nonlinear interaction of error-field-induced eddyreats in a singular layer around the rational
surface with the error-field itself and is directed agaihstftow, trying to brake the plasma. Theo-
retical predictions of the eddy current response in therldgpend on the physics model employed.
The standard model assumes a flow drive plus a phenomenaldgfasive perpendicular viscous
torque that opposes the electromagnetic braking torqumgtto maintain the plasma flow pro-
file. The steady-state balance between electromagneticisomls torques yields a transcendental
equation whose roots give the modified layer velocity (ingresence of the resonant error-field) as
a function of error-field strength. Above a critical erraelfi strength the electromagnetic torque on
the resonant surface exceeds the perpendicular viscaygeton the plasma flow, and the rational
surface bifurcates to a stationary,lockedstate. This bifurcation is termestror-field penetration
and the critical error-field strength at which it occurs ioWm as thepenetration threshold Af-

ter locking, magnetic reconnection on the resonant sugfaseeeds unhindered, as if there were
no equilibrium plasma flow. This scenario closely mimicseations of error-field penetration
occurring during the ohmic start-up phase of several tokarfig 7—11].

4 Neoclassical Toroidal Viscosity

While resonant components of the magnetic field perturbapectrum have dominated the theo-
retical discussion, in tokamak experiments many non-r@sbctomponents are also present. While
the non-resonant components in and of themselves canmigadocking, these components can
effect the plasma through their role in damping the toroftdal by a neoclassical viscous torque
mechanism. Recent experiments on NSTX with large appliedrasonant magnetic perturba-
tions demonstrated qualitative and quantitative agreé&hwith theoretical predictions [16] of
toroidal flow damping.

4.1 Origin of neoclassical toroidal viscosity

In the context of fluid theory, Neoclassical Toroidal VisitpgNTV] can be understood as the
toroidal drag force experienced by the plasma moving alosigded flux surfaces having broken
toroidal symmetry. Within a kinetic neoclassical contek$-f18] it can be thought of as being
induced by collision andz x B moderated radial particle drifts that cause a non-ambipatal
particle flux. We will consider the drag induced by an erroldfieonsisting of one resonant (i.e.,
m = 2, n = 1) and many non-resonant harmonics. Assuming the erroHfieldced distortion
within the toroidal plasma is small enough that the flux stefeemains intact on average, we may
employ the theoretical formulation of Shaing [16—18]. Owrleflux surface, the magnetic field
strength is decomposed into helical harmonics in Hamadedowaies ©, ) by

B =DBy(l —ecosO) + Z [brme cos (MO — n) + byms sin (MmO — n()] , (1)
(n,m)#(0,0)

wheree = /Ry, r is the minor radial coordinate, anf, is the major radius of the magnetic
axis. In the above the,,..., b,.,., coefficients are effectively the “shielded” magnetic pasations
inside the plasma. However, we assume the contribution femmnant harmonics to the total NTV
force (17) is small. Henceforth, we will assume that the ftcehtsb,,,,.., b...s are to a good
approximation given by their values in vacuum. The toroidaimentum dissipation arising from
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NTV is described through the toroidal component of the igtous stress tensor and leads to a
toroidal flow velocity evolution equation of the form [16]

0 (7 V) == ((1/pn)es - V- T0) + -+ 2)

wherep,, is the mass density,, is the covariant basis vector pointing in the toroidal dikat, ﬁ

is the ion viscous stress tensor, and- ) denotes a flux surface average. The precise form of the
NTV force depends upon the collisionality of the plasma. famameters of interest to present day
tokamaks, the low collision frequendy v regime, or the low collision frequenayregime [16] are
likely to be the most applicable.

4.2 Evaluating the NTV force in the low collisionality (1/v) regime

Whengquwg < v;/e < \/ewy, wherewgp = E,./(rB) is the poloidalﬁ x B drift frequency and
wy; = v/ (Roq) is the ion transit frequency with,, = (T;/m;)"/?, the toroidally trapped particles
(bananas) are “collisionless,” and dominate the non-aat@igiffusion process. In this collision
frequency limit ion neoclassical toroidal viscosity domti@s by a factor of ordey/m,/m. over
the electron NTV. In the large aspect ratio limit, the’ regime ion NTV force is given by [16]

C1/v - = 2
Fy oY = — <(1/pm)€¢> V- H> = =Yy (b (P)]” [Valr) = VNG, (r)] (3)
where
bnmcbnm/c + bnms bnm’s
(b1, (1] =~ 1.74q263/2zzn2< 7 )BM/,,, (4)
! Frme(R) Frmie(K)
B L, = d 2 nmc nm'c 5
= [ ©)
and

Frme(r) = j{d@\//ﬁ —sin? (©/2) cos [(m — nq)O). (6)

Hereb,,,(r) is an effective measure of the magnetic perturbation 16¥&15 in |B| in the 1/v
regime. The complete elliptic integrals of the first and seckind, K (k) and E(k), are defined
with the k* convention:

(7)

/‘7‘(/2 4o

0 \/1—/’f2sir1297
w/2

Ek) = / do\/'1 — k2sin? 6. (8)
0

In the aboveV, = ¢ - V is the toroidal flow speedy 1, = w2 /v;, v; is the ion-ion collision
frequency,s is a normalized pitch-angle variable defined in [16], ghdo = fsb" (the lowest
order toroidal equilibrium is assumed to have symmetriaifgeipoints). The neoclassical toroidal

flow velocity for thel /v regime is [16]

3.5 dT,
VG (r) =

~ — 9
Ze By dr’ ©)
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whereZ;e is the charge of the ion species. This neoclassical flow uglexin a directioncounter
to the plasma current,,.

4.3 Evaluating the NTV force in the low collisionality (v) regime

As the collisionality continues to decrease, the radidt dfions becomes oscillatory and is limited
to Arp ~ Vp,/(qug) by the toroidalE x B precession drift. Then, collisions induce radial
transport with a diffusivity coefficienb o veg(Arp)* ~ (v;/€)VA,/(qwr)?. Though itis unlikely
that present day tokamak ion temperatures are high enougghdeeply in thes regime [16], it is
possible that the ions agtightly inside ther regime, i.e.v; /e < qwg while the electrons are still
well into thel/v regime, withqwg < v./e < \/ews. In this limit, ion NTV still dominates over
electron NTV. In this case, the large aspect ratio limit & ithn NTV force takes the form [16]

FJO = —v bu(n)] [Volr) = VIS ()] (10)
wherey , = vw /w3,
—1/2 nmc nm c + bnmsbnm s)
by (r)]* ~ 144672 Z By, (11)
with
o ! 2 2 aanc aan/c
By, = /0 dr? [E(k) — (1 — K*)K(k)] 2 o2 (12)
_ 1 (k2 — sin? - l cos [(m — nq)©|
fme = (%) 7{ 19 {3 ( (6/2)) 2} VK2 —sin? (0/2) (13)

Hereb, (r) is an effective measure of the magnetic perturbation l&ielB in | B| in ther regime.
The neoclassical toroidal flow velocity for theregime is [16]

0.92 dT;

V*]’\'[’C(T) = Ze By dr’

(14)

Equations (3) and (10) describe the ion dominant NTV forcthentwo asymptotic collisionality
regimes. In what follows, both limiting cases are explotedether with the relevant drift-MHD
layer regimes (to be discussed) to calculate new errorfieftetration thresholds when ion domi-
nant NTV is present in the vicinity of the resonant surface.

5 Steady-state Toroidal Flow Profile

In the large aspect ratio limit, a toroidal plasma may be axiprated by a periodic cylinder, with
nearly circular flux surfaces. Standard cylindrical conades(r, ¢, z) and simulated toroidal co-
ordinates(r, 0, ¢) with z = Ry¢ will be employed in this work. In the following, dimensioske
guantities are employed with all length scales normalized,} the resonant-surface minor ra-
dius. The major and minor radii of the plasma &ganda (normalized tor,), respectively. The
magnetic field is normalized t8; = s(r,)By(r;), wheres(rs) = (dIng/dInr), represents the
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magnetic shear at the resonant surface. Hgre,= r B,/ Ry By(r) is the safety-factor profile. All
time scales are normalized tp = (r,/V}), whereV, = B;/\/1opm(rs), andp,,(rs) is the mass
density at the resonant surface.

The equilibrium toroidal momentum balance equation in theeace of error-fields is:

dv?
%% [,u(r)frd—f] = —Fy. (15)
Its solution,
0y — “xdx}_l @ xdx
vwo=wl[ 5] [ (40)

satisfies the boundary conditiof$(a) = 0 andV,,(1) = V4. Here,u(r) is the (phenomenologi-
cal) ion perpendicular viscosity [normalized @~ p,,, ()] that represents cross-field momentum
transport due to collisional effects or microturbulencee @riving forcefy, = 2Vy| [, wdx/p(x)]
supports the flow against perpendicular viscous damping tvé boundary at = a.

In the presence of static error fields, two additional foea®r the toroidal momentum balance
equation. The first—a resonant electromagnetic torquetraagly localized around the resonant
surface and can be representeday 0 (r — 1) /r, whered(r — 1) is the Dirac delta function. (The
coefficient Fiz); must be resolved using boundary layer analysis on the rasgnéface and will
be specified in what follows.) The second force arises fronvNdiscussed above) and is of the
general form:

Févc = —ym b*(r) [Va(r) — V*NC(T)} . (17)

The effective perturbed magnetic field profilér) is given by either (4) in thé /v regime or (11)
in the v regime. The effective parallel damping ratg is v 1, = wj;/v; in thel/v regime, or
v, = vwy, /wg in ther regime. Thus, the new toroidal momentum balance equatigivés by

Ld (. dVy(r) 79 2 N _ _FE_MM _ I
(AT < yre Vi) - Vo) = - M LT g

whereji = u(r)/ s, 1ts = p(r), b(r) = b(r) /b(r.), and

Ly = \/vymi/ps b(rs). (19)

The parametdr, determines whether perpendicular (anomalous or collé)amscosity dominates
over parallel (neoclassical toroidal) viscosity [NTV] imetbulk plasma. In the limif, < 1, NTV

is negligible and the previous drift-MHD theory is obtair{éfl In the opposite limif’; > 1, NTV
dominates over perpendicular viscosity, and a WKB-typd {3&en function can be used to find
the solution of (18) above [20]:

exp(—Ly[1—r|)
rb(r)\/alr)

Here,V V(1) is given by either (9) or (14) evaluated at the resonant sarfa= r/r, = 1 (and
normalized td/; described above), depending on whether NTV is inltheor v low-collisionality
regimes, respectively.

Vo(r) = [V = VN(1)] + V(). (20)
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6 Resonant Surface Torque Balance

The error-field penetration threshold is obtained by ird&gg the toroidal torques across the reso-
nant surface [5] (i.e./ [ [rdrdzd0R,{ (18) }). Inspection of (18) and (20) reveals that the
neoclassical layer torqué’{ 7v) and perpendicular viscous torqué,( s) satisfy Ty yry
0Is Ty vs, whered < 1is the linear layer thickness. We assume

1< T, < 1/6, (21)

which guarantees NTV may be neglected within the resonget,|®dut dominates perpendicular
viscosity in the bulk plasma. This constraint has two conseges: (i) as in previous drift-MHD
work [6], the resonant layer toroidal torque balance exqogsis still between (albeit modified)
perpendicular viscous and electromagnetic torques fi.8.s + 1 gar = 0]; and (i) we can use
the previous drift-MHD analysis [6] to evaluate the plasmsponse in the resonant layer.

The layer response function is given By = dIn[b,(r)]/0r|\" . For consistency with layer
results in [6], we define the Lundquist number $is= 7x/7y, Wheretr = puor?/n(r,) and
T = (Ro\/topm(rs))/ [ns(rs)Bs] = m/m. Heren(r,) is the (dimensional) parallel neoclassi-
cal resistivity at the resonant surface. Similar to [6] wéirte dimensionless frequenci€s =
SY3wry, QNC ~ [Rom/(r,n)]S 3w, ; Ty, and a scaled plasma response paramiter S—/3A,
Herew = mVp,/rs — nV/R, is the (dimensional) resonant surface frequency in theepies
of resonant and non-resonant error-fields, angdis the (dimensional) ion diamagnetic flow fre-
guency at the resonant surface. The new steady-state toatprece equation for the resonant layer
(Ty,em + Tyvs = 0) whenl'y > 1is [20]

vac 2 A

o) SO B g ), 22

ol la+A@Q)? kS

wherex = 1/([s(r,)]*T's), andby* is thevacuunradial magnetic perturbation associated with the
resonant error-field component (at the resonant surfacs)in46] a = —S~'/3A/ is the (nor-
malized toS~'/3) conventional tearing stability index of the (stable)n mode,P = /7y =
potti(rs)/[n(rs)pm(rs)] is the magnetic Prandtl number at the resonant surface,engerpen-
dicular viscous timescale is given by = r2p,,(r,)/ui(rs), whereu;(r,) is the (dimensional)
viscosity. SinceS > 1 andP > 1 in a high temperature tokamak plasma and a tearing-stalte
mode is assumedA’| ~ O(1), o < 1, and thus to a good approximation we may negteat
the above torque balance equation. The error-field permtrdtreshold corresponds to the criti-
cal error-field amplitude above which torque balance is lios{ where the approximated torque
balance equation has no solution [5]. It follows that

2 p QN - Q) AWQ)
= Mmax{ — —
crit HS Im{A(Q>}

where the maximum is obtained by varyiag

:

vac
bT

By

, (23)

7 Relevant Layer Regimes

RecallingS > 1, P > 1, and inspecting Sect. Ill G of [6], it follows that the threeae-field re-
sponse regimes most applicable to present day tokamakiseatsttVisco-Resistive/Ri) regime,
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the 1st Semi-Collisiona(SCi) regime, and thést Hall-ResistivdHRI) regime—see Table 1 be-
low. The VRi regime holds whe®? P'/? < (@, the SCi regime holds whe#'/? D < /2Q <
V2 D? P'/3, and the HRi regime holds whey2 Q < 3'/2 D. Here,3 = 10 uoPy/(3B2) is the
toroidal beta, wheré’, is the equilibrium plasma pressure, abd= S'/3 p,(r,)/r,. The quantity
ps(rs) is the ion Larmor radius at the resonant surface, calculadedy the electron temperature.

Table 1: Tokamak-relevant linear drift-MHD response regimes [6] fostatic error-field.
Abbreviations indicate the different response regimeg: Hedl-Resistive [HRi]; 1st Semi-
Collisional [SCi]; 1st Visco-Resistive [VRi]. Herd = S'3A, Q = SY3wry, Qi =
~SY3 Wi e i, D = SY3 py(rs)/rs, and P = Tg/1y. Herep,(r,) is the ion Larmor radius
at the resonant surface, calculated using the electron &atpre. Finally,r = 7;/T. is the
ratio of the ion and electron temperatures. Note the nuna¢goefficient of the HRi regime
differs from that given in [6] owing to a factor of 2 differema the definition of;.

Abbreviation Response
HRi A=1786[i(Q— Q)] BV D V2 (14 7)1/
SCi A=3142[1(Q ~ Q)" [{(Q — Q)] D" (L4 7)71/?
VRi A =2104[i (Q — Q][I (Q — Q'O P/

Using a Padé approximation valid for all valuesIqfin each of the three layer regimes VR,
SCi, and HRIi respectively, we find the error-field penetratlreshold in each regime:

prac 2 5 2 P7/6 1 2

By |eitvri A S L+Xx

el )P Plesmn)”? [1 o+ 71 (25)

B, crit, SCi B ARy pxS1/2 1+~ ’

b;}ac 2 s(ry Qﬁl/él s 1/2 P 1+ X+X2

B = % (ﬁ) W(W*TH)2 lli} ; (26)
@ lcrit,HRi ) 0 +X

whereX = 2 [ [u(rs)/pu(r)] (dr/r), v = [Rom/(rsn)]?2AL;, andx = [Rom/(rsn)]*AL,. For
simplicity, we have assumefl ~ T, which impliesw, ; scales as, ., = w., wherew, . is the
(dimensional) electron diamagnetic flow frequency at tisemant surface.

In the limit I’y < 1, NTV is negligible throughout the plasma and we recover ttevipus
drift-MHD result [6]. Most notably, in the new limif'; > 1 we find that

prac 2 P7/6

. ~ ——(w,ty)* T, (27)
B¢ crit,VRi S/
prac 2 P(w, 5/2

: -~ Doy, (28)
B¢ crit,SCi pxS
prac 2 ﬁl/élp

. ~ ———(w,mg)* T, (29)
B¢ crit, HRi Pi/Qsl/Q
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i.e., the square of the penetration threshold increases fagtar ~ I', = \/v7/ps b(rs) =
V/77v b(rs) over the previous results. In this limit, the NTV torque effeely enhances the per-
pendicular viscosity by reducing the typical bulk velocxofile scale length near the resonant
layer, thereby making it more difficult for a resonant fieldbetto lock the rational surface.

8 Tokamak Scaling Study

As an application of this theory, consider a class of ohnydeated tokamak plasmas in which the
aspectratioR,/a, and the equilibrium profiles are hdiged By definition,w, 7 o T; \/nc/ (RO Bj),

S o By T Ry//ne, B o n.T./ B2, p. o T, /(Ry By), andP o R2 T /7y,

8.1 Threshold scaling withl /v NTV

In addition to the assumptions above, the low collisiogdlit/~) NTV regime sets the effective

parallel damping rate ag 1, = w2/v; « T.°/(R2n.). Thus, in the NTV dominated limit
'y > 1, (24)-(26) reduce to

bVaC

é ~ n2? B(;w/s Ry L79/27, —2/ ONR.1 /v (30)
¢ lerit,VRi,1/v
bvac _ _
r ~ 1By PR T ong, (31)
B¢ crit,SCi-HRi,1 /v
nmc nm c + bnmsbnm S)
ONR,1/v = Z Z [byee]? By, (32)

where B, 1, is given by (5). (Under the substitutions above, tiéi and SC regimes scale
identically.) Herepyr, 1/, Is the ratio of the “effective” non-resonant to resonanvefield at the
resonant surface. Ohmic power balance allows us to eligifian favor of the energy confinement

time 7g:
e - 2/5 B, 4/5
T. == — , 33
) (%) @

which further reduces the penetration thresholds to

bvac _ 9/5 -~

- - nQ/gB 11/15RO 23/5 < ) 7_‘/2/301\”%7 ™ (34)
¢ lerit,VRi,1/v Te

by —13/10 p—21/5 [ TE 8/ —1/2

é ~ neB¢ RO (—) TV UNR,I/I/- (35)
¢ lerit,SCi-HRi,1 /v Te

Experiments on JET, DIII-D, and Alcator C-Mod find the erfd penetration threshold
scales approximately linearly with electron density angsely with toroidal magnetic field strength
[1]. Experimental scaling with major radius is not directheasured, but inferred from the ob-
served scalings with electron density and toroidal fielérgjth via dimensionless scaling argu-
ments [1, 21]. More precisely, the empirical penetratioreshold is found to scale &5°/B,, =

9
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ngn B3P Rg™ with oy, ~ 1.0, =1.2 < ap < —0.6 and0.5 < ar < 1.25 [1]. Assuming a neo-
Alcator energy confinement scaling o n. Ry [22], (34) and (35) simplify to

bVaC - -

é - n§/33¢ 11/153(5)/4TV2/30NR, ™ (36)
@ lerit,VRi,1/v

bVaC _ _

B ~ By Rory P own . 37)
@ lcrit,SCi-HRi,1 /v

In the abovery, is left unspecified becaugeg(r;) (perpendicular ion viscosity) is unknown and no
good theory exists for it in ohmic plasmas.

8.2 Threshold scaling withvy NTV

If instead the plasma is slightly in theregime, the effective parallel damping rate is given by

V) = vw?/wh o (R3B2n.) /T2, (Here it has been assumed that ~ w..) Thus, in the NTV
dominated limitl", > 1, (24) (26) reduce to

bV&C

é ~ ng/?’B;lo/gRngT‘;Q/?’ O'NR7 v (38)
¢ lerit,VRi,v
bvac -~
: ~ B PR o (39)
B¢> crit,SCi-HRi,v
nmc nm C + bnmsbnm S)
ONRv = ; Z e By, (40)

whereB, , is given by (12). (Again under the substitutions above Ah¢i andSC" regimes scale
identically.) Hereong, . is the ratio of the “effective” non-resonant to resonanoefield at the
resonant surface in the regime. Using the ohmic power balance constraint reducesiiove
thresholds to

vac 4/5
b N n5/3B 26/15 p=3/5 LR (41)
B¢ crit,VRi,v 0 ne v "
pyac ) 23/10 15 TE 3/5 1

~ n B, Ry Ty TONRv- (42)
B, crit, SCi-HRi,v Ne '

Again assuming a neo-Alcator energy confinement scalindingde

b —26/15 ,2_—2/3

é¢ ~ n§/33¢ / R3T, / ONR,vs (43)
crit,VRi,v

bvac _ _

M - nﬁBd) 23/103(7)/47'\/1/20NR, . (44)

B¢ crit, SCi-HRi,v

Provided the perpendicular viscous timescalehas no density dependence, the regimes
(36)-(37) all predict nearly linear density dependencetii@ penetration threshold—a result that
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is universally observed in experimental scaling studigslfiparticular, thel /v SCi-HRi regimes
(37) capture the linear density scaling exactly. Thesgimes in general have far too strong a
density scalingby™/ B,| o< n2 or ne’® as compared to experiment (unlesshas a strong density
dependence). There is considerable uncertainty in thangsaince a neo-Alcator scaling has been
assumed forz and 7, has been left unspecified. Nonetheless the thresholdseltan both the
1/v andv regimes have a stronger dependence on electron densityacedto previous theory [6].

9 Conclusions

A new theory for error-field penetration has been developed accounts for resonant and non-
resonant helical magnetic field perturbations. While the-resonant components cannot induce
locking in and of themselves, they can inhibit resonantrefiedd locking by modifying the plasma
flow profile via a neoclassical toroidal viscous [NTV] forde.the limit1 < I'; < 1/ neoclas-
sical toroidal viscosity [NTV] effectively enhances penpliicular viscosity by reducing the typical
bulk velocity profile gradient scale length near (but nothvij the resonant layer, thereby making
it more difficult for a resonant field error to lock the tordilaw on the rational surface. The new
penetration thresholds all have two novel features: (iyangfer dependence on electron density
than previously predicted [6] (a result in qualitative agrent with empirical scaling studies [1] if
(te/n.) andr, do not depend strongly om.); (ii) a dependence on the ratio, r, between the
non-resonant and resonant error-field components, a éttat could be tested in present toka-
maks to determine the relevance of neoclassical toroidabgity in ohmic discharges.
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