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Error field penetration in J-TEXT tokamak based on
two-fluid drift-MHD model
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International Joint Research Laboratory of Magnetic Confinement Fusion and Plasma Physics,
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An externally generated resonant magnetic perturbation can induce complex non-ideal MHD responses in their reso-
nant surfaces. We have studied the plasma responses using Fitzpatrick’s improved two-fluid model and program LAYER.
We calculated the error field penetration threshold for J-TEXT. In addition, we find that the island width increases slightly
as the error field amplitude increases when the error field amplitude is below the critical penetration value. However, the
island width suddenly jumps to a large value because the shielding effect of the plasma against the error field disappears
after the penetration. By scanning the natural mode frequency, we find that the shielding effect of the plasma decreases
as the natural mode frequency decreases. Finally, we obtain the m/n = 2/1 penetration threshold scaling on density and

temperature.

Keywords: plasma responses, drift-MHD model, error field penetration

PACS: 52.55.Fa, 52.65.—y, 52.35.Py, 52.30.Cv

1. Introduction

Tearing mode is one of the magneto-hydrodynamic in-
stabilities that greatly endanger the stable operation of toka-
mak. Error field (EF) generated by field-coil misalignments
and non-axisymmetric coil feeds is responsible for the recon-
nection of magnetic lines.!'3! For an intrinsically tearing-
stable plasma, the error field can drive the growth of tear-
ing modes. Fortunately, the reconnection of magnetic lines
is significantly suppressed by the mode rotation in a tokamak
plasma. Nevertheless, once the strength of the error field in-
creases above a certain value, the mode rotation is suddenly
arrested and thus leads to the unhindered expedition of mag-
netic reconnection. This is also called field penetration. [4-¢]
A series of experiments on error field penetration were per-
formed on J-TEXT.!"-° Moreover, a non-monotonic depen-
dence on density is observed in J-TEXT.!®!%11] The penetra-
tion threshold is in the range of b, /B; o< 10~%=1073. Here, b, is
the resonant harmonic of the radial EF, and B, is the toroidal
magnetic field. The scaling has been roughly derived in the
form of b./B, o< ng‘"B?B RgR, Here, n, is the density, Ry is the
major radius, o, 0, and oR are the scaling coefficients on
these parameters. ¢, ~ 1 in the nonlinear regime of error field
penetration was proposed in the two-fluid model.['?! ¢, ~ 1
is observed in DIII-D,!®) TEXTOR,!3] and MAST,[!*! while
ot ~ 0.5 is observed in NSTX, 5! J-TEXT,"®! and EAST.!!®!
o ~ 0.5 scaling in the linear regime is due to the predomi-
nant effect of poloidal ion fluid shift to the change in £ x B
frequency at the resonant surface.!!”}

The linear inner region response can be determined by a
parameter A,?! which can be matched to the outer region so-
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Iutions. One of the applications of A is EF penetration. The
calculation of A is important for EF penetration and instabil-
ity of tokamak plasmas. A lot of models have been devel-
oped to predict the tearing responses.!!8-2?! Fitzpatrick used
the classic single-fluid model to map out the linear plasma
response regimes in the early years.!'8] Cole and Fitzpatrick
use the two-fluid model to study the error field penetration, ']
which originates from the model of Hazeltine.!?*! Recently,
Fitzpatrick modified the driftt MHD model by considering
the anomalously perpendicular particle diffusivity and ob-
taining the completely new two-fluid resonant layer response
regimes.[!”]

To realistically describe the plasma response in the in-
ner region, the model should incorporate the plasma resis-
tivity, 2 x B flows, electron and ion diamagnetic flows, the
ion sound radius, and anomalous perpendicular transport of
momentum and energy. When the magnitude of diamagnetic
flows is comparable to E x B flows, the effect of diamagnetic
flows is important. In addition, once the island width below
the ion sound radius, the response of ion fluid is radically dif-
ferent to that of electron fluid. Moreover, it is significant to
consider the realistic level of perpendicular transport of mo-
mentum and energy, because these effects obviously change
the response in the inner region to error field. It is also impor-
tant to calculate the screening effect of the current sheet due to
the plasma flow.

2. Calculation

In this paper, we use the linearized two-fluid model!'”!
and the program LAYER ¥ to calculate the plasma response

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

045202-1


https://doi.org/10.1088/1674-1056/ad1e6b
mailto:xutao@hust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 045202 (2024)

in the inner region. This model includes all the above-
mentioned effects. However, the formation of the layer equa-
tion is still worth a presentation for clarity. The standard cylin-
drical coordinates (r, 8,z) are adopted and the resonant surface

is located at r = r;. The two-fluid four-field model becomes

the three-field model without the parallel ion motion as!>!
0
721 = [¢al//}_TC[N7W]+nHJ7 (1)
8V2 Ti
T 0 = [0,9%0] 2 (V0N + [V26,N] + [V, )
+Lyl+ 2V (9 +TN) 2)
oN
5 = [¢7N]+d123 [J,l[/]'f’DLViN. 3)
Here,

[A,B]=VAXxVB-n, n=(0,e/gs,1), €=r/Ry,
Te=1/(1+7), 5=1/(1+1),
T:Te(rs)(1+ne)/[Ti (rs)(1+ni)]-

gs=m/n,Ne=(dInT,/dInn)|,_, . n;=(dInT;/dInn)|
J = V?y, where T, (r), T;(r), and ne(r) are electron tem-

r=rs’

perature, ion temperature, and electron number density pro-
file, respectively. Three fields are helical magnetic flux,

v, the perturbed total plasma pressure, N, and the MHD
B/(1+B),

\/m;i/ (ne€?ugp), where py is the total

stream function, ¢. Moreover, dﬁ = cﬁdi, cg=
B = (5/3) wops/Bz. d; =
plasma pressure at resonant surface, m;, the mass of ion, e, the
electrical charge. dj is also referred as the ion sound radius.
7). is the parallel/perpendicular plasma electrical resistivity
at resonant surface, ), the anomalous perpendicular ion mo-
mentum diffusivity at the resonant surface. Finally, D is the
perpendicular particle diffusivity.

Now we assume the linear layer width is much smaller
than r;. Let x = r —rg, and a perturbation ¥ takes the
form e!(6~®) where  is the frequency of error field, { =
m6 — nz/Ry. Then, the background equilibrium takes the
form wp (x) = x*/2, ¢o(x) = —Vex, Ny (x) = —V.x, where
Vg is the O component of E x B velocity at resonant sur-
face, V, the 8 component of diamagnetic velocity at reso-
nant surface. It is helpful to define the normalized variables
X =5Y3x, 0 =583 (0p — 0) 4, Qe = —S" 0T, D =
S1/3”L'e1/2dﬁ/rs, Py = TR /T, P. = Tr/T,. Here, S = tr /Ty is
the Lundquist number, TR = por2/ 7, the resistive diffusion
time, Ty = Ls/ (mVa) the hydromagnetic time, T, = r2/%¢
the toroidal momentum confinement time, 7, = r2/D, the
perpendicular particle diffusion time, Ly = Rygs/ss the mag-
netic shear length, Vo = B/ /ugne(rs)m; the Alfvén speed,
ss =s(rs) = (dIng/dInr),, the magnetic shear, wg = mVg/r;
the FE x B frequency, 0. = —T (m/rs)V; the electron dia-
magnetic frequency, @, = T; (m/rs) V. the ion diamagnetic

frequency. Equations (1)—(3) can be linearized for the pertur-
bation (, ¢, N). Retaining the first order perturbed quantities,
we can obtain the linear layer equations

- oo d2y
10— 00) ¥ = iX(§—N)+ 335, )
. ¢ A%y a* /. N
(0~ 0) g =W gt gy (47) ©
- - d>y d’N
. . o 2 g e
iON =100 — iD XdX2 + P, ek 6)

Here, we make a approximation V? ~ V2 ~ §?/3d2/dx?
based on the fact S > 1. Equations (4)—(6) possess inde-
pendent tearing parity solutions, described by the symmetry
P(-X) = ¥(X). §(~X) = —(X). N(~X) = N(X). The tear-
ing parity solutions can be asymptotically matched to tearing-
mode solutions in the outer region. We assume the asymptotic
behavior of the tearing parity solutions is such that!!7]

A
V= o 1+5|X|+0(X2> : )

as |X| — oo, where y is arbitrary constant, and A = §~1/3A,
It should note that A parameterize the amplitude and the phase
of a screening current sheet at resonant surface in response to
a tearing perturbation in the outer region.

Equations (4)—(6) are conveniently solved by apply-

ing the generalized Fourier transformation, i.e., ¢(p) =
[, 6(X)e~PXdX, etc. Then we get the following equations:

. _ d - _
l(Q—Qe)WZTp(¢—N)—p2w7 (8)
_ AP N
i(0-0)p*d= (SPW)—P¢p4(¢+T>, )
2_
iQNZiQeé—DZd(S;V)—PLPZM (10)

where a tearing parity solution satisfies @(p) — o[l +
A/(mp)+O(p)l,as p— 0. i

Finally, Let us rearrange Egs. (8)—(10) by eliminating ¢
and define Y, = ¢ — N, then we get the linear layer equation!!”]

d P’ dr.] A(p) ,
4 P Sl 2oy o (11
dpli@—0)+p2 dp] B(p)” (o
with
A(p) = —Q(Q- Qi) +i(Q~ Qi) (P +PL) P’
+PyP, p*, (12)
B(p) = i(Q— Q)+ [PL+i(Q—0i) D?] p?
+ (14 1/7) PyD?p*. (13)
The boundary conditions of Y (p) are pETmYe (p)=0
and
Jim Yo (p) =Yo[1+4/(zp)+O(p)]. (14

Equation (11) can be solved numerically with good ac-
curacy by using the Riccati transformation!>! to obtain A.
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A(Q,0Q., Q;,D,P,,P,) is a critical parameter because the
plasma response to error field in the inner region is charac-
terized by this parameter. As is shown, A is the function of
six normalized parameters. We assume the error field is static
(i.e., @ = 0) in this study. The effects of the E x B frequency,
the electron diamagnetic frequency, the ion diamagnetic fre-
quency, the ion sound radius, anomalous perpendicular mo-
mentum and energy transport are parameterized by Q, Q., O;,
D, Py, and P, respectively.

The second work is the calculation of the plasma response
in the outer region. The system is assumed to be periodic
in toroidal direction with the periodicity 2Ry, where Ry is
the major radius of the plasma. Let a be the minor radius of
the plasma. A large aspect ratio tokamak plasma is adopted,
which implies a/Ry < 1. The equilibrium magnetic field is
B =0,Bg(r),B;], where By (r) is the poloidal magnetic field-
strength and B, is the spatially uniform toroidal magnetic field-
strength. The equilibrium plasma current density is written as
7 =10,0, j;(r)], and the safety-factor is g(r) = rB;/(RoBg). In
the outer region, the plasma response to error field is calculated
from the cylindrical tearing mode equation.!*®! For simplic-
ity, we assume the plasma is surrounded by a rigid, perfectly
conducting and concentric wall at r = ry (rw > a). The per-
turbed helical magnetic flux in the outer region can be written
as Sy (r,0,z) = Sy (r)e!m®="/Ro) and Sy (r) satisfies the
cylindrical tearing mode equation

2?8y 1908y m?

or? r or r2

S8y
v ——
r(1/g—n/m)
where J, = dJ;/dr and J,(r) = RoMoj;(r)/B;. The solu-
tion of Eq. (15) is continuous across resonant surface, but

=0, (15

its gradient to minor radius is discontinuous across the sur-
face due to the presence of inductive current sheet at the sur-
face. Let the complex quantity ¥ = d y (rs) denote the ampli-
tude and the phase of the reconnected magnetic flux at r = rs,
and the quantity ¥, = 0y (ry) specifies the amplitude and
phase of flux of the error field at r = ry. Oy (r) takes the
form oy (r) = W (r) + W P (r), where J(r) is a real so-
lution of Eq. (15) which satisfies §5(0) = 0, Js(rs) = 1, and
Us(r > ry) = 0. In addition, iy (r) satisfies P (r < rs) =0,
U (rw) = 1. The tearing eigenfunctions s (r), s (r) can be
solved by using the method of Ref. [27].

The solution of Eq. (15) can asymptotically match to the

solution in the inner region, which yields[?%!
Ay | "t
[r ar"’] = A% =EM+EwF.  (16)
r=rs_
Here, Eg = [rdys/dr],—>" is the conventional stability

index,?! and Eg, = [rd sy /dr] Then, the reconnected
magnetic flux (considering the plasma response) is

r=rs*

. Egw
A —Eg

¥, . (17)

Then, the reconnection magnetic flux in the absence of plasma
response i8S ¥, = —Esw ¥y /Ess.

Let us define the screening factor X that represents the
ratio of amplitude of the reconnected magnetic flux in the ab-
sence and in the presence of shielding current. The screening
factor can be written as

_ |va‘ _ ‘A_Ess|

) = =
‘qls| _Ess

(18)

In fact, X = X(Q) is the function of E x B rotation. Normal-
izing the variables in the right-hand of Eq. (18) by multiplying
7173 we get

([c+a@ +[4 @))"”
Z(Q)= , (19)

where { = §7'/3(—E), A:(Q) is the real part of A(Q),
A, (Q) is the imaginary part of A (Q).

Substituting the radial magnetic field-strength b, =
rs% /m into Eq. (17) and setting X = 1, we can obtain

bv - mRo ESW

B, 1, (—Eg)

A

B, 20)

where by, is the radial perturbed magnetic field-strength in the
absence of the plasma response at the resonant surface, and

¥, =¥, /RoB..
The width of island chain driven at the resonant surface is
1 by 1\"?
wW=4 — = , 21
<nss£s BZZ) s @h

where use has been made of Eqgs. (17)—(20) and W =
4 (Lo [ %)),

The final task is the calculation of torque balance equa-
tion to obtain the penetration threshold of error field. We as-
sume that the electron and ion diamagnetic frequency keep
unchanged after applying error field, and E x B velocity pro-
file can be modified by the electromagnetic torque. Then, the

torque balance equation is/?®!

1
—= — 05— 0, 22)

where Qg = §-1/3 WEo Ty, and g is the E x B frequency in
the absence of error field. Moreover,

2 1/2 1/2
L= (%) (%) sam(@
2&.S8s |\ & Tp Ts

s\
><<P> Ew|%,]. 23)

4

Here, 7y is the ion poloidal flow-damping timescale at r = rs.
The left-hand term of Eq. (22) denotes the electromagnetic
braking torque at the resonant surface, and the right-hand term
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of Eq. (22) represents the viscous torque. Equation (22) also
can be written as I> = F(Q), where

(24)
Let I be the critical value of normalized coil current to trig-

ger penetration. I, can be calculated from Eq. (22). Then, the
penetration threshold of the error field is

(5)..= 5y |(£) (2) ()
B ) pene (—Ess) & Top T
Po mi 25

X ? cps ( )

where use has been made of Eqgs. (20), (22), and (23).
A “Wesson”-type safety factor profile!*®! is used in the

—1/2

simulation. Let g, be the safety factor at plasma boundary, and
qo is the safety factor at magnetic axis. The equilibrium elec-
tron temperature profile of 7; (r) = T (1 —r?/a?)"", is intro-
duced, where Ty is the electron temperature of the plasma
core, v| the shape factor. Additionally, the density profile is
ne (r) = neo (1 —7%/a*)", where neg is the electron number
density of the plasma core, v, the shape factor. We assume
the ion temperature profile, 7; (r) possesses the same shape of
T, (r), but the core ion temperature, Ti.

Consider the response of a J-TEXT plasma, Shot
No. 1042126, to a 2/1 tearing mode.!”! The input parame-
ters in the simulation are based on the parameter of this shot.
The parameters are a = 0.255 m, Rp = 1.05 m, [, = 160 kA,
B, = 18T, To y—2 =250 eV, T 4—> = 180 eV, ne y—> = 0.4 x
10" m=3, @, = 27 x 2 krad/s, Wgg = 27 x 6 krad/s, v = 2.8,
va = 1.3, %o = 0.5 m?/s, D = 0.3 m?/s, g, = 3.4, go = 0.56,
re = 0.77a, ry = 1.18a.
by fitting the experimental data. Finally, we can obtain nor-
malized parameters Q. = —6.83 x 1072, Q; = 4.92 x 1072,
Oro =0.215,D=1.18, P, = 2.80, P| = 1.27.

Note that v and v, are obtained

3. Results

The complex layer-matching index A which parameter-
izes the plasma response to error field in the inner region is
shown in Fig. 1. The imaginary part of A monotonically in-
creases with the normalized E x B frequency Q, and the real
part of A approaches to 0 in a wide range of Q. So, the phase
of Aiscloseto /2. It should be noted that the response of the
viscous-resistive (VR) regime and the diffusive-resistive (DR)

7181 1n addition, the plasma re-

regime are purely imaginary.
sponse vanishes (i.e., A =0) at Q = Q., where the electron
fluid is static. The response on the initial E x B frequency of
Shot No. 1042126 corresponds to the solid dot in Fig. 1. The
magnetic Prandtl number is estimated by P ~ \/Iﬁ ~ 1.89.

The normalized parameters satisfy D® = 2.70 > P, Dngg =

30.12 > P, Q3,D 2 = 0.03 < P. Thus, we deduce that the re-
sponse in the shot lies in the DR regime according to Ref. [17].
The response in the DR regime is dominated by the perpendic-
ular particle diffusion and plasma resistivity. According to the
Fitzpatrick’s theory, the nonlinear response regime bifurcates
to seven regimes, including Rutherford regime, Waelbroeck

regime, and so on,!'® which is also calculated by Wang et
al .3

0.6} —Re(4) o
----Im(4) g
0.4
0.2
0 - - \.\
—0.2
—0.4f ~

-0.3 -02-0.1 0 0.1
Q

Fig. 1. Complex layer-matching parameter A, which characterizes the
plasma response to error field in the inner region, is the function of nor-
malized E x B frequency Q. Re denotes the real part, and Im denotes
the imaginary part. Here, the five parameters are (Qe,Q;i,D,Pp,P|) =
(—6.83 x 1072,4.92 x 1072,1.18,2.80,1.27). The vertical dashed line
corresponds to Q = Q,, and the solid dot shows the A (Qr0), QOpo =0.215.

0.2 0.3

The screening factor as a function of the normalized
E x B frequency is shown in Fig. 2. The solid dot indicates
the strong screening effect of plasma rotation before applying
the error field. The screening factor increases almost linearly
with |Q — Q| (i.e., the perpendicular electron frequency). Af-
ter penetration, the mode is locked to the error field and the
mode frequency approaches to 0 (Q ~ Q.). There is no induc-
tive current at the rational surface to shield the radial perturbed
field. Thus, the perturbed radial magnetic field is nearly equal
to the vacuum radial magnetic field at the rational surface (i.e.,
X~1).

120

100

80

60

40

Screening factor X

20

0
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Q

Fig. 2. The screening factor, £(Q) of shot No. 1042126 with parame-
ters (Qe,0i.D, Py, Py ) = (—6.83 x 1072,4.92 x 1072,1.18,2.80, 1.27), and
{ =5.54 x 1073, The vertical dashed line corresponds to Q = Q. The solid
dot shows the X = 86, at the initial EZ x B frequency Qgo = 0.215 and the
vacuum dot shows X = 43.7 at the critical point just before penetration.

The normalized tearing eigenfunctions Y (r) and Yy (r)
that denote the tearing-stable plasma response to error field in
the outer region is shown in Fig. 3, with Egs = —1.1, Egy, = 2.0.
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0 02 04 06 08 1.0 1.2
r/a

Fig. 3. Normalized tearing eigenfunctions calculated for J-TEXT
plasma of shot No. 1042126. The vertical dashed line shows the lo-
cation of 2/1 rational surface.

The solutions of torque balance equation are shown in
Fig. 4. The natural mode frequency (the unperturbed electron
fluid rotation frequency) takes the form @0 = Wgo + e,
which is determined by the sum of the electron diamagnetic
frequency and initial E x B frequency.!'”] There are three
branches: A-B, B—C, and C-D. When the amplitude of error
field is increased from zero, Q will follow the high-slip branch
that starts from A to B. On this branch, ®,, > 0 and the mag-
netic reconnection is strongly suppressed by the plasma rota-
tion. Once @ . reaches point B, the bifurcation will occur and
@, jumps to low-slip branch C-D. On this branch, ®,. ~ 0
and the electron fluid is suddenly arrested by error field. Thus,
the shielding current vanishes and the magnetic reconnection
grows unhindered. It is noted that the solution of branch B—C
is dynamically unstable.*!l Tt never be accessed on realistic

condition.
. 0.05 :
5 |
£ 0041 Ip Bi F=0.0345
=] . e
£ 0.03 |
[0} 1
3 :
=] 1
3 0.02 | \
3 !
< :
¢ 0.01 i
g C ’ A
o : !
& 075 02 04 06 08 10

WLC/WLCU

Fig. 4. Torque balance curve I = F(w,.) for shot No. 1042126
with  parameters (Q.,0;,D,Py,P|) = (—6.83 x 1072,4.92 x
1072,1.18,2.80,1.27), { = 5.54 x 1073, and Qgo = 0.215. Here, I is
the normalized coil current, , . the perpendicular electron frequency.
The critical value of normalized coil current to trigger penetration
corresponds to F = I2 = I2. The vertical dashed line denotes the
E x B frequency just before the penetration.

The saturated island width varies with the amplitude of
the error field in Fig. 5. As the amplitude increases, the sat-
urated island width increases slowly, and the island width is
very small. In this stage, the magnetic reconnection is sup-
pressed strongly by the plasma rotation. Once the amplitude

is above a threshold value, the saturated island width jumps to
a very large size. In addition, if we continue increasing the
amplitude of the error field, the saturated island rises rapidly
relative to its size before penetration. A large size island can
lead to plasma disruption. The critical value radial error field
at the 2/1 rational surface is 9.7 Gs (1 Gs=10"* T) in simu-
lation, and the penetration threshold of radial 2/1 component
of resonant magnetic field at the resonant surface employed to
the shot No. 1042126 is 8.7 Gs. The simulation results are in
good agreement with the experimental results.

*
*
. 15.0 L x *
X x*
S 125 x*
™~
= 10.0
=
g 7.5
= 50
o
g
5 25 % K Kk Kk
2}
of x**
0 5 10 15 20
Vacuum radial field-strength b, (Gs)
Fig. 5. The 2/1 island width versus the vacuum radial magnetic

field-strength at the 2/1 surface with parameters (Qe,Q;,D,Py, P ) =
(—6.83 x 1072,4.92 x 1072,1.18,2.80,1.27). The vertical dashed line
corresponds to the penetration threshold of by = 9.7 Gs.

We scan the natural mode frequency while the electron
diamagnetic frequency w.e = 27 x 2 kHz keeps unchanged.
Figure 6(a) shows the critical radial field to trigger penetra-
tion linearly increases with |®@,¢g|. Actually, the penetration
threshold between the positive and negative natural frequen-
cies is not completely symmetric. According to Fitzpatrick’s
simulation in ITER and SPARC, the ohmically heated plasma
is more susceptible to penetration when the electron fluid
at resonant surface rotates in the ion diamagnetic direction,
rather than in the electron diamagnetic direction.*”! Recently,
an experiment on the mode penetration with the NBI in EAST
has been conducted. *?)

When the natural mode frequency is close to zero, the
penetration threshold of the error field cannot reach zero, and
the bifurcation phenomenon disappear. The experimental re-
sults in TEXTOR show that penetration threshold reaches a
minimum value when the frequency of the external field is
equal to the mode frequency.!®3! To avoid the disappearance
of the bifurcation, we artificially set the mode frequency re-
duce to 5% of its initial value when the natural mode fre-
quency approaches to zero. In addition, when the level of
natural mode frequency is much larger than diamagnetic fre-
quency, (by/B;)pene keeps well above 10~4. Figure 6(b) shows
the ratio of electron fluid frequency to natural frequency ver-
sus the natural frequency before and after penetrations. When
|w 0| is much larger than electron diamagnetic frequency,
®1./0) 0 ~ 0.5 before penetration. However, the electron
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fluid frequency is reduced to zero after penetration. When
|@ 1 e0] is less than electron diamagnetic frequency, @ /@, ¢o
decreases with |, 9| before penetration, and slightly in-
creases with |@, ¢o| after penetration. Figure 6(c) shows the
saturated island width very small (W /a < 2%) before pene-
tration. After penetration, the saturated island width increases
rapidly with natural frequency, and the island width is much
larger than the width before penetration. In addition, the W /a
will exceed 10%, if |®, g/ @se| > 3. Finally, figure 6(d) shows
the screening factor rises linearly with natural frequency be-
fore penetration. It should be noted that when the natural fre-
quency approaches zero, the shielding effect is very weak. Af-
ter penetration, the screening effect completely vanishes, so
the screening factor falls to the unit.

=[e ° 0.5feeeececcese X
- 2l o (a) ° (b) 0o’
T 4 . ° 0.4
2 3
S o 503
M ° . 3
< 2 o o §< 0.2
< °
1 . o1 .
LX) 0 rawm et Praraaernnr
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Fig. 6. Error field penetration threshold versus natural mode frequency m ¢
in J-TEXT. (a) The threshold of the radial field as a function of natural mode
frequency. (b) The perpendicular electron frequency before (dot) and after
penetration (star). (c) The island width before (dot) and after penetration
(star). (d) The screening factor before (dot) and after penetration (star).

The effect of electron temperature at m/n = 2/1 sur-
face for the penetration threshold of J-TEXT can be stud-
ied by scanning 7; ,—> from 50 eV to 450 eV as shown in
Fig. 7. For the simplicity, . is artificially kept unchanged
while scanning T 4—. Other parameters are T ;—» = 0.1 keV,
Neg—2 = 0.6 x 10 m™3, B, = 1.8 T, @w.e = 27 x 2 krad/s,
Xo =0.5m?/s, D, =0.3 m*/s. The threshold (green squares)
increases with the increasing T; ,—>, and a least-squares fit-
ting is applied as shown by the green curve, which indicates
by /B, = T2>*. The scaling reveals the positive dependence on
electron temperature.

In addition, the effect of electron number density at
m/n =2/1 surface for the penetration threshold can be stud-
ied by scanning ne 4— from 0.2 x 10" m=3 t0 2.0 x 10" m—3
as shown in Fig. 8. Other parameters are To y—> = Tj y—2 =

0.1 keV, B, = 1.8 T, @, = 27 x 2 krad/s, xo = 0.5 m*/s,

0.75
e ’

D, =0.3 m?/s. The electron density scaling is by /B, o n
which is obtained by least-squares fitting. The scaling is
stronger than the experiment scaling o, ~ 0.5 observed in

J-TEXT.P! The possible reason is the finite diamagnetic fre-
quency and the ion sound radius effect in the model. In tem-
perature scanning, we regard the electron temperature as inde-
pendent quantity. In fact, temperature varies with electron den-
sity. The experimental scaling of J-TEXT is T, o< ng 063, [10]
Thus, the penetration scaling is by/B; o nd*!, if the density
dependence of the electron temperature takes into considera-

tion.
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by/B.x<T954
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0 0.1 0.2 0.3 0.4 0.5
Electron temperature T, ;-2 (keV)

Fig. 7. The dependence of EF penetration threshold on m/n =2/1 er-
ror field penetration threshold versus electron temperature at g = 2/1
surface. The penetration scaling obtained by least-squares fitting for
numerical results is by /B, o< Teo'54 for @) o0 = 4Wye.
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Fig. 8. The dependence of EF penetration threshold on m/n = 2/1 error
field penetration threshold versus electron number density at ¢ = 2/1
surface. The penetration scaling obtained by least-squares fitting for
numerical results is by /B o< n(e)'75 for @) o0 = 4Wye.

4. Conclusion

We calculated the plasma response of J-TEXT to error
field in the inner region by using the two-fluid model. The
model considers diamagnetic magnetic drift, 2 x B flow, ion
sound radius, and anomalous perpendicular energy, and mo-
mentum transport. By solving the cylindrical tearing mode
equation, we can obtain the plasma response in the outer re-
gions, and then the asymptotic matching between the inner
and outer region allows us to calculate the 2/1 error field pen-
etration threshold.

We then illustrated the physical process of error field pen-
etration in Fig. 4, where the mode frequency jumps from a fi-
nite value to 0 when the error field amplitude is larger than a
critical value. In order to characterize the shielding effect of
the induced current at the resonance surface on the error field,
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we introduced the shielding factor. The shielding effect of
the plasma on the error field disappears completely when the
mode frequency approaches zero. Similarly, there is a jump in
the saturated magnetic island width before and after field pen-
etrations, with a significant increase in the island width after
penetration and a strong suppression of magnetic reconnection
before penetration.

Moreover, we scanned the natural mode frequency and
found that the shielding of the error field by the plasma de-
creases as the natural mode frequency decreases and that
0./, ¢ decreases slightly as the natural mode frequency
approaches zero. Then, we scanned the electron temperature
and density separately and obtained the penetration scaling of
by/B; o< ndT%3*  Finally, we considered the experimental

0.63 0.41
e -

relation T o< n; ”°°, the scaling is modified as by /B; o< n,
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