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CrossMark
Abstract
In the ASDEX Upgrade tokamak, the growth of non-axisymmetric magnetic perturbation
(NAMP) associated with the ELM crash events has been observed, and both the poloidal
and toroidal phases of NAMPs, measured by a set of Mirnov coils, were highly random. By
applying an n = 1 magnetic perturbation (MP) field, the phases of NAMPs were locked to the
phase of the total n = 1 resonant MP (RMP) field, which takes the plasma response to the MP
field into account. This observation can be explained by the resonant electromagnetic J x B
torque applied by the RMP field on a magnetic island formed due to the magnetic reconnection,
which is predicted to occur during the ELM crashes by several numerical modelling results.
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Introduction

The edge-localized mode (ELM) [1] is characterized by a
periodic fast collapse of the edge pressure associated with
explosive losses of heat and particles in high confinement
mode (H-mode) fusion plasmas. The ELM could significantly
shorten the lifetime of the plasma facing components, thus it is
of great importance to understand the ELM dynamic process
and to control the peak heat flux on divertor plates for a fusion
reactor like ITER [2]. The dynamics of ELM crashes, espe-
cially its three-dimensional (3D) features, have been studied
extensively [3—6], however, it has not been fully understood
yet [7].

Magnetic reconnection [8], which is followed by the forma-
tion of magnetic islands at the rational flux surfaces, plays a
vital role for understanding the collapse events in magnetized
plasmas, such as sawtooth crashes [9], minor disruptions [10]
in tokamaks and solar flares [11] in the solar atmosphere. The
fast energy loss during the ELM crash is also proposed to be
due to magnetic reconnection [12]. Several nonlinear numer-
ical magnetohydrodynamic modelling codes, such as JOREK
[13, 14], BOUT++ [15] and NIMROD [16], have shown the
formation of magnetic islands and stochastic regions at the
edge plasma during the ELM crashes. However, to date, no
direct experimental evidence of magnetic reconnection has
been observed during the ELM crashes.

In a toroidally symmetric tokamak plasma, the occurrence
of magnetic reconnection can be identified by the formation of
magnetic islands. In past tokamak experiments with lower per-
formance plasmas, the magnetic island structure was directly
described by the radial distribution of the non-axisymmetric
magnetic perturbations (NAMPs) [17] measured by magnetic
probes around the rational surface. However, such measure-
ment is difficult to apply to high temperature H-mode plasmas,
where the NAMPs are normally measured by a set of magnetic
probe array outside the plasma. Therefore, the time evolution
of radial plasma profiles [18, 19] has been used as an assis-
tant to the judgment of a rotating magnetic island. Recently,
the external resonant magnetic perturbation (RMP) field has
been widely applied to study and control the magnetic island.
RMP can either induce magnetic island via forced magnetic
reconnection [20, 21], or lock the phase of the magnetic island
[22-25], so called the phase locking effect, via the resonant
electromagnetic J x B torque [25]. The phase locking effect
of the interaction between RMP and magnetic island has been
applied to control the phase [26] and the rotation frequency
[27] of the magnetic island, and also been considered as a
typical feature for identification of magnetic islands in the
tokamak plasma, such as the locked mode [22-25].

In this letter, we report the observations from the ASDEX
Upgrade tokamak experiments on the NAMPs with low

toroidal mode number growing associated with the ELM
crash events, which are similar to those observed in TCV [28].
Both the poloidal and toroidal phases of NAMPs, measured
by a set of Mirnov coils, were highly random. To identify
the sources which produce the NAMPs, the external n =1
magnetic perturbation (MP) field was applied to probe the
responses of NAMPs, while maintaining the ELM frequency
hardly affected. It is found that both the toroidal and poloidal
phases of NAMPs are locked to the phase of the total n = 1
RMP field. This observation can be explained by the resonant
electromagnetic J x B torque, applied by the RMP field on a
magnetic island due to the magnetic reconnection, which is
predicted to occur during the ELM crashes by several numer-
ical modelling results.

Experimental setup and results

On the ASDEX Upgrade tokamak, a set of in-vessel MP coils
has been applied to produce a MP field with various toroidal
configurations as shown in figure 1 [29, 30]. In this experi-
ment, the target type-I ELMy H-mode plasmas, perturbed
by an n =1 MP field in #31021 [31] and unperturbed in
#31030, were operated with an edge safety factor, gos, of 4.3
(plasma current of 1 MA and toroidal field of 2.58 T). The
pedestal top parameters are: electron density 7 peq ~ 5 X 10"
m 3, electron temperature T pea = 0.8-1.1keV, corresponding

to a moderate pedestal electron collisionality, v .4, of around
0.4. The n =1 MP field was rigidly rotated at 5 Hz for the
perturbed plasma and its toroidal phase, ®yp, is represented
by the n = 1 phase of the currents in the upper MP coils, ®y,
e.g. it was 304° for the case shown in figure 1(a).

Two poloidal and one mid-plane toroidal Mirnov coil
arrays are used to identify both the amplitude and the phase
of the NAMPs during ELM crashes. Here, these two poloi-
dal Mirnov arrays are toroidally separated by 180° and each
of them consists of 30 poloidally distributed Mirnov coils as
shown in figure 1, while the toroidal array consists of four
Mirnov coils unevenly distributed at the low field side with
toroidal angles of ¢ = 90°, 135°, 270° and 315°, respectively.
The poloidal field, By, is obtained by integrating the differ-
ential signals (dBy/df) from each Mirnov coil. The change of
By during the ELM crashes has two components: (i) the n = 0
part which could be induced by an inward or outward n = 0
equilibrium shift, and (if) the non-axisymmetric part which is
mainly due to plasma instabilities. Hence, the n = odd comp-
onent of NAMPs, bgdd’ELM, is determined by taking half the
difference between two By signals which were measured at the
locations with the same poloidal angle, but toroidally sepa-
rated by 180°. The superscript ‘ELM’ indicates that it is the
ELM associated component, which is zero before the ELM
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Figure 1. (a) The toroidal arrangement of the MP coils (Bu and Bl coils) and the Mirnov probes. The propagation directions of the n = odd
component of ELM associated NAMPs, bgdd’ELM, are also indicated. (b) The poloidal cross section of ASDEX Upgrade, showing the MP
coils, the separatrix of the plasma in discharge 31021, two toroidal symmetric chords of the absolute extreme ultraviolet (AXUV) diodes
and the poloidal Mirnov arrays (20 probes used in this experiment are filled). The poloidal distribution of bgdd’ELM during two ELMs at
2.1305s and 2.2382 s, as marked by the arrows in figure 3, are indicated by the red squares and blue diamonds in (b) respectively, with the
distances between the marker and the corresponding Mirnov coil proportional to the measured bgdd’ELM. The toroidal and poloidal direction
are defined in (b), with the plasma current (},) in +¢ direction and the toroidal field (Bt) in —¢ direction.
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Figure 2. Comparison of the poloidal distribution of b‘édd’ELM for the

(a) unperturbed and (b) perturbed plasmas by the n = 1 MP field. The

tile currents measured in the outer divertor, Ip;y, are plotted in black lines as an indicator of the ELM crashes. The circles and crosses mark

the peaks and dips of NAMPs respectively.

onset. Note that this analysis procedure eliminates all the
quasi-static equilibrium magnetic field and also the 5 Hz MP
field. Due to a finite number of toroidally distributed Mirnov
coils, the n = even component of NAMP cannot be identified
directly, and it will not be discussed in this letter. Using all
of the Mirnov probes indicated in figure 1, both the poloidal
(20 signals at ¢ = 90°) and the toroidal (2 signals at 6 ~ 0°)
distributions of bgdd’ELM could be obtained.

Figure 2 shows a comparison of the NAMPs, indicated
by bgdd’ELM, in the unperturbed and perturbed plasmas by the
n =1 MP field. The negative bursts observed in the tile cur-
rents measured in the outer divertor (Ipjy, black lines) indi-
cate the onset of ELM crashes [32]. Accompany with the

ELM crash, there is a clear mode structure characterized
with peaks and dips in the poloidal profile of NAMPs. This
mode structure disappeared shortly after the ELM crash in
the unperturbed plasma, while it remained in the perturbed
plasma for a few milliseconds. Interestingly, the peaks and
dips of NAMPs appeared almost at fixed poloidal locations
if perturbed (marked by the black circles and crosses in fig-
ure 2(b)), while they appeared at more random poloidal loca-
tions if unperturbed (figure 2(a)).

The different behaviors of NAMPs observed in the per-
turbed and unperturbed plasmas indicates that the NAMPs
responded to the applied n = 1 MP field. In figure 3, a detailed
time evolution of NAMPs at four different ®y;p is shown. By
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Figure 3. Contours of bzdd’ELM versus ¢ and time and the waveforms of two AXUV signals, measured at ¢ = 81° and 261°, during four

ELMs with different ®yp in discharge 31021. The black dots in the right of (a) and (¢) indicate the poloidal locations of the measurement,

while the vertical dashed lines indicate the ELM onset. The two black arrows mark the times of the poloidal distributions of

in figure 1(b).

tracing the peak/dip trajectory, it is found that the ELM asso-
ciated mode structure propagated poloidally in the electron
diamagnetic drift direction in the laboratory frame during
each individual ELM, and then stayed at a constant location
before it decayed away. In addition, the phase of NAMPs was
changed roughly by 180° when ®yp increased by around 180°.
A direct comparison of NAMPs observed during applications
of the n =1 MP field with two opposite phases was also
shown in figure 1(b). This indicates that the poloidal phase of
NAMPs was strongly impacted by the n = 1 MP field.

The amplitude and toroidal phase of NAMPs can be calcu-
lated by fitting the two bzdd’ELM signals from the toroidal array
against their toroidal locations using a sine function and a
known toroidal mode number. It has been observed previously
that low n modes, dominated by n = 1 or 2 components, grow
non-linearly before and during the ELM crashes in AUG [33]
and TCV [28]. Considering that the n = 1 MP field affected
the poloidal phase of bgdd’ELM as described above, the assump-
tion that the measured b‘e’dd‘ELM consists mainly of the n =1
component has been adopted. Figure 4 displays the calculated
amplitudes and toroidal phases of the n = 1 component of
NAMPs (b="F"M and ¢=1-ELM),

Figure 5 shows the evolution of NAMPs with stepping up
of the neutral beam injection (NBI) power, while the electron
cyclotron resonance heating power is around 1.4 MW. With
the rise of Oy, bgzl’ELM is also observed to increase, while
©"=EM shows a clear shift towards the co-1, direction with
the rotation of the n = 1 MP field. Especially, the ¢"=""EtM

measured at the peak of bZZI’ELM during each ELM (@ge:ai’ELM,

bgdd’ELM shown
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Figure 4. The evolution of (a) the amplitudes and (b) the toroidal
phases of the n = 1 component of NAMPs for the four ELMs
shown in figure 3. b}~ LEEM i also indicated by the color scale in

(b). The time with respect to the ELM onset (#1 piv,ons, @5 marked in
figure 3) are used.

n=1,ELM
peak

in the unperturbed plasma is highly random, similar as the

figure 5(b)) was linear to ®pp. As a comparison, the ¢

corresponding poloidal phase. The poloidal distribution of

HYMEM a5 also modulated by the 5 Hz rotating n = 1 MP

. dd,ELM
field (figure 5(c)). The poloidal phase at the peak of by

andd ELM
peak

sponds to the ion diamagnetic drift direction and is the same
as the rotation direction of the n = 1 MP field (figure 1(a)).
These observations reflect that both the toroidal and poloi-
dal phases of NAMPs can be locked to the externally applied
n =1 MP field.

bl

, was shifted towards the —6 direction, which corre-
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Figure 5. The evolution of (a) the NBI power, By, b~ "™, (b) the ¢"="FIM, ¢

n=1,ELM
peak

(magenta dots corresponding to 78 ELMs), ®yp-

191°, and (c) the poloidal distribution of b‘édd’ELM. The color scale indicates (b) bgzl’ELM and (¢) bgdd’ELM. The soild line in () indicates that

n=1,ELM
peak
The toroidal velocity of the ELM associated mode struc-
ture is observed to be around a few km s~! in the counter-1,
direction in the LFS mid-plane, e.g. v/ "M ~ —10.3 km s~
for the NAMP at ®y;p = 113° shown in figure 4. In the NBI
driven fast rotating plasma, this mode structure could be only
localized at the plasma edge. This reflects the formation of
3D perturbed currents at the edge of the plasma during the
ELM crash events, and their phases could be locked to the
externally applied MP fields. Meanwhile, the toroidal asym-
metry of the edge AXUYV radiation, /xxyv, has been measured
during the ELM crashes by two toroidal symmetric chords of
the AXUV diodes [34]. This toroidal asymmetry, which might
be due to the existence of the NAMP, can be impacted by the
n = 1 MP field, as shown by the four examples in figure 3.
The phase locking of NAMPs to n = 1 field can reflect the
essential nature of NAMPs. The NTV torque [35] generated by
the MP field can brake the plasma rotation, but it will not lead
to the phase locking. The MP field also can not lock asymmet-
ric structures such as SOL filaments [36]. The resonant electro-
magnetic J x B torque [25] applied by a RMP on a magnetic
island has been widely shown to cause the phase locking
between a RMP field and the 3D perturbed currents. This can
be the reason why the phases of NAMPs were significantly
impacted by the n =1 MP field. At first glance, the applied
n =1 MP field in #31021 is vacuum non-resonant, as indi-
cated by the misalignment between the pitch of coil currents

= Opp-191°, while the dashed lines mark the one standard deviation region (o = 47°).

and the pitch of g = 4 field lines in figure 1(a). However, due
to the amplification of marginally-stable edge n = 1 kink mode
in this high beta plasma [31] and the coupling effect [37], the
total n = 1 RMP field at the rational surface was larger [31].
Besides, its phase was varied at 5 Hz, hence the NAMPs were
phase locked to the total » = 1 RMP field.

To clarify the effect of plasma response on the total RMP
field, a detailed poloidal spectrum scan of the n = 1 MP field
has been performed with g95s = 5.3 and the total RMP field has
been modelled by the MARS-F code [38] taking the plasma
response into account, as shown in figure 6. A continuously
scan of the differential phase between the upper and lower MP
coils, 6@y = Py — Pr, was carried out in discharge #32116,
while fixed 6@y were maintained from #32117 to #32119.
®y and Pp, were varied simultaneously at 1 Hz in opposite
toroidal directions in #32116. As a result, the amplitude of
the RMP field (and the spectrum of MP) in a vacuum assump-
tion was modulated at 2 Hz (figure 6(a)), while the phase of
the RMP field was flipped between two constants at 1 Hz
(figure 6(b)). The @SZ}(’ELM were measured to flip between
~ — 130° and ~70° when ®y was around 0° and 180° (figure
6(c)). The phase flip appeared at the phases of ®y (or 6Pyr)
with a ~40° (or ~80°) difference between the vacuum RMP
and NAMPs. This difference is significantly reduced when
taking the plasma response into account in the MARS-F mod-
elling, as marked by the red vertical line in figure 6. Due to the
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Figure 6. The response of NAMPs to external n = 1 MPs at various
poloidal spectra by varying the §®yy, for experiments and modeling.
The cp;’;}(’ELM are shown in (c) for #32116 with 6@y scan and
from #32117 to #32119 with fixed 6Pyr.. 268 ELMs from these
four discharges are shown in (¢). The (a) amplitude, brlcs, and (b)
phase, Phase [brlcs}, of the RMP field at ¢ = 7/1 rational surface were
modelled by MARS-F for vacuum (blue) and total (red) field.

plasma response [37, 39], the dependence of the total RMP
field on @y (or 6Pyy), has been shifted for around 40° (or 80°)
compared to that of the vacuum RMP field. This match indi-
cates that the phases of NAMPs are locked to the total RMP
field, with only a small RMP amplitude.

Discussion and conclusions

The phase locking of NAMPs to the total RMP field can be
explained as a result of the resonant electromagnetic J x B
torque applied by the RMP field on the magnetic island, which
is measured as the NAMP. On JET, a rotating ELM postcur-
sor mode, so called palm tree mode [40], has been observed
after ELM crashes. The palm tree mode has an n = 1 tearing
mode structure, which is consistent with our observations. On
ASDEX Upgrade, the acceleration of beam ions during ELM
crashes has been observed [41]. This result could be explained
in terms of a resonant interaction between the fast-ion orbits
and the parallel electric field emerging during the ELM, when
magnetic reconnection is believed to take place. The accelera-
tion of electrons during ELMs was also reported on MAST
[42] and ASDEX Upgrade [43].

This work is also consistent with the recent JOREK model-
ling based on ASDEX Upgrade equilibrium, which shows that
magnetic reconnection is responsible for the fast 7. collapse
during ELM crash [14]. The n = 1 NAMPs observed in this
work might be related to the important n = 1 component pre-
dicted by the JOREK modelling [14]. The NAMPs withn > 1,
if exist, have not been studied in this letter due to the limitation
of the diagnostic arrangement. In [14], ELM mode structures
with n = 2-5 are observed experimentally at a few kilohertz
during the ELM crash, via ELM synchronization of tempo-
ral Fourier analysis. They are different from the non-periodic
NAMPs, which are more similar to the solitary magnetic per-
turbations observed previously in AUG [33] and TCV [28].
Further study on the NAMPs with n > 1, perhaps combined
with the method used in [14], is necessary to provide a more
comprehensive understanding on the ELM crashes. The phase

locking of NAMPs were shown for more than 300 ELMs in
this letter with a range of plasma parameters of Oy = 1.8-2.8
and gos = 4.3, 5.3. The investigation of NAMPs behavior in a
wider parameter range is also important for the future study. It
is also worth noting that the magnetic island should have the
same toroidal and poloidal mode numbers as the RMP field,
so that the phase locking can occur.

This observation of resonant interaction between ELM and
MP fields can provide the magnetic reconnection as a possible
new mechanism for understanding the physics of ELM con-
trol by RMP [44, 45]. In fact, a similar differential phase shift
of the total RMPs calculated in between a vacuum assumption
and taking into account the plasma responses has also been
observed in the experiments of ELM mitigation [39, 46] and
suppression [47] using the MP field.

In conclusion, the growth of NAMPs associated with the
ELM crash event has been observed on the ASDEX Upgrade
tokamak. By applying an n =1 MP field, the phases of
NAMPs were locked to the phase of the total n =1 RMP
field, which takes the plasma response to the MP field into
account. This experimental observation may also be important
for understanding the physics of the ELM control by RMP.
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