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The impact of the low-Z impurity concentration on the modes stabilization has been investigated in the EAST
tokamak. Series of tearing modes (TMs) with multiple helicities are excited by the concentration of low-Z
(carbon) impurity, and the dominant mode structure is featured by m/n = 2/1 magnetic islands that propagates
in electron diamagnetic drift direction (:m and n are poloidal and toroidal mode numbers respectively). The
m/n = 2/1 locked modes (LMs) can be formed by the redistribution of low-Z impurity concentration, which is
unlocked spontaneously for the decreasing of impurity concentration, where the width of magnetic islands can be
reached w = 5 cm (w/a ~ 0.1, a is minor radius). The increasing of electromagnetic brake torque is the primary
reason for the mode locking, and the *O’-point of m/n = 2/1 magnetic islands is locked by the tungsten protector
limiter (toroidal position: —0.47 < ¢ < —0.37) with separation of A¢ =~ 0. The 3D asymmetric structure of m/n
= 2/1 magnetic islands is formed for the interaction with the tungsten protector limiter, and the electromagnetic
interaction decreases dramatically for the separation of A¢ > 0.27. The mechanisms for the mode excitation
and locking can be illustrated by the "hysteresis effect” between the low-Z impurity concentration and the width
of m/n = 2/1 magnetic islands, namely the growth of magnetic islands is modulated by the low-Z impurity
concentration, and the rotation velocity is decelerated accordingly. However, the intrinsic mechanism for the
unlocking of m/n = 2/1 LMs is complicated by considering of the low-Z impurity, and the possible unlocking
mechanism is discussed. Therefore, understanding of the relationship between the impurities and magnetic

islands is more important for the developing of control techniques, e.g., LMs, NTM and major collapse.

I. INTRODUCTION

The existence of suitable impurity ions is important in fu-
sion devices for a variety of reasons [1-3], which have been
assessed of the impurity radiation in the core and divertor
plasmas for ITER and DEMO [4]. However, series of tear-
ing modes (TMs) instabilities can be triggered by the con-
centration of impurities [5—10], and the structure of magnet-
ic islands are formed accordingly as Refs [11]. The inter-
action between the impurity density and TMs instability is
more dangerous for the plasma confinement, e.g., the for-
mation of locked modes (LMs) [12] or the triggering of ma-
jor disruption [13, 14]. The LMs can be unlocked by the
resonant magnetic perturbations (RMP), which have been
applied extensively [15-18]. The rotation of magnetic is-
lands can be decelerated by the electromagnetic interaction
with wall of finite resistivity [19], which can be driven by
the viscous coupling of the modes with the bulk plasma
[18, 20, 21]. Interestingly, the multiple helicities of TMs are
excited by the influx of low-Z impurity in EAST, and the
m/n = 2/1 LMs can be formed and unlocked spontaneous-
ly by the redistribution of low-Z impurity concentration (m
and n are poloidal and toroidal mode numbers respective-
ly). Furthermore, the intrinsic mechanism of mode stabi-
lization of magnetic islands by considering of low-Z impu-
rity is more important in validating the physical model of
mode locking [18], which are motivated the current work.

The rotation velocity of magnetic islands can be braked
(accelerated) respectively for the increasing (decreasing) of
low-Z impurity concentration. The “hysteresis effect” of
the width (w) of m/n = 2/1 magnetic islands versus low-Z
impurity concentration is formed accordingly that has been
observed in the EAST tokamak, namely the electromagnet-
ic brake torque can be modulated by the low-Z impurity
concentration. In the rest of the paper, the schematic of
EAST device and partial diagnostics are given in section
II. The basic discharge condition, modes excitation, mode
locking/unlocking of m/n = 2/1 magnetic islands are sum-
marized in section III, and the “hysteresis effect” between
w and low-Z impurity concentration is demonstrated in sec-
tion IV, and the conclusion and discussion are presented in
section V. The m/n = 2/1 and m/n = 4/1 magnetic islands at
different rational surfaces are coupled together and rotated
by the same frequency as documented in the Appendix, and
the structure of 3D asymmetry is formed accordingly.

II. EXPERIMENTAL SETUP

Experimental Advanced Superconducting Tokamak
(EAST: major radius Ry < 1.9 m and minor radius a ~ 0.45
m) with shaped poloidal cross-section as shown in figure
1. Several diagnostics are equipped on different horizontal
ports that are marked by A, B, ---, P respectively, and the
¢ = 0 is defined as the center position between ports P
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FIG. 1: Schematic diagrams of EAST top view (c) and side views in (a) and (b), where the poloidal position (yellow shaded region) and
rotation direction (blue bold arrow) for the m/n = 2/1 magnetic islands are marked schematically.

and A along toroidal direction. The carbon impurity can
be detected by the Filterscope [22] and flat-field extreme
ultraviolet (EUV) [23] spectrometer directly, which can also
be speculated from absolute extreme ultraviolet (XUV) [24]
arrays indirectly. The Filterscope and EUV spectrometer
are mounted in the horizontal ports G and D respectively,
and the line emissions of CIII (edge) and CVI (core) can
be monitored accordingly. The detector of XUV array is
sensitive to photons in the wavelength of 0.2 nm - 1.2 x 103
nm, and the CIII (Filterscope: edge) and CVI (EUV: core)
signals with wavelengths of 465 nm and 3.37 nm can be
monitored concurrently. Furthermore, the electron density
n, and electron temperature 7, are increased and radiated
accordingly by the influx of low-Z impurity. The n, is
measured by Polarimeter Intferometer (POINT) [25] array,
which distributes uniformly along the vertical direction
of port O. The T, are measured by the second harmonics
mode of heterodyne radiometer of electron cyclotron
emission (ECE) [26, 27] and Thomson scattering (TS)
[28] diagnostics respectively, and the ECE signals can be
calibrated by the measurement of TS array. The two arrays
(ECE and TS) are located in ports P and L respectively
as shown in figure 1(c), which are separated by A6 ~ m/2
(poloidal) and A¢ ~ m/2 (toroidal).

Two sets of edge magnetic pickup arrays with the sim-
ilar arrangements are situated at ports C and K, and the
toroidal positions are ¢c ~ 0.31r and ¢x ~ —0.697 ac-
cordingly. Two soft X-ray (SXR) arrays are equipped on
the horizontal port P, and the detectors located on the bot-
tom section is labelled by the alphabet of D. Magnetic sur-
faces with normalization radius (r/a) are reconstructed from
the edge magnetic measurements. The sight-lines of SXR
and XUV detectors are tangent to a series of poloidal mag-

netic surfaces, and the points of tangency are defined as
Psxr(r/a) and py,(r/a). The field of view of SXR and X-
UV detectors are fully different, and the relative positions of
Pse(r/a) = = 0.5 and p,,,(r/a) = £ 0.5 are demonstrated
in figure 1(b) for the SXR channels (11 and 32) and XUV
channels (14 and 43) respectively, where pg . (r/a) < 0
means the point of tangency locates in the bottom section.
The tungsten protector limiter locates between ports M and
N with —0.47 < ¢, < —0.37, and the distance between the
limiter and last closed flux surface (LCFS) is ~3.7 cm. The
EAST has equipped with a molybdenum first wall, a SiC-
coated graphite lower divertor and a ITER-like W/Cu up-
per divertor [29]. The low-Z (carbon) impurity is generated
easily under the magnetic configuration of lower single-null
(LSN) divertor due to the plasmas wall interactions, where
the high-Z (tungsten) impurity can be produced for the con-
figuration of upper single-null (USN).

III. EXPERIMENTAL RESULTS

The experiments are performed in L-mode plasmas with
low beta (8, < 1), and the magnetic configuration of #61042
with LSN is demonstrated in figure 1, where the opening
direction of *X’-point of LCFS deviates inward. The ion
B x VB drift direction is downward. The core electron tem-
perature and line-integrated electron density are T,y > 2 keV
and (n,) > 2 x 10"m™3 respectively, and the ByR ~ -
4.16 T-m (the sign of ’-’ means the directions of toroidal
magnetic field By and plasma current I, = 0.4 MA are re-
versed, R is major radius), gos ~ 7 (edge safe factor at 95%
poloidal magnetic flux surface), magnetic axis (R, Z,) =
(1.89,-0.02) m, elongation k ~ 1.75, internal inductance /; <
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FIG. 2: Basic discharge condition for shot #61042. (a) core integrated intensity of CVI signal measured by the EUV spectrometer, (b) two
channels (#9 and #55) of XUV signals with p,,, ~ + 0.78 are marked in figure 1(b), (c) line-integrated electron densities (#,) measured by
POINT array, (d) the 7, at q = 2 surface are measured by ECE and TS arrays respectively, () B, and ¢, for locked n = 1 magnetic island
are measured by the saddle loops as Ref [30], (f) poloidal magnetic component 6B, for m/n = 2/1 TMs intensity, and the spectrogram of

edge magnetic signal is given in (g).

1.4, and the upper and lower triangularity are 6, ~ 0.49 and
0; = 0.6 respectively. The loop voltage is U, ~ 0.1 V, namely
the dominating portion of plasma current is driven by lower
hybrid wave (LHW) with power of Py = 1.6 MW.

The carbon (low-Z) impurity is generated from the low-
er divertor, which can be monitored synchronically by the
measurements of Filterscope and XUV arrays respectively.
The line emission of CIII signals erupts abruptly from the
lower inner divertor, which are observed successively by the
two chords #3 and #4 of Filterscope signals. Such process is
captured by the XUV array, and the two spots are observed
in the region of py,,(r/a) < -0.8 for t < 3.53 s as shown in
figure 3(a). The counts of the core integrated intensity of
CVI signal increases by tenfold as shown in figure 2, and
the intensities of the XUV, electron density and temperature
signals are altered accordingly for the influx of low-Z impu-
rity, e.g., the core line-integrated electron density increases
by An./n, > 17%, and the electron temperature at q = 2
surface decreases by AT, /T, > 50%.

The m/n = 2/1 TMs with the rotation frequency f,;; are
excited by the concentration of low-Z impurity, and the os-
cillation amplitude of m/n = 2/1 magnetic islands achieves
by the maximum for the moment of t = 3.64 s. The struc-
ture of m/n = 2/1 LMs is formed (t > 3.66 s) and unlocked
(t > 6.21 s) spontaneously as demonstrated in figure 2(e)-
(g). It needs to be stressed that the mode features (exci-
tation, locking and unlocking) of the m/n = 2/1 magnetic
islands have strong relationship with the carbon concentra-
tion, which will be discussed as follows.

A. Modes excitation

Series of TMs with different frequencies (fa;1, f3/1, fo1
and f3/2) and multiple helicities (m/n = 4/1, m/n =3/1, m/n
=2/1, and m/n = 3/2) are excited successively, as shown in
figure 3. The relative positions of those modes are located
at p(r/a) = 0.8 (q =4, R ~2.23 m), p(r/a) = 0.65 (q =3,
R=~217m),p(r/a) ~05(q=2,R~2.1morR~1.67m
in HFS), and p(r/a) =~ 0.39 (q = 1.5, R = 2.06 m) respec-
tively, and those modes are propagated in electron diamag-
netic drift direction that is marked by the blue bold arrow as
shown in figure 1. The excitation of those TMs instabilities
have strong relationship with the carbon concentration, and
one example is selected as demonstrated in figure 4.

The m/n = 4/1 TMs with frequency fi;; ~ 8 kHz is ex-
cited temporally (A < 2 ms) for the moment of t = 3.531
s. The special region with 61,/ > 35% is observed
in the bottom section (-0.73 < py.(r/a) < -0.86) that en-
compassed by the blue enclosed curve, which is fully cov-
ered the q = 4 surface. Interestingly, the m/n = 4/1 TM-
s is excited synchronically for the concentration of low-Z
impurity. The structure of magnetic islands propagates in
counter-current direction, and the toroidal mode number n
= 1 can be estimated by the two channels that separated by
n toroidally as shown in figure 4(b). The phase angle @, of
magnetic islands increases in the counter-clockwise direc-
tion along poloidal as shown in figure 4(c), and the phase
displacement is Aa; = 8x for one poloidal circle, namely
the poloidal mode number is m = Aaj,/27n = 4. Further-
more, the down/up asymmetric of m/n = 4/1 magnetic is-
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FIG. 3: The concentration of low-Z impurity and the excitation
of different helicities of TMs instabilities. Definition: the relative
fluctuation is 61, = I — Iy, and the I, is the averaged intensity
for the selected time interval.

lands is observed for the current condition. The oscillation
of TMs (f4;1) can only be observed by the three chords of
XUV array that is fully covered by the blue enclosed curve
as shown in figure 4(a), and the similar oscillation is also be
observed by the POINT array for the chord with Z =-43 cm,
which are confirmed by the edge magnetic signals as shown
in figure 4(c), i.e., the down/up asymmetry.

The excitation of m/n = 2/1 TMs by the concentrated of
low-Z impurity is demonstrated in figure 5. The time evolu-
tion of carbon concentration can be speculated by the mea-
surements of XUV and ECE arrays. The line emission of
different ionization states of low-Z (carbon) impurity can be
monitored entirely by the measurement of XUV array, and
the intensities /,, increase by the twofold for the moment
of t = 3.54 s. The T, is radiated accordingly by the concen-
trating of low-Z impurity [31], and the intensities of ECE
signals decreases dramatically for the same moment of t =
3.54 s. Interestingly, the maximum alteration of AT, /T, is
reached at 50% for the shaded region of q = 2 surface with
normalized minor radius p(r/a) ~ 0.5 (R = 2.1 m). There-
fore, the m/n = 2/1 TMs should be excited by the concen-
tration of low-Z impurity.

The up/down asymmetry of low-Z impurity concentration
is observed by the measurement of XUV signals. The inten-
sities of 1, for the top section (0.5 < py,(r/a) < 0.8) is
nearly twice larger than the bottom section for the moment
of t ~ 3.54 s, which is in accordance with the measurements
in C-Mod [32] that the impurity density is larger on the side
opposite to the ion B x VB drift direction. The up/down
symmetry is restored gradually for the decreasing of carbon
concentration. The I,,-profiles for the two moments of t
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FIG. 4: The excitation of m/n = 4/1 TMs and the concentrating of
low-Z impurity are observed synchronically, and the q = 4 surface
with 61, /Ly = 35% is encompassed by the blue curve as shown
in (a).
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= 3.5 s and t = 4.65 s are nearly the same, while the rela-
tive alterations electron temperature are AT, /T, ~ 15% and
AT,/T, < -15% respectively for the two regions of R = 2
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m and R = 2.1 m. Therefore, the T,-profile is modified by
the alteration of impurity concentration, and the gradient of
dT,/dR|,=> in the region of 2 m < R < 2.1 m increases ac-
cordingly for the comparison of the two moments of t = 3.5
sand t =4.65 s.

B. Mode locking

The structure of m/n = 2/1 magnetic islands is locked for
the moment of t ~ 3.66 s as shown in figure 6. The 6By in-
creases dramatically for t > 3.53 s, and the dominant struc-
ture (m/n = 2/1 TMs) is observed for the moment of t ~
3.533 s. The 6By increases gradually for t > 3.6 s, which
achieves the maximum for the moment of t ~ 3.64 s with
0By = 1.7 Gauss (0By/Bgyo ~ 1074, toroidal magnetic field
By = 2 T). Interestingly, the inflection point can also be

observed from the 3D asymmetric index y3p, for the same
moment of t = 3.64 s as shown in the small rectangular box
of figure 6, which is defined in the Appendix. The rota-
tion frequency f,; and oscillation amplitude 6By decrease
simultaneously for the time interval of 3.64 <t < 3.66 s,
i.e., the rotation frequency of m/n = 2/1 magnetic islands is
locked gradually. The radial magnetic component 6B, and
spatial phase angle ¢ for the LMs are measured by the sad-
dle loops as shown in figure 2(e), which can be expressed
as Ref [30]: 6B, = B, - cos(ng — ¢p), where eight magnetic
loops are equipped in LFS of equatorial plane along toroidal
direction ¢. The n = 1 magnetic island is locked by the tung-
sten protector limiter (-0.47 < ¢, < —0.37) for t > 3.66
s, and the 3D intrinsic error fields are formed accordingly.
Furthermore, the rotation frequency of m/n = 3/2 magnetic
islands decreases synchronously (f3, = 4 — 2.3 kHz) dur-
ing the mode locking of m/n = 2/1 magnetic islands, namely
the brake torque increase similarly for the two q = 1.5, 2 ra-
tional surfaces (R = 2.06 ,2.1 m).

The electromagnetic brake torque is the primary reason
for the mode locking of m/n = 2/1 magnetic islands. The
width of the O’-point of m/n = 2/1 magnetic islands can
be estimated by the locally flattened T,-profile, which is
marked by the shaded region of figure 7, where the O’ and
"X’ points of magnetic islands are represented by solid and
dash lines respectively. The width (w) of m/n = 2/1 mag-
netic islands increases obviously for the time interval of t
= 3.636 — 3.644 s, which is marked by the black arrow.
Therefore, the electromagnetic brake torque (Fry o w*)
is the primary reason for the mode locking, and the maxi-
mum width of magnetic islands can be reached at w = 5 cm
(w/a >0.1).

C. Mode unlocking spontaneously

The m/n = 2/1 LMs is unlocked spontaneously as demon-
strated in figure 8. The central position (¢p) of locked mag-
netic islands deviates from the initial position (¢y ~ —0.337)
gradually, which propagates in counter current direction as
marked by the blue arrow. The alteration of ¢, for the two
stages (t =4.65 — 6.17 sand t = 6.17 — 6.207 s) are near-
ly the same as A¢y =~ n/4, while the time interval (Af) are
At = 1.52 s and Ar =~ 0.037 s respectively, i.e., the rotation
velocity (v = d¢y/dt) of *O’-point of magnetic islands are
v~ 0.2r/s and v = 6.87/s. The slowly rotating of magnetic
islands can be captured synchronically by the measuremen-
t of ECE array. The *X’-point of magnetic islands is fully
captured for the moment of t = 6.17 s, and the *O’-point
shifts to the toroidal position of ¢y ~ —0.58x that is sepa-
rated by A¢ =~ 7/2 from the ECE array (¢, ~ —0.087). The
ECE signal at q = 2 surface increases slowly and decreas-
es swiftly during the time interval t = 4.65 — 6.207 s, and
one quarter poloidal period of TMs oscillation is observed,
which is in accordance with the alteration of A¢y ~ /2.
Furthermore, the rotation of *X’-point of magnetic islands
can also be captured by the SXR array during the time inter-
val t =6.17 — 6.21 s. In the end, the rotation frequency f/;
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restores gradually for t > 6.21 s, namely the transition from
LMs to TMs is taken place accordingly.

The carbon concentration decreases synchronically dur-
ing the mode unlocking. The carbon concentration decreas-

es by Alcyi/Icyr = 17% (t = 4.65 — 6.17 s) as shown in
figure 8(b), which is captured by the XUV array for the bot-
tom section as shown in figure 2(b), where the alteration is
down/up asymmetry. Fortunately, the maximum alteration
of Al /L, = 17% is achieved in the region with -0.84
< pxw(r/a) < -0.7 as shown in figure 9, namely the carbon
impurity concentration at q = 4 surface is expelled outward.
Therefore, the unlocking of m/n = 2/1 LMs is accompanied
by the decreasing of low-Z impurity concentration at q = 4
surface.

Some other features are summarized for the structures of
magnetic islands. Firstly, the alteration of electron temper-
ature during the mode unlocking is caused by the rotation
of *X’-point of m/n = 2/1 magnetic islands. The AT, /T, =
-10% is achieved for the region of q = 2 surface, which are
similar for the two moments #; and ¢, as demonstrated in
the small rectangle box of figure 9, namely the alteration of
T, during the time interval of t = 4.65 — 6.207 s is caused
by the rotation of *X’-point of m/n = 2/1 magnetic islands.
The relative alterations of Al,,, /I, are quite different for
the two moments #; and #, owing to the decreases of low-Z
impurity concentration. Secondly, the magnetic islands at q
= 2, 4 surfaces are coupled together and rotated by the same
velocity, which will be discussed in the Appendix. Thirdly,
the asymmetric structure is observed for the m/n = 2/1 mag-
netic islands. The *X’-points of m/n = 2/1 magnetic islands
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are captured by the SXR array successively on top (t = 6.19
s) and bottom (t =~ 6.206 s) sections respectively, as shown in
figure 8(d). The time delay should be caused by the toroidal
asymmetry, as discussed in the Appendix.

The structure of m/n = 2/1 magnetic islands can be locked
and unlocked repeatedly, as demonstrated in figure 10. The
n = 1 magnetic island is locked by the protector limiter with
—0.4r1 < ¢ < —0.37, and two different stages are observed
for the time intervals of t = 3.75 — 4.2 s and t = 4.75
— 5.72 s respectively. Interestingly, the inflection point of
¢o =~ —0.58 is also observed for the two stages, namely the
brake torque decreases dramatically when the distance be-
tween the *O’-point of magnetic islands and tungsten pro-
tector limiter is separated by A¢ > 0.2x toroidally. The
position of the *X’-point of magnetic islands can be fully
captured by the ECE array for the moment of t = 4.17 s,
is demonstrated in the firstly stage. The rotation velocity
are v < 1.4n/s and v > 16r respectively before and after
the inflection point of ¢9 ~ —0.587. The low-Z impurity
concentration decreases with mode unlocking of m/n = 2/1
magnetic islands, is demonstrated in the second stage. The
intensities of XUV signals decrease dramatically, and the
up/down symmetry is restored accordingly.

IV. HYSTERESIS EFFECT

The features (width and rotation frequency) of m/n =
2/1 magnetic islands are modulated by the low-Z impurity
concentration. One example of shot #91947 is selected as
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FIG. 11: Relationship between the width of magnetic islands ver-
sus the low-Z impurity concentration. (a) are the ECE and core
line-integrated CVI signals, (b) spectrogram of edge magnetic sig-
nal, and the relative T,-profiles measured by ECE array for differ-
ent moments are given in (c) and (d) respectively.

shown in figure 11, and the q = 2 surface with p(r/a) = 0.7
shifts outward for the alteration of g-profile (USN: go5 =
6.4 and [; = 1.5). The concentration of low-Z impurity and
the structure of m/n = 2/1 magnetic islands are speculated
by the measurement of ECE array, and two fully differen-
t stages are observed. Firstly, the rotation frequency f>/;
sweeps downward for the increasing of w in the first stage
(7.35s <t<7.36 ). The T, is radiated by the concentrating
of low-Z impurity, and the width of m/n = 2/1 magnetic is-
lands increases accordingly, which are marked by the black
arrow as shown in figure 11(c). The minor collapse is trig-
gered for the moment of t = 7.36 s, and the width of the
flattened region of T,-profile can be reached at w/a > 0.2.
Secondly, the rotation frequency f>/; restores upward for
the decreasing of w in the second stage (7.38 s <t <74
s). The T, for external region with p(r/a) > 0.65 decreases
for the concentration of low-Z impurity, while the w of m/n
= 2/1 magnetic islands decrease accordingly that is marked
by the black arrow as shown in figure 11(d). The width of
m/n = 2/1 magnetic islands for the two stages are increased
and decreased respectively, which can be illustrated by the
hysteresis loops as shown in figure 12.

Hysteresis effect between the width of m/n = 2/1 mag-
netic islands versus carbon concentration is established. The
width of magnetic islands can also be qualitatively described
by the formula of w o 5B, and the two stages can be illus-
trated for one period (t = 7.345-7.395 s) as shown in figure
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FIG. 12: Hysteresis effect between the width (magnetic islands)
versus impurity concentration (carbon). Note: the four different
moments in figure 11(c) and (d) are marked schematically.

12. The w increases swiftly with carbon impurity concen-
tration in the first stage, and the By ~ 10 Gauss for the
minor collapse (t = 7.36 s). The w decreases for the outward
transport of carbon impurity concentration. The w decreas-
es further with the slightly increasing of carbon concentra-
tion in the second stage. The hysteresis effect of w versus
carbon concentration is clearly observed, and the hysteresis
loops are formed accordingly. Therefore, the w of m/n =
2/1 magnetic islands is modulated by the alteration of low-
Z impurity concentration, and the "hysteresis effect” should
be caused by the slowly altering of current diffusion time.

V. CONCLUSION AND DISCUSSION

The carbon impurity concentration is measured by EU-
V spectrometer, and the distribution can be monitored indi-
rectly by the measurements of ECE and XUV arrays. The
features (mode numbers, spatial structures and positions) of
tearing/locked modes are achieved by the measurements of
edge magnetic pickup, SXR, ECE, POINT arrays.

Three important results on the relationship between the
low-Z impurity concentration and the tearing/locked modes
are summarized as follows. (1) Series of TMs with multiple
helicities (m/n =4/1, m/n =3/1, m/n = 2/1, and m/n = 3/2)
are excited successively by the influx of low-Z (carbon) im-
purity concentration, and the excitation of TMs instabilities
and the concentration of low-Z impurity are observed syn-
chronically. (2) The m/n = 2/1 LMs can be formed by the re-
distribution of impurity concentration, and the *O’-point of
magnetic islands is locked by the tungsten protector limiter
with toroidal separation of A¢ ~ 0, where the electromag-
netic interaction decreases dramatically when the separation
of A¢ > 0.2r is satisfied. The unlocking of m/n = 2/1 LMs
and the decreasing of low-Z impurity concentration at q = 4
surface are taken place concurrently. (3) The "hysteresis ef-

fect” of carbon impurity concentration on the growth of the
width of m/n = 2/1 magnetic islands is observed, and the
hysteresis loops are formed accordingly.

Two related results of modes coupling and 3D asymmetry
are achieved. (1) The magnetic islands at q = 2, 4 surfaces
are coupled together and rotated by the same frequency. The
total component ¢ By increases dramatically after the modes
coupling of m/n = 2/1 and m/n = 4/1 magnetic islands, and
the application of the formula wy;; o« (5B€1)/ ? should be cau-
tious for the estimating of width of magnetic islands. (2)
The 3D asymmetric structure of m/n = 2/1 magnetic island-
s is formed by the interaction of tungsten protector limiter.
The rotation velocity of m/n = 2/1 magnetic islands is ac-
celerated and decelerated respectively when the *O’-point is
close to and far away from the protector limiter respectively,
and the poloidal symmetric structure of magnetic islands is
twisted accordingly.

The plasma resistivity can be altered by the low-Z impu-
rity concentration, which should be reason of modes exci-
tation. The effective charge number Z, s increases for the
concentration of low-Z impurity, e.g., the Z, s increases by
3.5 times for the moment of t ~ 3.54 s of #61042, and the
T, drops by one half. The resistivity n increases by tenfold
(n & ZossT,>'?), and the width of magnetic islands increas-
es with the low-Z impurity concentration (dw/dt « n). The
accumulation of impurity concentration inside the magnet-
ic island has a destabilizing effect on the growth of TMs,
which has been performed and verified by the toroidal resis-
tive MHD code CLT [10]. As a result, the TMs can be ex-
cited by the concentration of low-Z impurity, and the LMs
is formed accordingly for the further increases of width of
magnetic islands.

The total torque can be expressed as: XF = Fys — Fry,
and the two items Fyg and Fgry are the viscous acceler-
ating and electromagnetic brake torques respectively. The
m/n = 2/1 LMs are unlocked spontaneously during the de-
creasing of low-Z impurity concentration at q = 4 surface,
which means the torque balance is broken by the redistribu-
tion of low-Z impurity concentration. Firstly, the effective
charge number Z, ¢ at the vicinity of q = 4 surface should
be decreased for the outward transport of low-Z impurity
concentration, and the intrinsic angular momentum wy in-
creases for the conservation of torque/momentum. Second-
ly, the electromagnetic coupling of m/n =4/1 and m/n = 2/1
magnetic islands is beneficial for the spontaneously unlock-
ing of m/n = 2/1 LMs. Therefore, the residual/additional
torque (ZF > 0) on the m/n = 2/1 locked magnetic island-
s is easily produced by the increasing of viscous item (wy)
and decreasing of electromagnetic item (coupling).
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FIG. 13: The m/n = 2/1 and m/n = 4/1 magnetic islands are cou-
pled together and rotated by the same frequency. (a) and (b) are the
fluctuations of 61, /I, and 6T,/T,, (c) is the raw XUV signals,
and the T,-profiles of O’ and "X’ points of magnetic islands for
similar discharge condition are given in (d).

Appendix
A. Modes coupling

The electromagnetic coupling of multiple helicities of
magnetic islands at different rational surfaces are observed.
The m/n = 4/1 magnetic islands can be excited once again
during the outward transport of low-Z impurity concentra-
tion, which is fully coupled to the m/n = 2/1 magnetic is-
lands after the unlocked of m/n = 2/1 LMs, as shown in fig-
ure 13. The radial position of magnetic islands can be fea-
tured by the minimum fluctuations of 61,,,/1,,, and 67,/T,,
e.g., the 61, /1y ~ 0 and 67T,/T, ~ 0 are observed for the
same region of q = 2 surface. The 6l,,,/I,, = 0 can also
be observed for the region py,,(r/a) ~ +0.8 of q = 4 sur-
face, and the phase difference is reversed on both sides of q
= 2, 4 surfaces are demonstrated in figure 13(c). The modes
coupling of different helicities of magnetic islands at q = 2,
4 surfaces is also observed by the ECE array for the similar
discharge condition as shown in figure 13(d), which is con-
firmed by the measurement of Doppler backscattering (DB-
S) array as Ref [33]. The coupling of m/n = 2/1 and m/n =
4/1 magnetic islands are rotated by the same frequency f,;
as demonstrated in figure 14. Therefore, the application of
the formula w o« rSB;/ 2 [34, 35] should be cautious in current
condition (#61042), e.g., the magnetic oscillation amplitude
are 0By ~ 1.7 Gauss and 6By ~ 3.7 Gauss respectively for
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FIG. 14: The asymmetric structure is caused by the interaction
with tungsten protector limiter. Note: the 3D asymmetric index
vipa = At/ Aty is defined, and the y3;p, = 1 and y;p, = 1.4 for the
two poloidal positions of = —0.16x and 6 = 0.167 respectively.

the two moments of t ~ 3.64 s and t ~ 6.5 s, while the width
of m/n = 2/1 magnetic islands for the two cases are nearly
the same as w = 5 cm.

The phase displacement of m/n = 2/1 and m/n = 4/1
magnetic islands are deviated from each other. The *O’-
points of those magnetic magnetic islands at the q = 2, 4
surfaces are mismatched and in-phase along the poloidal
(vertical) and radial (horizontal) directions respectively, as
demonstrated in figure 13 (a) and (d). The primary reason
should be caused by the different helicities of m/n = 2/1 and
m/n = 4/1 magnetic islands, and the snake-like fluctuation
with 6T, /T, = 1% can be observed in the annular region 0.5
< p <£0.8 as shown in figure 13(b). The brake torque Fgy
between the tungsten protector limiter and the m/n = 2/1
magnetic islands should be weakened by the electromagnet-
ic coupling of of those magnetic islands. Furthermore, the
poloidal symmetry of m/n = 2/1 magnetic islands is also
broken, e.g., the *X’ and *O’ points of magnetic islands are
observed simultaneously for the bottom and top sections re-
spectively.

B. 3D asymmetry (3Da)

The 3D asymmetric structure of the coupled of m/n =
2/1 and m/ = 4/1 magnetic islands is observed. The cou-
pled magnetic islands are propagated in the counter-current
(toroidal) and counter-clockwise (poloidal) directions re-
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spectively, and the mode numbers are n = 1 and m = 2. The
oscillation of magnetic signals are caused by the rotation of
magnetic islands, and the structure of sinusoidal signal is
observed for the bottom section with 6 ~ —0.167, as shown
in figure 14(a). However, the symmetric structure is broken
on the top section, and the magnetic signal ascends slowly
and descends swiftly that is featured by Af; > At,. The 3D
asymmetric index is defined as: y3p, = At;/At,, and the in-
dex are y3p, ~ 1 and y3p, =~ 1.4 respectively for the for the
two poloidal positions of § = —0.16mr and 8 = 0.16z. The
rotation velocity (v = d¢/dt) of those magnetic islands is

nonuniform along toroidal direction, which increases swift-
ly and decreases obviously for the two inflection points of
¢ ~ 037 and ¢ =~ —0.587 respectively. Similarity, such
structure is reproduced by the poloidal magnetic pickup ar-
ray, and the two special regions of —0.587 < ¢ < 0.37
and 0.57 < 6 < 0.757 are observed for the toroidal and
poloidal directions respectively. The primary reason should
be caused by the interaction with the tungsten protector lim-
iter, namely the rotation velocity of those magnetic islands
is accelerated and decelerated respectively when approach

to and deviate from the tungsten protector limiter.
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