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jg Abstract: The_enhancements of the residual Reynolds stresses and symmetry
g? breaking' with resonant magnetic perturbations (RMPs) are presented. These
gg experiments were performed using a Langmuir probe array in the edge plasmas of the
g‘s‘ J-TEXT. tokamak. This study aims at understanding the generating mechanisms of
g? residual stresses and intrinsic rotations. It is observed that, with RMPs, the peaked
gg residual stresses, steeper pressure gradients and stronger shear layers all appear

60 around the resonant surface. The toroidal rotation is accelerated in the direction of the
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plasma current and shows correlation with turbulence and the measured residual
stresses near the resonant surfaces of RMPs. The symmetry breaking induced by
magnetic islands is proposed as a new mechanism. It qualitatively explains ‘the
enhanced residual stresses and the acceleration of the toroidal rotation. The changes of
the residual stresses and the symmetry breaking with RMPs near the last closed

surface are also discussed.
PACS numbers: 52. 35. Ra, 52. 25. Fi, 52. 35. Mw, 52. 55. Fa

1. Introduction

Interaction of magnetohydrodynamic (MHD) structures and flows has attracted
much attention, such as angular momentum transport in astrophysical disks [1, 2],
dynamics of the earth core and geodynamo [3},and. magnetic braking of stellar
rotation [4]. In fusion plasmas, the study of interactions’between plasma flows and
magnetic structure aims at understandingand controlling plasma confinement and
transport [5-8]. Resonant magnetic perturbations (RMPs) have significant effects on
cross field transport and plasmay profiles: [9-20], and are widely used to
mitigate/suppress the large“scale edge - localized mode (ELM) in tokamak plasmas
[20].

It is widely accepted: that the toroidal rotation is an important player for
improving plasma confinement [21-22] and stabilizing MHD modes [23-24] in
tokamaks and in helical devices. The toroidal rotation can be generated by external
momentum input, such as neutral beam injection. It can also be formed
spontaneously/intrinsically without apparently momentum input [25-30]. The intrinsic
rotation is considered to be induced by residual Reynolds stresses via turbulence. The

residual stress is a part of the total Reynolds stress which can be described as

(6v,0vg) = —fo%+vpm<va)+Rresi, where (6v,0vp) is the total Reynolds
stress, —fo% refers to the diffusive stress, V,;,,(Vy) and R, are the pinch

andrresidual stresses, respectively. The residual stress is independence of the averaged
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velocity and velocity gradient, and only depends on the characteristics of turbulence,
the gradient of temperature, density and pressure etc. Considering that the
contribution of the momentum pinch term disappears for the flow driving, the
poloidal residual stress was observed in a linear machine [25]. Cancelling the intrinsic
rotation using neutral beam injection, the residual stress was also detected on
TEXTOR [31]. A possible mechanism is the EXB shear flow effect on symmetry
braking of turbulence that contributes to the generation of the residual stress [26].
This mechanism has been discussed in Ohmic plasmas [31].

When applying RMPs, the coherent magnetic islands and stochastic magnetic
fields will be generated in plasmas. The RMP-induced magnetic island and stochastic
regions have strong effects on the plasma flows and turbulence [13-19, 32]. Generally
speaking, the radial electric field E; increases in magnetic island and stochastic
regions [15, 17-18, 33 - 34]. In some cases, the braking.effects on the toroidal rotation
due to RMPs were measured in the core plasmas [35]..There are also some cases,
showing that the toroidal rotation is accelerated with RMPs. The co- and counter-
current toroidal rotations are accelerated by deeply penetrating RMPs of m/n = 3/1
mode configuration [36] and by RMPs with small injected neutral beam momentum
[37], respectively. The acceleration of the'toroidal rotation due to RMPs was also
observed in tokamak edge plasmas [19, 32-34]. The correlation between the
acceleration of toroidal rotatiens and turbulence with RMPs has been examined [19].
In addition, the phase relationship between the plasma edge density and electron
temperature is well correlated with the relative rotation of the RMP field and the
toroidal rotation [38]..However, to understand the underlying physics of the RMP
effects on_toroidal. rotation, the residual stress and its generation mechanism with
RMPs should be studiedin experiments.

Here, the residual Reynolds stress, pressure gradients, EXB flow shears and
symmetry breaking in tokamak edge plasmas with RMPs are presented. It is shown
that the residual stresses, pressure gradients and flow shears are varied significantly
around the resonant surface of RMPs. The residual stress is well correlated with the
increased toroidal rotation in the direction of the plasma current and turbulence

3
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around the resonant surface when the RMP coils are applied. The analysis reveals that
the RMPs may break the turbulence symmetry and induce the residual stress and thus
intrinsic rotation. The residual stress and the symmetry breaking near the last closed
flux surface (LCFS) are also discussed with and without RMPs.

The rest of this work is organized as follows. The experimental set-up_is givenin
section 2. The experimental results with RMPs, described in section 3, include. the
radial distributions of the edge plasma parameters, the estimatiomyof turbulence
diffusive stresses, total Reynolds stresses and residual stresses,. free energy for
residual stress, flow shears on symmetry breaking and RMP £ induced island effects

on symmetry breaking etc. Section 4 presents the conclusion and discussion.

2. Experiment setup

The experiments presented here were conducted in_ohmic plasmas with circular

%
cross section on the J-TEXT tokamak.
The major and minor radii of the /_—\ - 111

- “"":'".1 E "3mm
J-TEXT tokamak are R = 1.05 m and Gmml‘? o oo |I|=I i
a = 0.255 m, respectively [39]. The : ": """ * :Jﬂm 55 !

| Material: CFC
plasma parameters for the experiments e o o o0 1zl i iﬁ;‘gmm
i ic field B, = e

are the toroidal magnetic field B = 1.9 | | Vo

- 2.0 T, the plasma currentilp.=.150 -

160 kA, the line averaged electron  Fig 1 (color online) Configuration of a fast

density Ne= 1 — 2 %10°°m™, and the reciprocating probe array. (V¢: 1, 3, 5, 7;
’ Vi 4, 8; Vi 2, 6; lsup: 10, 12; lsdown: 9,
edge safety factor ga=4.1-4.3. Aset 10)

of coils, called a.dynamic RMP, has

been installed inside the vessel on J-TEXT to study the interaction between helical
perturbations. and magnetized plasmas, and explore a possible method for control of
tearing:modes [40-41]. In the present study, the static configuration of RMP was used.
The base mode and strength of the magnetic perturbation were varied by adjusting the
power supply to the coils. The perturbation field strength of ~ 1.16 x10° T for m/n =
4/1 mode can be obtained for 1kA in the coils assuming no plasma response. Here, m

4
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and n are the poloidal and toroidal mode numbers, respectively. The maximum RMP

current is 6.5 KA. A fast reciprocating probe array with two steps and 12 tips as shown

in figure 1 yields the profiles of floating potential, temperature, density, Mach number

etc. It was mounted on the top of the tokamak. The length and diameter of the tips are

3 mm and 2 mm, respectively. The digitizer can handle fluctuation data‘up to 2 MHz:

Figures 2(a) and (b) give the time periods of the RMP current and line average

density for two shots 1035477 and 1035476 with and without RMPs; respectively.

With RMPs, the density changes slightly. This suggests that there.is no significant

degradation  for the plasma
confinement with RMPs. The probe
scans the plasma parameters during
the RMP current flat. Figures 2(c) -
(d) describe the displacement of the
Mach probe array, floating potential
fluctuations and sheath current
collected on Mach probe tips at the
up-stream sides, respectively. The
Ar refers to the distance from the
measurement point to the Ilast
closed flux surface (LCFS).»and
minus means inside’ the LCFS.
When the probes stay inside the
plasmas stably, the average floating
potential (the »average sheath

current) is ~110V (~0.35A).

3suExperiment results
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Fig 2 (a) RMP currents, (b) line average d

ensity, (c) displacement of the reciprocating
probe array, (d) floating potential fluctuation
s and (e) sheath currents at the up-stream si
des for shots 1035477 (green) and 1035476(
red) with and without RMPs, respectively.

3.1 Radial distributions of edge plasma parameters with and without RMPs

The radial profiles of the edge parameters inside the LCFS are measured in

Ohmic plasmas with and without RMPs. The RMP current is ~5kA and produces a
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relative magnetic perturbation 6B/Bo ~ 3 x 10®° for the m/n = 4/1 mode without
considering the plasma response. The plasma rotation is detected using a Mach probe
array. The Mach numbers are evaluated as Mmach = 0.4 In (Is-up/ Is-down), Where ls.yp and

Is-down refer to the sheath currents

collected on two Mach probe tips at

(@), LCFES —&— Wjo.RMP
the up- and down-stream sides, 3 4°f S, | OV RUR
. . 20 < CRb
respectively. Based on the estimated

0
Mach number and the measured “’E 4}
© 3t
electron temperature, the toroidal i 2}
z° (1)

velocity can be obtained as

V,~M_,C,. The Cs is ion sound

mach

speed as ~ /2T, /m, , here Teand m;

are the electron temperature and the

ion mass, respectively. The radial

electric field Er can be calculated
from the plasma potential. ““Fhe Fig"3 The radial profiles of (a) electron
plasma potential is evaluated from the "~ temperature, (b) electron density, (c)
toroidal rotation velocity and (d) radial
electric field in the edge plasmas with and
without RMPs [I, = 150 kA, Bt = 2.0T, Ne
=2.0x10°m, g = 4.3].

measured temperature  (Te) and

floating potential (¢r) as.QPpir. dr +
25Te.

Figures 3 (a)<-(d) present the radial dependences of the electron temperature,
electron density, toraidal rotation velocity and radial electric field at ga = 4.3
(shots:1035476 and 1035477), respectively. Compared with the cases without RMPs,
the electron demperature almost does not change while the electron density in the
interval -1.7 <'Ar < - 0.7 cm decreases significantly with RMPs. The decrease of the

electron,.density attributes to the occurrence of the magnetic islands in the interval -1.7

<Ar < -0.7cm. The island width w is proportional to 6Br1/2 and estimated as ~1cm.

This is consistent with the flat profile of the density. The resonant surface is evaluated
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from the magnetic measurement. However, the flat effect is not significant for the
electron temperature. The possible reason is that the island with width of ~1cm is
relatively small. Steeper gradients of the electron temperature and density all appear
near the LCFS in both cases with and without RMPs. Without RMPs, the steeper
toroidal velocity gradient appears near the LCFS. The evolutions of the toroidal
velocities in the scrape-off layer possibly come from the effects of the secondary
limiter at Ar ~ 1.0 cm due to the RMP assembly. We will not discuss this.more in
detail and the RMP effects on the residual stress and EXB shear flows near the LCFS
and the resonant layers will be focused on in this paper. The positive and negative
signs of the toroidal velocities indicate that the plasmas rotate in the.¢o- and counter -

current directions, respectively.

[e2]
o

Compared with the cases without

IN
o

) y ) ‘LCFI —&— W/O RMP
h(a)% , is —o—w/ RMP

S

RMPs, the toroidal rotations =20

0

increase in almost all the edge :E Al

area with RMPs, especially in the 2t
2

interval -1.2 < Ar < -0.7cm. The

rapid increase of the toroidal

rotation is observed not only:near

the LCFS but also in the 4 = 4

resonant layers witha™RMPs.

Moreover, the reversal /of the

Fig. 4 The radial profiles of (a) electron
temperature, (b) electron density, (c) toroidal
interval -2.0 </Ar <-0.5cmand its  rotation and (d) radial electric field in the
edge plasmas with and without m/n = 4/1
RMPs [lp = 150 KA, Bt = 1.9 T, Ne= 2.0 x
counter-current direction to the 10°m=, q. = 4.1].

toroidal rotation is observed in the

sign changes from the

co-current _direction. The E;

increases near the q = 4 resonant surfaces due to the existence of the magnetic islands
with RMPs. The decrease of the E, suggests that a stronger E, shear layer forms near
the LCFS with RMPs. In addition, a peak in density profiles appears near the LCFS.
This may come from the stronger shear layer formation near the LCFS because of the
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occurrence of the magnetic islands.

The edge plasma parameters are also detected with and without RMPs at g.= 4.1.
Figures 4 (a) - (d) show the radial distributions of the electron temperature, electron
density, toroidal rotation velocity and radial electric field (shots:1035469 and
1035478), respectively. With RMPs, the shapes of the plasma profiles at ga = 4.l
significantly differ from those in the cases at ga= 4.3. The steeper gradient of the Te
appears near the g = 4 resonant surface while the Te becomes flattenednear the LCFS
with RMPs. The appearance of the steeper gradient of the T. might'come from that the
q = 4 resonant layer is closer to the LCFS so that the RMP - inducedislands touch the
limiter, or a stochastic region forms. Compared with the cases without RMPs, the
density significantly decreases in the interval -2.0 <Ar'< 0.5cm with RMPs and is
consistent with the cases at a = 4.3. Similar to the cases.at g. = 4.3, the toroidal
rotation is also significantly accelerated around.the g = 4 resonant layer with RMPs.
With RMPs, the E, also increases near q = 4 surface.and its sign changes from
negative to positive at ga = 4.1. This is alsa'similarto those observed in the cases at ga
= 4.3. However, the flat E; appears near the LCFS with RMPs at g = 4.1, i.e.,
decreases outside the LCFS and increases inside the LCFS.

Note that RMP-induceduisland can be distinguished from the stochastic region
although there are somehow similarities inside the island and stochastic regions in
some physics. The reasontissthat the reversal of magnetic field occurs at O-point of
the island, but not at ‘the/center of the stochastic region. This suggests that some
physics are differentrat two sides of the O-point [8,17]. For example, the sign of
island-induced/flows reverses at O-point. In the following analysis, the reversal of the
gradient of.the Reynolds stress at O-point will be presented. This indicates that the
sign of the A#lows induced by Reynolds stress itself reverses inside the islands.
Therefore, the stochastic region is not discussed further in this paper.

Based on the observation, it is revealed that the mutual interaction between edge
plasmas and RMPs show the complicated characteristics. The changes of the profiles
attribute to not only the RMPs but also the location of the resonant surface. Next,
relating to the intrinsic rotation generation, the residual stress and its driving

8
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mechanisms will be discussed.

3.2 Diffusive stresses with and without RMPs

To get the residual stresses, the diffusive stresses are estimated here in advance.

The diffusive stresses are expected as —Dy %, where the Dy, is the, turbulent
momentum diffusivity and the % means the gradient of the toroidal wvelocity. The

D¢¢ can be calculated as (6v32)t,, here the (§v?) and t. are the mean'- squared

radial turbulent velocity and the turbulent autocorrelation time; respectively.
Figures 5 (a) - (d) show that the radial distributions, of (@) the turbulent

autocorrelation time, (b) the mean squared radial turbulent velocity, (c) turbulent

12 ¥ 15
i—B— wW/0 RMP
=
- 8} Jo 10}
Te)
; IS
3 3
:o 4} X 051
=
[a)
0 0
1 |
(\IA —_
v 3
@5 (\IE ot
b e
x g
¢ o’
1

0 : : | DEEE s s rse e B L !
25-2 -15-1-05 0 05 1 15 2 -22.5 -2-15-1-05 005115 2
Ar(cm) Ar(cm)

Fig. 5 Radial profiles<of (a) turbulent autocorrelation time, (b) mean-squared
radial turbulent velocity, (c) turbulent momentum diffusivity and (d) diffusive
stresses-with-and without RMPs at a=4.3.

momentum diffusivity and (d) diffusive stresses with and without RMPs at g.= 4.3,
respectively..Turbulent correlation time almost keeps constant in the interval -2.0 <
Ar<-dem.without RMPs while it varies slightly near the g = 4 resonant surfaces with
RMPs. The steeper gradient of the (§v?2) is found to appear near the LCFS with and

without RMPs. However, the (§v2) profiles are significantly different near the
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resonant surface with and without RMPs, i.e., the (§v?2) is flat without RMPs while a
(6v2) well forms due to the magnetic island with RMPs. This is consistent with the
previous observation, i.e., turbulence intensity drops inside the magnetic island and
increase at its boundaries [17]. The shapes of the turbulent momentum diffusivity
profiles are similar to those of the (§v?2) with and without RMPs. The_calculated
diffusive stress drops and shows a big negative peak near the LCFS without RMPs. In
contrary, with RMPs, two big negative peaks appear and are locatedrnear the LCFS
and the resonant surfaces.

The diffusive stresses are also measured with and without RMPs at g, = 4.1.

(@) =+8— w/0 RMP (©)
-©— W/ RMP

t (x10'55)
o

[ (@)

8 2 -2
R diff(xlO m°s™)

r
=
T

<5vz>(x106mzs'2)

0 = 3 2
25-2-15-1-05 005 1 15 2 25-2-15-1-05 0 05 1 15 2
AT (cm) At (cm)

Fig. 6 Radial profiles of (a) turbulent autocorrelation time, (b) mean-squared
radial turbulent velocity; (€). turbulent momentum diffusivity and (d) diffusive
stresses with and without RMPs at ga = 4.1.

Figures 6 (a) - (d) describe that the radial dependences of (a) the turbulent
autocorrelation/ time,»(b) the mean squared radial turbulent velocity, (c) turbulent
momentum _diffusivity and (d) diffusive stresses with and without RMPs at ga= 4.1,
respectively. /The evaluated correlation time of the turbulence is constant in the
interval -2.0 <7Ar < 0.5cm with and without RMPs. Without RMPs, significant
turbulence collapse is observed near the LCFS and similar to those observed in the
cases at g. = 4.3. With RMPs, the steeper gradient of the (§v2) moves to the g = 4

resonant surfaces. This differs from the cases at .= 4.3, where a (§v2) well occurs.
The shape of the Dy, profiles is also similar to that of the (§v#) with and without

10
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RMPs. The negative peak of the diffusive stress also appears near the LCFS without
RMPs. However, the negative peak disappears near the LCFS and is presented near
the resonant surface with RMPs. This is significantly different from the measurements
at ga = 4.3, i.e.,, two negative peaks are located near the LCFS and the resonant
surface.

As a result of the change of the radial profiles of turbulence and toroidal rotation,
turbulence diffusive stress is significantly varied near the resonant surface and LCFS
with RMPs. Note that in steady state plasmas, the diffusive stress should balance the

residual stress. -

3.3 Residual stresses with and without RMPs
In steady state plasmas, the total Reynolds stress effect is not significant and
turbulence momentum pinch is considered to bessmall. for driving toroidal rotation.

o 4 .
Thus, it is reasonable to assume (§v,.6vg)~0 and V,in(Vp)~0, then the residual

(V)

stresses can be calculated as R,.s; = Dy N i.e., the residual stress is balanced by

the diffusive stresses, as mentioned:above. Next, the total Reynolds stress and residual

stress will be estimated with and without. RMPs.

N
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Fig. 7 The radial distributions of (a) total Reynolds stress and (b)
corresponding gradient, and (c) residual stress and (d) corresponding gradient
without RMPs at ga=4.1.
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Figures 7 (a) and (b) give the radial distributions of the total Reynolds stress

Re = (6v,8vy) and corresponding gradient —d(dRre) = —d((6v,0vy))/dr without

RMPs at ga = 4.1, respectively. The Reynolds stress is determined by the amplitudes
of dv,, 6vy and their correlation (or cross phase). The steep gradient ofithe Re
and a positive peak of the —d(Re)/dr appear near the LCFS. The evaluated. residual
stress and its gradient are shown in figures 7 (c) and (d), respectively. The steep
gradient of the R,.;; and a positive peak of the —d(Rresi)/dr also occur ‘near the
LCFS. This is consistent with the measurement of the toroidal ‘retation, i.e., the
toroidal rotation rapidly goes up and reaches maximum near the LCFS?vithout RMPs.
The positive (negative) Reynolds stress force accelerates  the co-current
(counter-current) toroidal rotation on J-TEXT. However,.there is no significant
counter-current toroidal rotation which appears' at the wnegative peak of the
—d(Rresi)/dr. The possible reason is the flow damping arld that the intrinsic rotation
commonly is considered to be generated at the edge and propagate inward. Note that

without RMPs, only intrinsic rotation is'generated. This observation suggests that the

residual stress exists and plays andimportant role in driving toroidal rotations.
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Fig. 8 The radial distributions of (a) total Reynolds stress and (b)
corresponding gradient, and (c) residual stress and (d) corresponding
gradient with RMPs at ga=4.3.
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The radial distributions of the total Reynolds stress and corresponding gradient
with RMPs at g.= 4.3 are presented in figures 8 (a) and (b), respectively. The total
Reynolds stress rapidly reduces and a big positive peak of its gradient appears near
the LCFS. This observation is similar to the measurements without RMP at qa = 4.1.
However, the significant total Reynolds stress and its gradient also occur In the
magnetic island region. The residual stress and its gradients are given in figures.8(c)
and (d), respectively. Two big positive peaks of the residual stressesrappear in the
magnetic island region and near the LCFS. The significant positive gradient of the
residual stresses is observed at the outer side of the resonant surface and near the
LCFS. This is consistent with the increase of the co-current toroidal.rotation near the
resonant surface and LCFS with RMPs at a = 4.3. Similarto the cases without RMPs,
the counter-current toroidal rotation is not observed at the negative peak of the
—d(Rresi)/dr near the resonant surface and the &=€FSy This result suggests that the
intrinsic rotation can be generated at the outer side of the’q = 4 surface and near the
LCFS, and propagate inward.

To understand the RMP effects on the toroidal rotation, the radial profiles of the
total Reynolds stress and its gradientiare shown in figures 9 (a) and (b) with RMPs at
ga = 4.1, respectively. The ‘stress profile becomes flat near the LCFS and the steeper

gradient of the stresses alsooccur near the resonant surface. The radial distributions of
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Fig. 9 The radial distributions of (a) total Reynolds stress and (b)
corresponding gradient, and (c) residual stress and (d) corresponding gradient
with RMPs at ga=4.1.
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the residual stresses and its gradient are given in figures 9 (c) and (d), respectively.
Compared with the cases without RMPs and at ga= 4.3 with RMPs, the peak of the
residual stress disappears due to the flat profiles of the diffusive stresses and moves to
the ga = 4.0 resonant surface. The positive peak of the gradient of the residual stress
also moves to the outer side of the resonant surface and is in line with the increase of
the toroidal rotation near the resonant surface. Similarly, the negative gradient of the
residual stress does not correspond to the negative toroidal rotation.near the.resonant
surface. Note that the co-current toroidal rotation is still accelerated near the LCFS
with RMPs at . = 4.1 although the peak of the residual /stress’and its gradient
disappear. This suggests that except for the residual stress, other. factors may also play
dominant role on the toroidal rotation.

The measured residual stress is about two orders of the magnitude greater than
the total Reynolds stress with and without RIMPS.»This indicates that the total
Reynolds stress is negligible and the derivation/of Rre:i is justified based on the
experiment data. The residual stress 1s enhancedand shows correlation with the

toroidal rotation near the resonant surface with RMPs.

3.4 Free energy for the residual stresses with and without RMPs

Normally, the turbulent Reynolds stress is considered to be driven by the free
energy of the pressure gradient. However, magnetic structures, such as magnetic
islands, can also release free energy. To understand the observed residual stress and
toroidal rotation, the erigin of the free energy with RMPs is discussed.

Figures 10 (a) - (b) describe the radial distributions of the electron pressure Pe
and corresponding.gradient P, with and without RMPs at ga = 4.3, respectively. Note
that the ion pressure profile is not shown here. Assuming that the ion temperature is
equal to the electron temperature, the ion and electron pressure profiles are identical.
The pressure and its gradient do not vary significantly near the LCFS with and
without, RMPs. This suggests the free energy for the stress is still provided by the
pressure gradients near the LCFS with RMPs at ga = 4.3. However, inside the LCFS,
the pressure significantly decreases with RMPs. Meanwhile, the pressure gradient
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becomes steeper (flat) at inner (outer) side of the resonant surface. This observation
suggests that the RMP- induced island changes the pressure gradient. However, we
note that the residual stress peak occurs inside the island and the toroidal rotation is
driven in the outer side of the resonant surface dominantly. This is in contradiction
with that the steeper pressure gradient is localized in the inner side of the resonant
surface. The observation suggests that the free energy for the stresses around, the
resonant surface does not comes from the pressure gradient and one possibility is

from the islands due to the RMPs.
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Fig. 10 The radial distributions of, (a) electron pressure and (b) corresponding
gradient with and without,RMPs at g.=4.3, and (c) electron pressure and (d)
corresponding gradient with and without RMPs at . = 4.1.

The radial profile of the pressure gradient with RMPs are also examined at g.=4.1.
The electron pressure and corresponding gradient are presented in figures 10 (b) and
(c) with and'without. RMPs, respectively. Similar to the cases at ga= 4.3, the reduction
of the pressure appears inside the LCFS and the steeper (fatter) gradient is localized at
inner (outer)side of the resonant surface at ga = 4.1. However, the residual stress peak
(arapidiincrease in the toroidal rotation) is also localized near (at the outer side of) the
resonant surface. This result is similar to the observation at q.=4.3 with RMPs, i.e, the

free energy for the stress around the resonant surface is not provided by the pressure
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gradient and possibly origins from the magnetic islands. Near the LCFS, the gradient
is flattened significantly and the peaked residual stress disappears with RMPs at ga =
4.1. This differs from those observed in the cases with RMPs at ga.= 4.3, where the
free energy results from the pressure gradient.

The observation suggests that with RMPs, the free energy to drive the residual
Reynolds stresses can be provided by magnetic island near the resonant surface.and
by the pressure gradient near the LCFS. Moving towards the LCES, the. steeper

gradient and peaked residual stress disappear near the LCFS.

3.5 EXB flow shears on symmetry breaking with and without RMPSs

The kjsymmetry breaking is required for the residualstress and intrinsic rotation
generations, here kj is the parallel wave vector. The breaking of k; symmetry with
respect to 0 point can result in that the spectrally.averaged <k;> is nonzero. A possible
mechanism of symmetry breaking is the 'ExB shea’r flows and the R,.s IS
proportional to Ej, here E;. is the E.xB shearing rates. Generally, the shear flows can

shift the centroid of the fluctuation spectrum through tearing and tilting the turbulent

eddies, and thus break the symmetry..Consequently, the Reynolds stress (v, 6v) is

generated.
15
LCFS
10
5
S
u 0
g g
: h'g
w5
-10
|

] -4 -
-15
S 51t 1 05 0 05 1+ 15 =25 2 15 -1 05 0 05 1 15
At (cm) Ar(cm)

Fig. 21 The radial distributions of E, shearing rates with and without RMP at
Ja=4.3 () and 4.1 (b).

For understanding the underlying physics of the rotation and residual stress, the
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ExB shearing rates are calculated with and without RMPs. The radial profiles of the
shearing rates at ga= 4.3 are given in figure 11(a). Near the LCFS, the higher shearing
rates occur for both cases with and without RMPs. This is in line with the
measurement, i.e., the significant residual stress, the increase of the toroidal rotation
and the steeper pressure gradients are localized near the LCFS with and without
RMPs at qa = 4.3. The observation suggests that the effects of the ExB shear on. the
symmetry breaking play dominant role on the residual stress and thestoroidal rotation
near the LCFS with and without RMPs at ga = 4.3.

However, the shearing rates are significantly different around the resonant
surface for two cases as shown in Fig 11 (a). For the cases without RMPs, the
shearing rates close to zero at the resonant surface. With-RMPs, the shearing rates are
higher at the boundaries of the island. This is not' consistent with that the residual
stress peak appears inside the islands. The resultzindicates that the enhanced residual
stress around the resonant surface cannot be explained by’the ExB flow shear effects
on symmetry breaking.

The ExxB flow shears on symmetry breaking are examined further with RMPs
through varying the edge safety factors. The shearing rates are evaluated at ga= 4.1
with and without RMPs as shown in figure 11(b). Similarly, the shearing rates are
significantly varied with RIMPs. Compared with the cases at ga = 4.3, with RMPs, the
shearing rate drops nearsthesLCFS{ This is in line with the flat profiles of residual
stress near the LCFS with/RMPs at q.=4.1. However, stronger flow shears also exist
at the inner and outersides of the ga = 4 surface. This is also not in agreement with the
observations of the peaked residual stress around the resonant surface with RMPs at
Ja=4.1

The measurement suggests that the peaked residual stress near the LCFS with
and awithout RMPs is induced by the EXB flow shears on the symmetry breaking.
However, the symmetry breaking of the turbulence around the resonant surface cannot
attribute to the observed flow shears. The possible reason is that the symmetry

breaking might be induced by magnetic islands.
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3.6 RMP -induced island effects on symmetry breaking

A new mechanism of symmetry breaking, which is induced by magnetic islands,
IS suggested to understand the present observations of the residual stress and flow
shears with RMPs. The island effects on symmetry breaking can be simply seen from

the derivation of the correlator of the residual stress. The residual stress wis

proportional to the (kgk)) and can be written as Rresi~(k9k”)(6<p2), wherethe
kg is the poloidal wave number and (kqk)) is the correlator. It is clear that the

nonzero (kgky) is necessary for the generation of the residual stressand induced by

k(5B+Bo) _ kBo | k3B

symmetry breaking. The k) = === = 1=+~
0 0

k” ot 5’(”, where 30(63)
is equilibrium  (fluctuation) magnetic field and the.bold black/indicates vectors, so

that the correlator (kgk) = (kokj ) + (koSk(j). Considering the equilibrium

k9639+k(p

symmetry, (kgkio) = 0 and Sk = =220 %o ‘here-5B, (5B,) is the poloidal
0

(toroidal) magnetic fluctuation and Fkg, “is, the toroidal wave number, then the

6Bg

equation (kgk,) = (kok) = (ke) + (kgk, ) "’ is easy to be obtained. Thus,

the residual stress can be rewritten as R, .gi~ (kg) SBe (6(/)2) due to (kgk,) = 0. Itis

obvious that the §B, can play animportant role on the symmetry breaking and then
residual stress. Generally speaking,the maximal value of the 5B, is localized at the
O-points for magnetic .islands. This analysis is qualitatively consistent with the
measurements, i.e:, the peaked residual stress is observed around the resonant surface

with RMPs.

4. Conclusion and diseussion

The enhancement of residual Reynolds stress and symmetry breaking with
resonant. magnetic perturbations are studied in the edge plasmas of the J-TEXT
tokamak. Without RMPs, the peaked residual stresses, steeper pressure gradients,
stronger flow shears and accelerated toroidal rotation all appear near the LCFS. This
result is consistent with that the symmetry breaking induced by flow shears
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contributes to the generation of the residual stress and intrinsic rotation. Compared
with the cases without RMPs, the residual stress peaks, steeper gradients, enhanced
flow shears and acceleration of the toroidal rotation all occur near not only the LCFS
but also the resonant surface with RMPs at ga= 4.3. Near the LCFS, those profiles are
also in accordance with that the residual stress and intrinsic rotation attribute to the
flow shear effect on symmetry breaking of turbulence. However, the peaked residual
stress does not correspond to the steeper pressure gradient and stronger flow shear
around the resonant surface. Similar results around the resonant surface are also
obtained with RMPs at ga = 4.1. Such symmetry breaking cannot be€xplained by flow
shears. An alternative explanation is the island effect on symmetry breaking. In
addition, with RMPs at ga = 4.1, the peaked residual stress is not observed near the
LCFS where the toroidal rotation is accelerated. The resultiindicates that other factors
may drive the toroidal rotation near the LCFS withh\RMPs at g. = 4.1.

Note that the effects of the total Reynolds stress and Sinch term are considered to
be negligible for the measurement of the,residual stress in this experiment. The
estimated total Reynolds stress is small enough and satisfies our assumption. Usually,
it is difficult to measure the pinch term directly in experiment. However, in general,
the pinch stress is far less than the diffusive stress in the regime of the steep toroidal
rotation in steady state plasmas [42 =43].

The Residual stresssnear.the resonant surface is first investigated with RMPs.
This study suggests that the symmetry breaking due to RMPs - induced islands may

contribute to the residual stress and thus toroidal rotation.
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