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Abstract

CrossMark

Intrinsic error field on EAST is measured using the ‘compass scan’ technique with different

n = 1 magnetic perturbation coil configurations in ohmically heated discharges. The intrinsic
error field measured using a non-resonant dominated spectrum with even connection of the
upper and lower resonant magnetic perturbation coils is of the order b, 1/Bt =~ 107> and the
toroidal phase of intrinsic error field is around 60°. A clear difference between the results
using the two coil configurations, resonant and non-resonant dominated spectra, is observed.
The ‘resonant’ and ‘non-resonant’ terminology is based on vacuum modeling. The penetration
thresholds of the non-resonant dominated cases are much smaller than that of the resonant
cases. The difference of penetration thresholds between the resonant and non-resonant cases is

reduced by plasma response modeling using the MARS-F code.

Keywords: intrinsic error field, non-resonant, spectrum analysis, EAST

(Some figures may appear in colour only in the online journal)

1. Introduction

Tokamak is designed to be toroidally symmetric. However,
non-axisymmetric magnetic perturbations inevitably exist in
the design and construction, such as field coil connection,
misalignment, displacement and feedback of the conducting
walls. These slight non-axisymmetric magnetic perturbations,
known as intrinsic error field (IEF), can induce locked modes
and loss of confinement, and especially can lead to disruption.
Therefore, error fields and locked modes are of great concern
in theoretical and experimental investigations.

To avoid the locked modes, a straightforward approach is to
measure and correct the IEF. To date, the IEF measurement and
correction relevant experiments have been carried out in many
tokamaks, e.g. DIII-D [1-11], JET [12-14], COMPASS-C

0029-5515/16/066011+8$33.00

[2], MAST [15, 16], NSTX [17], Alcator C-Mod [18], TCV
[19], ASDEX-Upgrade [20], TEXT-U [21] or J-TEXT [22],
KSTAR [23], etc. The approaches on these devices can be
classified into two groups: the direct measurement approach
and the plasma response approach. The direct measurement
approach was employed once in DIII-D [1], TCV [19] and
ITER prediction [24, 25]. However, because of the complexity
of error field sources, it is seldomly employed. Nevertheless,
direct analysis on coil displacement and tilt may give instruc-
tions and predictions to the devices under engineering design
and construction [24, 25]. The plasma response approach is an
effective and convenient way. Therefore it plays a significant
role in measuring and correcting the IEF in existing tokamaks.
As one of the plasma response approaches [25], the ‘com-
pass scan’ technique is an effective technique to measure

© 2016 IAEA, Vienna Printed in the UK
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such small IEF [6, 7, 13, 15, 16] with an amplitude at about
b, /Bt ~ 107=107°. This technique first requires the measure-
ment error field penetration (or locked mode onset) thresholds
of different toroidal phases of external resonant magnetic per-
turbation (RMP) coil currents, and then a fitted circle with the
penetration thresholds and their toroidal phases. The shift of
the center of the circle is the measured intrinsic error field. On
the basis of IEF measurement with the ‘compass scan’ tech-
nique, error field correction has been succeeded in exploring
the lower density region in some devices [6, 7, 15-17].

Further investigations indicate that IEF correction is still
not well resolved. As the n = 1 error field couples to more
than one surface in the ideal plasma response, there is only a
50% improvement in the low density locked mode limit from
the n = 1 correction field in DIII-D [7]. Moreover the ampl-
itude difference of error field correction coils (EFCCs) in JET
with different phases nearly can be neglected [7], whereas
earlier IEF measurement experiment using saddle coils shows
a fairly good correction result [13]. The reason of the differ-
ence between the two experiments might be that the upgraded
EFCCs have a more non-resonant spectrum than saddle coils
in the previous JET device [26]. Furthermore, updated predic-
tions of error field with locked mode theory requires at least a
50% correction in ITER [7]. Therefore error field correction is
still a concern even in present devices. Besides, recent invest-
igations on the measurement and correction of IEF shows
that ‘kink resonant’ is crucial in DIII-D [8, 9, 27] and NSTX
[27]. These show the significance of the non-resonant effect.
Nonetheless, experiments in other devices are still significant
to further verify this view. Therefore, experimental measure-
ment of IEF is designed to investigate the RMP spectrum
effect on EAST. Recently, spectrum effects on ELM control
have also been observed in DIII-D [28, 29] and MAST [30].
Thus continuing spectrum effect investigations may also pro-
mote the understanding of ELM control with RMP.

In this paper, measurement of IEFs using different RMP
spectra on EAST are presented in section 2. The spectrum
effect on error field penetration is then presented in section 3.
Finally, a summary and conclusion are given in section 4.

2. Measurement of intrinsic error field with different
RMP coil configurations

The RMP system consists of two arrays of coils with up
and down symmetry on EAST, as shown in figure 1. Eight
uniformly distributed coils along the toroidal direction are
comprised in each array. Each coil consists of 4 turns and
the maximum current of the power supply is 2.5 kA. The
EAST vacuum vessel consists of 16 ports, named as capital
letters ‘A, B, C,..., P’. Each coil covers toroidally two ports.
The center of the coil covering P and A ports is defined as
0°. The RMP coils may be set as odd and even connection
in the 2014 campaign on EAST. Even connection means
that the toroidal phase difference between the upper and
lower RMP coil currents (hereafter referred to as ‘phase dif-
ference’) A¢ = @ypper — Prower = 0° while odd represents
A¢ = Gypper — Prower = 180°. The characteristic of the n = 1

RMP Coils

Probes

Figure 1. Positions of saddle loops and magnetic probes embed in
RMP coils in EAST.

RMP vacuum spectra for these two configurations analyzed
by MAPS code [31] are shown in figure 2. Figure 2(a) is
for the even connection case, and figure 2(b) is for the odd
one. The blue dashed line represents the ‘pitch resonance’,
m = nq, and the length of the red line segments at different
rational surfaces are the vacuum island widths for coil current
Imp = 1 kA. Tt is shown that the odd one has a much better
pitch resonance. The odd one is a typical resonant dominant
spectrum and the even one is a non-resonant dominant spec-
trum based on MAPS vacuum modeling.

Besides the existing magnetic diagnostics on EAST
[32, 33], some new sensors have been installed in 2014 to give
better three-dimensional information for RMP studies. Three
arrays of saddle loops were installed at the upper, middle
and lower planes of the low field side, as shown in figure 1.
In the upper and lower planes, each saddle loop is placed close
to each RMP coil(corresponding to the blue line in the upper
and lower planes in figure 1). The midplane array consists
of 12 saddle loops with 8 smaller ones and 4 larger ones.
Each smaller saddle loop covers two midplane ports and each
larger one covers four midplane ports. Two arrays of 2 x 24
probes are distributed inside the RMP loops.

To obtain accurate IEF, the experiments are carried out
in well reproduceable lower single null ohmic plasmas
with toroidal magnetic field, Br~ —1.75 T, plasma current,
Ip >~ 460 kA, safety factor of 95% flux surface, gos >~ —3.5 and
fixed line averaged electron density, {n,)~1.0 x 10" m—3,
Here, negative g means the toroidal field is in the opposite
direction to the toroidal plasma current, following the convi-
nence in MAPS code [31]. The positive toroidal direction is
defined as counter closewise from the top view. The global
parameters are kept almost the same in the reproduceable
target plasmas used in this paper (see figure 3 for example).
The IEF is measured using the ‘compass scan’ technique
[6, 7, 13, 15, 16] in the following. The RMP spectrum used
for IEF measurement was often chosen as a ‘better coupling
one’ [6, 7]. The field penetration thresholds for the even
RMP configuration are typically much lower, which will be
discussed later in detail in section 3. Therefore, we present the
measurement of IEF with even RMP configuration at first in
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Figure 2. Spectra of n = 1 RMP with (a) even connection and (b) odd connection.
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Figure 3. Penetration experiments with toroidal phases of RMP
coil current ¢ = 67.5°,247.8°,157.4°,337.5° in the even connection
case. Temporal evolution of (a) plasma current, (b) line averaged
electron density, (c) plasma stored energy, (d) RMP current
amplitude, (e) electron temperature, (/) n = 1 radial magnetic
perturbation from plasma. The verticle lines (bold dash—dotted

line 50547, dashed line 50559, dash—dotted line 50560, dotted line
50561) represent the error field penetration moment when the n = 1
magnetic perturbation starts to increase.

section 2.1. To study the spectrum effect, the measured results
with odd one are presented in section 2.2.

2.1. Intrinsic error field measurement with even connection of
RMP coils

We first employ the even RMP coil configuration for the
measurement of IEF. Four different toroidal phase discharges
(RMP coil phases, ¢ = (67.5°,247.8°,157.4°,337.5°), here-
afer as ‘toroidal phase’) are carried out (figure 3). Figure 3
shows the typical time evolution of error field penetration. The
plasma current is fixed at about 460 kA figure 3(a). The line

averaged electron density measured by a hydrogen cyanide
(HCN) laser interferometer (figure 3(b)) and stored energy
measured from diamagnetic loops (figure 3(c)) are also given.
Figures 3(a)—(c) indicate that the four shots are well reproduce-
able. Figure 3(d) is the slow ramping up of the RMP coil cur-
rents. Figure 3( f) is the n = 1 magnetic perturbation signals
from the plasma measured from the midplane saddle loops.
The penetration happens at the onset of the n = 1 magnetic
perturbation indicated by the verticle lines. The penetration
moment is also verified by the fast drop of electron temper-
ature near the edge measured by electron cyclotron emission
(ECE) diagnostics, as shown in figure 3(e). It is shown that
penetration time and hence the thresholds are different at the
four toroidal phases. The typical two-dimensional locked
mode structure measured by the three arrays of saddle loops
in the lower field side for shot 50561 is shown in figure 4. It
shows a clear n = 1 mode structure. The dashed lines g = —2
and ¢ = —3 indicate roughly the pitch angles of the pertur-
bation from the m/n = —2/1 and m/n = —3/1 components,
respectively. It is shown that the toroidal phase of the locked
state is around 135 degrees, which approximates to the phase
of the —2/1 or —3/1 rational surface. The toroidal penetration
phases, RMP vacuum phases and vacuum thresholds for the
four shots are summarized in table 1. It is shown that the pen-
etration phases are consistent with the corresponding RMP
vacuum phases of the m = —2 or m = —3 components. This
means that the plasma is locked to the vacuum field frame
after field penetration.

We can obtain the IEF from the penetration thresholds of
the above four shots and some other repeated shots. By fitting
the penetration thresholds of upper RMP coil peak currents
and their corresponding toroidal phases with a circle, we can
obtain the intrinsic error field, as shown in figure 5(a). The
IEF amplitude with upper RMP coil peak current is about 87.1
A and the toroidal phase is about 267.9°. At different phase
differences between upper and lower RMP coil currents,
a set of upper or lower coils cannot reflect the whole infor-
mation of the penetration RMP field, thus we then give the
IEF using vacuum field penetration thresholds. By fitting the
vacuum thresholds and toroidal phases of the ¢ = —2 surface
with a circle, we can obtain the intrinsic error field, as shown
in figure 5(b). The amplitude of IEF is about b,;/1~0.1 G
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Figure 4. Two-dimensional structure of the magnetic perturbations from plasma after field penetration measured by the 3 groups of saddle

loops in shot 50561.

Table 1. Toroidal phase of the plasma response field after field
penetration and the phases of the m/n = —2/1 and m/n = —3/1
components of the vacuum RMP.

n = 1 Vacuum threshold(phase)

Shot m=-2 m= -3 Penetration phase
50547 0.9078(227.2) 2.1183(234.1) (225)

50559 0.7459(47.2) 1.7406(54.1) (45)

50560 0.8509(317.2) 1.9856(324.1) (340)

50561 0.7868(137.2) 1.8359(144.1) (135)

(=6 x 107°By) and the toroidal phase is about 67.6°. If we
fit the circle using the —3/1 component, the obtained intrinsic
error field is about b,3,1~0.2 G (~1.2 x 107By) and the
toroidal phase is about 74.5°. Both of these give an extremly
small intrinsic error field level. This is helpful for extending
the plasma operation window to low density at low g5 without
error field correction.

2.2. Intrinsic error field measurement with odd connection of
RMP coils

To study the RMP spectrum effect on error field penetra-
tion and the evaluation of IEF, the intrinsic error field mea-
surement in the same target plasma is repeated with the odd
connection of RMP coils. With the same technique, the IEF
measured in the odd connection case is shown in figure 6.
Figure 6(a) shows that the IEF amplitude with upper RMP
coil peak current is about 172.4 A and the toroidal phase is
about 153.6°. Figure 6(b) shows that the obtained IEF ampl-
itude is about b,5/; ~ 0.7 G (=4 x 107B) and the toroidal
phase is 58.3°. The amplitudes of the even and odd ones are
significantly different. However, the IEF phases are almost the
same in both connection cases. The phase is also consistent
with that of the natural locked mode. This means that the mea-
surement itself is reliable.

2.3. Discussion

The obtained intrinsic error field is in general quite small,
although the amplitudes are different for the two RMP con-
figurations used. We have also tried to create the target plasma
for error field correction study in ohmic discharge by ramping
down of the plasma density during the plasma current flat

top. However, it always enters runaway discharge before the
natural penetration happens. This again confirms the small
amplitude of the measured intrinsic error field. Besides the
accurate manufacturing of the magnetic coils on EAST,
the reasons for so small intrinsic error field might include the
large distances between the poloidal field(PF) coils and the
plasma (on the order of meters) limited by superconducting
coils structure, and the relatively small contribution of the
busbar of the toroidal field(TF) coil because there are 130
turns for each TF coil.

We have also tried to test the PF and TF coils contribution to
the IEF. We have tried to apply the RMP field at different times
of the plasma current flat top to test the central solenoidal PF
coil contribution, because their currents have relatively large
changes. No obvious difference has been observed. This means
that they may not have a significant contribution. It is hard to
test the contribution from the large PF coils for the vertical
field, because they do not change much during the current flat
top. In addition, we have also analyzed plasma intrinsic locked
mode shots with opposite toroidal field directions. The differ-
ence of natural locked mode phases is less than 90°. Thus the
toroidal field might contribute little to the IEF. However, direct
measurement of the intrinsic error field using the magnetic
sensors will be investigated in the near future.

3. Spectrum effect on error field penetration

Figures 5 and 6 not only indicate that the amplitude of IEF
is different between even and odd connection cases, but
also show that the penetration thresholds of the odd connec-
tion are much larger than those of the even connection (for
the convenience of comparison, the fitted circle of figure 5
is shown as a dashed circle in figure 6). The reason for the
large difference of vacuum —2/1 mode penetration thresh-
olds between even and odd connections may be the spectrum
effect. Figure 2 shows the even connection corresponds to
non-resonant dominated spectrum, whereas the odd connec-
tion corresponds to resonant dominated spectrum. This is
the fundamental difference in these two shots. Therefore, a
reasonable explanation for the threshold difference is that the
non-resonant perturbation spectrum has a significant effect
on field penetration.

To further clarify the spectrum effect on error field pen-
etration, a scan of phase difference (A¢) of upper and lower
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Figure 5. Fitting of the intrinsic error field in the even connection case (a) under penetration threshold of upper RMP coil peak current,
(b) under —2/1(m/n) vacuum resonant field amplitude on the rational surface at the penetration moment. Red squares are penetration thresholds
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Figure 6. The same plot as figure 5 for the evaluated intrinsic error field using the odd RMP coil configuration. The dashed circle

represents the solid circle in figure 5(b).

RMP coil currents in different shots was carried out in the
2015 spring experiment campaign on EAST. Figure 7 shows
the penetration thresholds of the shots with A¢ = 180°, 90°
and 45°. It shows that fields are penetrated at different times
in shot 55296(180°) and shot 55447(45°), while no penetra-
tion happens in shot 55312(90°) at the maximum RMP current
2.5 kA (e.g. stars under the shadow region in figure 8). This
suggests that the field penetration threshold strongly depends
on the RMP spectrum. The dependence of field penetration
threshold on the phase difference is shown in figure 8. The
solid line corresponds to the strength of vacuum —2/1 (figure
8(a), —3/1 in figure 8(b)) component at the g = —2 (g = —3)
rational surface with the maximum RMP current 2.5 kA, while
circles represent penetration thresholds of the —2/1 (—3/1)
resonant component. Figure 8(c) gives the RMP peak current
of penetration threshold. If the valley of vacuum modeling
curve corresponds to the peak threshold, then threshold field
of vacuum modeling will be close to alignment. Comparing
the solid line in figure 8(a) and the symbols in figure 8(c),
there is about an 80 degree phase difference to match. Besides,
figure 8 shows that the resonant dominated cases (at the phases

about 180° and 225°) have larger penetration thresholds than
the non-resonant cases (e.g. at 0° or 45°). Therefore, the spec-
trum indeed has a significant effect on error field penetration.

In the recent years, plasma response modeling has been
of great concern [6, 8, 27, 29, 34, 35]. To further check this
viewpoint, the plasma response based on the MARS-F code
under the plasma equilibrium configuration of the above dis-
charges is given in figure 9. Solid lines in figures 9(a) and (b)
are the plasma response calculation result of m/n = —2/1 and
m/n = —3/1 components at the corresponding rational sur-
faces, respectively. They represent the sum of vacuum field
and response field. The amplitudes of circles in figure 9(a) are
closer than that in figure 8(a), indicating the plasma response
may interpret the difference of IEF derived by vacuum
modeling. The penetration threshold of plasma response of
m/n = —3/1 resonant component is better than that of the
m/n = —3/1 resonant component. Comparing the solid line
in figure 9(a) and symbols in figure 8(c), there is about a
45 degree phase difference to match.

By artificially shifting the plasma response curve back
45 degrees at the phase difference coordinate, it is found
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to the MARS-F calculation results in figure 9(a).

that penetration thresholds are nearly the same as seen in
figure 10(a). The underlying physics is not clear. By roughly
calculating the IEF under the artificially shifting plasma
response, by comparing IEF under vacuum field and the ratio
of plasma response field amplitude to vacuum field ampl-
itude at the corresponding phase difference, we can obtain
that the IEF amplitude is about 0.032 G and 0.041 G in even
and odd connection cases, respectively. This further indicates
that IEF under the plasma response has a smaller difference.
Thus plasma response modeling is a good candidate to make
up the difference of IEF amplitude and penetration threshold
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between the non-resonant dominated even connection case
and resonant dominated odd connection case based on the
vacuum modeling.

There is also a possibility that non-resonant components
dominate the physical process of field penetration directly,
and therefore inducing the difference of IEFs. To check the
non-resonant component, we choose the m/n = —4/1 comp-
onent at the ¢ = —2 rational surface (figure 10()), which is
the largest component in the most A¢ region, to make clear
whether the non-resonant component dominates or not.
It shows a large difference between the valley of m/n = —4/1
non-resonant vacuum field curve and RMP peak current. We
have also checked the plasma response of the m/n = —4/1
component at the ¢ = —2 rational surface, the difference is
larger. Therefore, non-resonant components cannot dominate
the physical process of field penetration directly.

The conventional RMP effect in the locked mode or pen-
etration physics originates from the resistivity or other non-
ideal terms in Ohm’s law and is known for its flux averaged
electromagnetic torque at the rational surface, i.e. second order
electromagnetic torque Tgm = (0J X 0B), which peaks just
like the delta function distributed at the rational surface, hin-
dering the plasma rotation against the viscous torque 7ys. The
penetration regimes and thresholds are thus derived by torque
balance Tgm + Tys = 0. It is known that the non-resonant
magnetic perturbation may induce the braking of the plasma
rotation [26, 36-38] because of the neoclassical toroidal vis-
cosity (NTV) [39] effect. It will contribute additional torque
in the torque balance equation. This may influence the field
penetration by changing the plasma rotation [40]. According
to the ideal plasma response theory, the n = 1 kink-resonant
component around the m > ng spectrum couples to the least
stable mode [8, 27, 29, 34]. Once the ideal plasma response
amplifies the non-resonant field, it can enhance the NTV effect.
This might be the reason why the plasma response modeling
cannot well interpret the field penetration. Furthermore, the
field penetration process itself includes complex nonlinear
behavior. To fully understand the non-resonant components
effect on penetration needs self-consistent nonlinear modeling
of plasma response, which is still an unsolved problem [41].

4. Summary and conclusion

Intrinsic error field on EAST is measured using the ‘com-
pass scan’ technique with different n» = 1 magnetic pertur-
bation coil configurations in ohmically heated discharges.
The intrinsic error field measured with even connection of
upper and lower RMP coil currents is about b, ; ~ 0.1G(~0.6
x 107By) and the toroidal phase is about 67.6°. By vacuum
spectrum analysis, it shows that non-resonant components
dominate at the rational surfaces in the even connection, while
resonant components dominate at the rational surfaces in the
odd one. The reasons for so small intrinsic error field might
include the accurate manufacturing of the magnetic coils,
the large distances between the poloidal field coils and the
plasma (on the order of meters) limited by superconducting
coils structure, and the relatively small contribution of the
busbar of the toroidal field coil. The small IEF is good for

accessing the lower density operation. It is found that pen-
etration threshold and IEF have a dependence on spectrum
structure. We have also measured the IEF with odd connection
of upper and lower RMP coil currents. The toroidal phases of
the intrinsic error field are both about 60°. The amplitude of
the measured error field increased by a factor of 7, although it
is still quite small. Furthermore, we have also tried to create
the target plasma for error field correction study in ohmic dis-
charge by ramping down the plasma density during the plasma
current flat top. However, it always enters runaway discharge
before the natural penetration happens. This again confirms
the small amplitude of the measured intrinsic error field. In
addition, we have also tried to find the sources of the IEF. The
central solenoidal PF coils and toroidal field coils might have
little to contribute to the IEF. It is hard to test the contribution
from the large PF coils for the vertical field. However, direct
measurement of the intrinsic error field using the magnetic
sensors will be investigated in the near future.

The scanning of phase difference of upper and lower RMP
coil currents are also shown to clarify the significance of non-
resonant component on field penetration. The penetration
thresholds in non-resonant dominated cases are much smaller
than those in resonant dominated ones, which means that the
non-resonant component plays an important role in field pen-
etration. The plasma response on the basis of the MARS-F
code is given to further understand the non-resonant physics.
It is verified that linear response modeling is a good candi-
date for error field physics, although the result has about a
45 degree mismatch from the side of the m/n = —2/1 resonant
component, whereas there is a good match from the side of
the m/n = —3/1 resonant component. Generally, the field pen-
etration process itself includes complex nonlinear behavior.
To fully understand the non-resonant components effect on
penetration needs self-consistent nonlinear modeling of plasma
response, which is still an unsolved problem. In the future,
carrying on continuing experimental investigations against
theories and simulation on the non-resonant effect under various
situations may provide more valuable information for ITER
with varieties of magnetic perturbation spectra characteristics.
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