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Abstract. Tokamak plasmas become less tolerant to externally applied non-axisymmetric magnetic “error”
fields as beta increases, due to a resonant interaction of the non-axisymmetric field with a stable n=1 kink
mode. Similar to observations in low beta plasmas, the limit to tolerable n=1 magnetic field errors in neutral
beam injection heated H-mode plasmas is seen as a bifurcation in the torque balance, which is followed by error
field driven locked modes and severe confinement degradation or a disruption. The error field tolerance is,
therefore, largely determined by the braking torque resulting from the non-axisymmetric magnetic field. DIII-D
experiments distinguish between a resonant-like torque, which decreases with increasing rotation, and a non-
resonant-like torque, which increases with increasing rotation. While only resonant braking leads to a rotation
collapse, modeling shows that non-resonant components can lower the tolerance to resonant components. The
strong reduction of the error field tolerance with increasing beta, which has already been observed in early high
beta experiments in DIII-D [R.J. La Haye, et al., Nucl. Fusion 32, 2119 (1992)], is linked to an increasing
resonant field amplification resulting from a stable kink mode [A.H. Boozer, Phys. Rev. Lett. 86, 5059 (2001)].
The amplification of externally applied n=1 fields is measured with magnetic pick-up coils and seen to
increase with beta, with the increase accelerating above the no wall ideal MHD stability limit, where the ideal
MHD stable kink mode converts to a kinetically stabilized resistive wall mode. The beta dependence was not
previously appreciated, and was not included in the empirical scaling of the error field tolerance reported in the
1999 IPB [ITER Physics Basis, Nucl. Fusion 39, 2137 (1999)] leading to overly optimistic predictions for low
torque, high beta scenarios. However, the measurable increase of the plasma response with beta can be exploited
for “dynamic” correction (i.e. with slow magnetic feedback) of the amplified error field.

1. Introduction

Tokamak plasmas are very sensitive to non-axisymmetric perturbations of the externally
applied magnetic “error” field. Small perturbations in the order of 8B*/B; ~ 10™*, where By is
the toroidal magnetic field, can lead to locked modes in Ohmically heated, low density
plasmas and to rotation and pressure collapses in neutral beam injection (NBI) heated
H-mode discharges. While the error field tolerance is usually described by empirical scaling
laws (e.g., [1]), which are based on Ohmic locked mode experiments (e.g., [2]) and mainly
depend on the electron density n,, early high f experiments in DIII-D, with = 2uo{p)/B?
being the normalized volume averaged plasma pressure, already showed a strong reduction of
the error field tolerance with B [3]. The n =1 error field threshold in high  discharges was
initially interpreted as a stability threshold with magnetic braking leading to a loss of
rotational stabilization and, consequently, an unstable resistive wall mode (RWM). However,
it has recently been pointed out that, similar to the low (3 locked mode experiments, the n = 1
error field tolerance of high  plasmas is caused by a bifurcation in the torque balance [4].
The presented work investigates the role of magnetic braking in determining the error field
tolerance of high B plasmas, draws the link to low B experiments and discusses the
consequences for ITER.
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2. Error Field Tolerance of High Beta Plasmas

The error field tolerance is systematically studied in controlled magnetic braking experiments
in weakly shaped, lower-single null H-mode discharges (B;=2.0T, I, = 1.1 MA, g, = 4.9,
qmin = 1.5), which have Advanced Tokamak relevant g-profiles but low ideal MHD f limits.
The experiments take advantage of the flexible non-axisymmetric control coil sets on DIII-D.
While a set of six external control coils (C-coils) empirically corrects the intrinsic error field,
two sets of six internal control coils each (I-coils) located above and below the outboard
midplane apply a well-known non-axisymmetric perturbation. The phase difference A
between the n =1 field applied with the upper and the lower I-coil arrays can be varied to
modify the poloidal spectrum of the externally applied field. The I-coil is usually configured
with a phase difference A¢; = 240 deg, where 1 kA of n = 1 current generates a resonant field
at the ¢ = 2 surface of approximately Bs' = 1.0 G.

2.1. Torque Balance and Error Field Penetration

In order.to study the torque balance, 5 Teos (n=1) (KA) =
the I-coil currents are programmed .
to generate a slowly rotating (10 Hz) 0 _

n=1 field whose amplitude in- 183 Py.coil (n=1) (deg) (b))
creases on a time scalg which is -180 V \| \| A
slow compared to a typical angular 2000 00 3000

momentum confinement time T, of

50 ms, Fig. 1(a,b). As the n = 1 field f‘s’ (©)
is ramped up, the toroidal plasma B y e 7
rotation Q, which is measured with 0 € (-2 (krad/s) Y

charge exchange recombination 20 B[‘,""“(n=1) (G) WWV\’E(])
spectroscopy using C-VI emission, 101 .
decreases, Fig. 1(c), and the n=1
plasma response BY™, measured
with a toroidal array of poloidal
magnetic field probes at the out-
board midplane increases, Fig. 1(d),
until the rotation collapses at 7=
2910 ms. The collapse is followed
by an error field-driven locked
mode, which can be seen on the X ‘ W 0 N h
electron temperature 7, contours 2600 2800 3000 3200 3400
Fig. 1(e) as the externally applied Time (ms)

field rotates the island past the elec- FIG. 1. Increasing the amplitude of a slowly rotating n = 1
tron cyclotron emission (ECE) diag- I-coil field (a,b) leads to a decrease of the rotation Q (c)
nostic [5] and which leads to a and an increase of the n =1 plasma response BP™ (d). The
severe degradation of the confine- Totation collapse is followed by “error” field penetration
seen on the electron temperature 7, contours (e).

9

ment. The characteristics of the
error field limit in these high B H-modes are similar to the observations in low density,
locked mode experiments in Ohmic plasmas (e.g., [2]). It is understood that a sufficiently
large plasma rotation induces helical currents at rational surfaces ¢ = m/n, which cancel the
resonant harmonics of the externally applied field and suppress the formation of islands. The
finite resistivity leads to dissipation and consequently a torque, which slows the plasma
rotation. The evolution of the plasma rotation can be described by

I— =T -— T (1)
T
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where [ is the moment of inertia, T}, the sum of all accelerating torques and T, , the momen-
tum confinement time in the absence of non-axisymmetric fields. When the magnetic braking
torque 7,;; increases sufficiently fast with decreasing €2, the torque balance can be lost and
the rotation collapses [6]. If Ty is proportional to Q' and the viscous transport described by
a momentum confinement time, the torque balance Eq. (1) predicts this bifurcation to occur
at a critical rotation Q_; = T; ¥, o/(2]). If T, is kept constant, this corresponds to half of the
unperturbed rotation, Q_, = Q,/2. When the plasma rotation is too low to induce the helical
shielding currents, the error field penetrates and an island opens, consistent with the
observations, Fig. 1. In DIII-D the characteristic relation between Q, and Q_; has been
observed in several plasma scenarios and over a wide range of rotation values [4,7].

High B low rotation discharges are also particularly prone to the onset of m/n=2/1
neoclassical tearing modes (NTMs) [8] caused by a decrease of their 3y threshold with
decreasing rotation in the direction of the plasma current [9]. In addition to affecting the
tearing stability through braking of the plasma rotation, non-axisymmetric fields are also
thought to directly reduce the NTM f3 threshold [10]. These modes, which are typically born
rotating but quickly lock, are occasionally observed during the I-coil ramps and limit
operation towards higher fy and lower Q.

2.2. Torque Balance and Dependence of Error Field Tolerance on NBI Torque/Rotation

Since the error field tolerance is determined by 4 Toloratle extermall’ aooiied (col

the loss of torque balance, it should improve f;rd_ “;‘“.r na a~p2p0u (-col)

with increasing torque input to the plasma. N rturbation (Py=2.0)

Assuming a visco-resistive resonant magnetic ~

braking torque, Typ=Kg0B2Q" [6], the = 5

torque balance according to Eq. (1) is lost when £

the magnetic perturbation exceeds a critical = Fit:

amplitude, I —— 0.23KA (Typ(Nm)+7.0)

12 - = L1KA (Typ(Nm)+1.7)%%
OBy cri = T(A) : 2) % 2 4 6 8

' 41K, Txgy (NM)

According to Eq. (2), the error field tolerance FIG. 2. The tolerable n =1 I-coil field (/)
should increase linearly with the NBI torque increases with increasing NBI torque Tyg. A
Tus, Which is usually the dominant torque linear fit yields a torque offset of 7.0 Nm. An
input. alternative fit is discussed in Section 3.3.

The dependence of the n =1 error field tolerance on Ty, is measured using the DIII-D
capability to vary Tyg, independently of the NBI heating power Pyg,. The externally applied
n =1 field is increased in discharges, which only differ in the value of Tyg. In these dis-
charges feedback control of Py, keeps By = 2.0 constant. Varying Ty, by a factor of 3 leads
to an increase of the tolerable I-coil current /_;, and hence the tolerable externally applied
field, by 50%, Fig. 2. Comparing a linear fit of I, versus T\ with Eq. (2) yields a torque
offset T, = T,—Ts; of 7Nm. While such an offset in the direction of the plasma current could
be due to the intrinsic rotation of the plasma, a value of 7Nm is several times larger than
expected [11]. Alternatively, the increase of error field tolerance with increasing Tyg; could
be reduced due to a deviation from the Q" dependence of T as discussed in Section 3.3.

2.3. Dependence of Error Field Tolerance on Beta and Role of Plasma Response

The dependence of the n =1 error field tolerance on Py is measured in similar discharges
with By ranging from 1.5 to 2.3. A comparison of two discharges with Ty = 1.8 Nm shows
that a 33% increase in By from 1.5 and 2.0, Fig. 3(a), halves the tolerable externally applied
field («l,), Fig. 3(b). At higher fy a smaller externally applied field leads to a similar
rotation decay and the rotation collapse occurs at approximately the same rotation, Fig. 3(c).
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At higher By the n =1 plasma response BP™ to the externally applied field is, however, also
larger resulting in the same BE™ at the time of the rotation collapse, Fig.3(d). The
continuation of the y scan at a hlgher value of Ty, = 4.2 Nm shows that the decrease of the
error field tolerance with 3y even accelerates at higher values of Py, Fig. 3(e). Agam the
plasma response to the externally applied field increases accordingly so that BM™ at the
collapse remains constant, Fig. 3(f). The observed P, dependence of the tolerance to
externally applied n = 1 fields can, therefore, be explained by a magnetic braking torque that
dominantly depends on the plasma response rather than the externally applied (vacuum)
perturbation. The tolerable plasma perturbation BF' “, increases with Ty, consistent with the

. . pscri
results of the torque scan in Section 2.2.
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FIG. 3. At constant Ty = 1.8 Nm the discharge with the higher By (a) displays a lower tolerance
against n = 1 field asymmetries applied with the I-coil (b) than the discharge with a lower 5. The
collapse of the rotation Q (c) occurs at the same plasma response B2™ (d). A By scan at Ty =
4.2 Nm (red) (e) shows that the decrease of the tolerance to externally applied n = 1 fields (/) with
P accelerates further when Py exceeds the no-wall limit. For each value of Ty, the plasma response
at the collapse BP™ (f) is independent of fy.

pscrit
2.4. Dependence of the Error Field Tolerance on the Poloidal Spectrum

The dependence of the error field on the poloidal spectrum of the externally applied field is
investigated by probing similar plasmas (By = 2.2, Ty = 4.5 Nm) with I-coil fields that differ
from the standard phase difference of A¢; =240 deg, Fig. 4(a). Reducing A¢; to 180 deg
allows approximately for a doubling of the I-coil current and, hence, the externally applied
field before the rotation collapses, Fig. 4(a,b). In the case of A¢; = 120 deg the currents in the
I-coil can even be ramped up to the power-supply limited maximum current of 4.5 kA while
causing only modest brakmg Agaln the braking is related to the plasma response, with the
rotation collapse occurring at By, = 10 G, Flg 4(c). The coupling of a field resulting from
A¢; = 240 deg to the plasma is approximately six times more effective than the coupling to a
field resulting from A¢; = 120 deg, Fig. 4(d). At the same time the resonant component of the
externally applied field at the g=2 surface BS}' remains the same.

2.5. Understanding of the Plasma Response

The role of the plasma response to enhance the torque of uncorrected error fields in wall-
stabilized plasmas is well known [12] and has been attributed to resonant amplification of the
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FIG. 4. Discharges with constant = 2.2 are perturbed with I-coil fields with different phase dif-
ferences A¢; (a). While the discharges with A¢; = 180 deg and 240 deg experience a rotation collapse
(b), the current for A¢; = 120 deg can be increased to 4.5 kA while causing only modest braking. The
critical current for A¢; = 180 deg is higher than for 240 deg, but the corresponding plasma response
remains the same (c). While the A¢; dependence of the coupling of the externally applied field to the
plasma Bglas/ I1_coil (diamonds) does not correlate with BS}' (g=2) (squares), it is well described by
modeling with the MARS-F code (d).

weakly damped, but stable n=1 RWM [13]. Once (y exceeds the no-wall limit, small
externally applied n = 1 fields can drive the stable RWM to a large amplitude.

The interaction of non-axisymmetric fields with the plasma can be modeled with the
MARS-F code [14]. It is thought that the stabilization of the RWM is a result of kinetic
effects [15], but the present implementation of semi-kinetic stabilization in MARS-F [16]
still falls short of a quantitative description of the experimental observations [7]. While a
quantitative prediction of the damping rate and, hence amplification is not expected, the code
can describe the coupling of external fields to the kink mode. The n =1 plasma response at
the location of the B, measurements is calculated for I-coil fields with various phase
differences A¢;, Fig. 4. The equilibrium of discharge 134234 at ¢ = 1750 ms is ideal MHD
unstable and soundwave damping [17] is added to stabilize the plasma. Varying only Ad,
yields the best coupling for A¢g; = 300 deg. The calculation correctly describes the observed
large increase of the coupling when A¢; is increased from 120 to 240 deg, Fig. 4(d). It is
important to note that the plasma response is not caused by the components of the externally
applied field that are resonant with field lines inside the plasma, but by the component with a
smaller pitch angle that is “resonant” with the kink mode. The plasma response below the no-
wall limit has similar characteristics, showing the same perturbed field pattern at the wall and
no evidence for island formation provided the plasma is rotating. It is, therefore, also likely
linked to the (ideal MHD stable) n = 1 kink mode.

Error field correction experiments on DIII-D and NSTX have revealed the importance of
the ideal MHD plasma response even in Ohmically heated low § plasmas [18]. The present
experiments confirm the role of the plasma response at intermediate values of B, bridging
the gap between locked mode experiments in Ohmic discharges and error-field correction in
wall-stabilized high f plasmas. Despite a value of = 1.5, which is significantly below the
no-wall limit, the plasma response in discharge 127737, Fig. 3(a—d), reaches values of up to
B (n=1) = 7 G prior to the rotation collapse. Modeling of the perturbed field at the rotation
collapse using the Ideal Perturbed Equilibrium Code (IPEC) [19] results in a total resonant
field at the g = 2 surface of B, =52 G (using PEST coordinates). With an average electron
density of (n.)= 3.8 10" m™ this value for B, lines up remarkably well with an
extrapolation based on the usual density dependence of the error field tolerance in Ohmic
plasmas (e.g., [3]) and the corresponding IPEC calculation for DIII-D [18], which results in
B,, =46 G. The excess of approximately 15% in 127737 over the Ohmic scaling can easily be
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attributed to the modest NBI torque of 1.8 Nm, which should increase the error field
tolerance, Section 2.2.

In high B, discharges experimental observations [20] as well as modeling with the
MARS-F code [21] indicate that the response of a stable plasma to externally applied non-
axisymmetric fields is well described by a single least stable mode. A similar conclusion is
reached from the IPEC analysis of low beta plasmas [18]. Consequently, correction coils
even with a poorly matched magnetic field pattern should be effective in suppressing the
plasma response and avoiding a rotation collapse.

3. Magnetic Braking

Since the error field limit manifests itself by a loss of torque balance, the error field tolerance
is determined by the torque that the non-axisymmetric perturbation exerts on the plasma.

3.1. Rotation Evolution and Calculation of the Magnetic Braking Torque

In experiments with slowly increasing I-coil currents, the toroidal plasma rotation decreases
across the entire profile, Fig. 5(a). In addition to a continuous rotation decrease, the rotation
measurements taken at a fixed location also oscillate with the externally imposed rotation
frequency f,,, = 10 Hz. This oscillation is caused by a superposition of the externally applied
rotating n = 1 field with a residual (imperfectly corrected) n = 1 intrinsic error field as well as
convective transport with the kink-type displacement of the plasma response. The rotation
profile during the slow braking phase does not show any evidence of a localized braking
torque, Fig. 5(b). However, diffusive transport, the finite spatial resolution of the rotation
measurements and the uncertainty of the measurements limit the detectability of a localized
torque. Once the externally applied field exceeds the critical value (at #=2140 ms) the
rotation collapse starts in the outer half of the plasma but quickly (typically in the order of
10 ms) propagates inwards, Fig. 5(a).

150 T — T r T T ——r 150 v . . . 134234
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- Q (krad/s) ] i,

100 ~ 100
S &
i =
-~

50 p=0.60  P=03 S 50
:./v
i p=0.80 P == Q) (t=1750ms)
0 —— oH
- I-coil ramp .. Start of rotation collapse — lg‘zc_ri! (t=2130ms) .
1800 1900 2000 2100 2200 2300 00 02 04 06 08 1.0
Time (ms) p

FIG. 5. Ramping up the I-coil current leads to a decay of the rotation across the entire profile (a). The
rotation collapse starts in the outer half of the plasma but quickly affects the entire profile. Rotation
measurements prior to the collapse (b) do not reveal any localized braking torque.

3.2. Frequency Dependence of the Torque

The magnetic braking torque 7},; is obtained from the measured global rotation evolution,

L _d
T, dt

3)

TMB = TNBI -

The profiles for the transport calculation are averaged over the externally imposed oscillation
period of T,,=100ms in order to suppress the non-axisymmetric effects on the

ext
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measurements discussed above, which are n=1 magnetic braking torque

0.08

not part of the transport calculation. Since Typ increases Typ Increases
most magnetic torque models rely on a with decreasing Q_ with increasing Q'
djxdB torque, where §j is induced through 75 0.06 F - —> '1‘01:;9'8 ]
OB, it is tenable to assume that the magnetic E ,.\' o
torque has a 8B* dependence. Normalizing = ¢4 .~ ]
T\ With 8B then reveals the Q dependence, 2 2= Ml
which is §h0wn for Q at' the g = 2‘surface for \E' O A £ 131979
several discharges in Fig. 6. While the dis- = "° T

) . 131981
charge with the lowest rotation shows a f
torque that increases with decreasing €2 the 0.000 30 m P
high rotation discharges show a torque that O (q2) (krad/s)

decreases with decreasing Q. The lowest _ ' '
torque is encountered when the rotation FIG.6. The normalized magnetic braking torque
evaluated at the ¢ =2 surface is approxi- T\s/0B” has a minimum at a rotation at ¢ =2 of

mately 30 krad/s. Q(g=2) = 30 krad/s.

3.3. Comparison of Resonant and Non-resonant Braking

While a magnetic torque that depends on Q' is usually associated with resonant braking and
a torque that is proportional to €2 with non-resonant braking [22], the actual Q-dependencies
depend on the parameter regime (e.g., [6]). In this work a torque T = K8 B Q™" is referred
to as “resonant-like” and Ty, = Kyzd Big Q as “non-resonant-like” torque. Adding a non-
resonant-like to the typical resonant-like torque in the angular momentum evolution,

dQ 1Q

[— =T, —— - K 0B3, Q- K. 0B;Q"' %)
dt T,

results in a decrease of the rotation at the collapse from the — 40p~——— -
characteristic Q_, = Q,/2 of the resonant braking model Sc;'f'cal;’tat'o“
(assuming that all other torques stay constant and that the 30} erit(4=
viscous momentum transport is described by a momentum g & °
confinement time) to Z 20k o ©
= saooo
I 7. <o
Qi =7 = Q, . ) 10 ’/Q
21, 5%
i) Q’C
The effective momentum confinement time Tp*= 0

0 20 40 60 80

-1, -1 2 y-1 -
(tLo+17'KNrOB{r)™ in Eq. (5) accounts for the confine- Ql(q=2) (kradls)

ment reduction caused by non-resonant-like magnetic braking.
In experiments where T, is kept constant the critical rotation ~ FIG. 7. The critical rotation
Q. indeed indicates a deviation from the simple scaling with ~ %ei(¢=2) never exceeds
€2, at the highest initial rotation values €2, falling below €,/2, 30 krad/s. Discharges with
Fig. 7. Moreover, Q_, never exceeds 30 krad/s, which is close 2;1 _%npertug%eﬁ d/mtatéoﬁ
to the minimum of the torque, Fig. 6. b Ol(q_ )> ra_ s A

. . . elow the Q.= €2

While a “non-resonant” torque cannot cause a bifurcation scaling.

in the torque balance, it reduces the tolerable resonant field,
which in the limit of large 8B, becomes,

crit

OBy o = T, 0Bk (4K K ). (6)

R,crit

Since both, 8By and 8B, are proportional to 1}, . on T, moti-
vated by Eq. (2) is reduced to I, = T.2°. A fit of the measured values of I, to (T, + Tyg)"’

results in an offset 7, = 1.7 Nm, Fig. 2, which is more compatible with an intrinsic rotation.

the linear dependence of /

coil?
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4. Conclusion and Summary

The limit to tolerable externally applied n = 1 “error” fields in tokamak plasmas is caused by
a bifurcation in the torque balance, which is followed by an error field-driven locked mode.
The error field tolerance can be improved by increasing the torque input, e.g., with tangential
NBI. The error field tolerance decreases with increasing 5. This important  dependence
was not previously appreciated, and was not included in the empirical scaling of the error
field tolerance reported in the 1999 ITER Physics Basis [1]. The By dependence is explained
by the dominant role of the plasma response to the externally applied field in the braking.
Varying the poloidal spectrum of the externally applied field shows that the plasma response
is caused by a resonant amplification of the stable n =1 kink mode. The increase of the
amplification with By accelerates as the ideal MHD stable kink mode converts into a
kinetically stabilized RWM above the no-wall stability limit. This has three important
consequences for the (re-)evaluation of the error field tolerance in ITER: (1) Neglecting the
By dependence in empirical scaling can lead to overly optimistic predictions for low torque,
high By scenarios and, in particular, for advanced tokamak scenarios, which rely on operation
in the wall-stabilized regime. (2) The error field tolerance has to be specified for the
component that couples best to the kink mode, which has a lower pitch angle than the n =1
field that is resonant with rational surfaces inside the plasma and currently used for empirical
scaling laws. (3) Correction coils even with a poorly matched magnetic field pattern should
be effective in suppressing the plasma response and avoiding a rotation collapse. The
measurable increase of the plasma response with 5 can then be exploited for “dynamic”
correction of the field error using slow magnetic feedback.
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