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Effects of plasma radiation on the nonlinear evolution of neo-classical
tearing modes in tokamak plasmas with reversed magnetic shear
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Effects of plasma radiation on the nonlinear evolution of neo-classical double tearing modes (NDTMs) in tokamak
plasmas with reversed magnetic shear are numerically investigated based on a set of reduced magnetohydrodynamics
(MHD) equations. Cases with different separations Ay = |rg» — rs1| between the two same rational surfaces are consid-
ered. In the small A cases, the plasma radiation destabilizes the NDTMs and makes the kinetic energy still grow gradually
in the late nonlinear phase. Moreover, the NDTM harmonics with high mode numbers reach a high level in the presence
of plasma radiation, forming a broad spectrum of MHD perturbations that induces a radially broadened region of MHD
turbulence. As a result, the profiles of safety factors also enter a nonlinear oscillation phase. In the intermediate A, case,
the plasma radiation can advance the explosive burst of kinetic energy that results from the fast driven reconnection between
the two rational surfaces, because it can further promote the destabilizing effects of bootstrap current perturbation on the
magnetic island near the outer rational surfaces. In the large A case, through destabilizing the outer islands significantly,
the plasma radiation can even induce the explosive burst in the reversed magnetic shear configuration where the burst cannot

be induced in the absence of plasma radiation.

Keywords: neoclassical tearing mode, magnetohydrodynamics, nonlinear phenomena

PACS: 52.35.Hr, 52.30.Cv, 52.35.Kt

1. Introduction

The dynamics of macroscale magnetohydrodynamic
(MHD) instability plays a crucial role in the field of magnetic
confinement fusion due to its potential to disrupt steady-state
operations.' 23! The neo-classical tearing mode (NTM), as
one of the typical modes of MHD instabilities, has been widely
explored theoretically and experimentally for decades.!!~!!
NTM can be driven by the perturbed helical bootstrap current
because of the pressure flattening inside the magnetic island,

=11 Moreover,

leading to the magnetic island destabilization. |
large NTM islands on different rational surfaces can interact
with one another, affecting the transport and equilibrium of
the plasma, and even causing the plasma disruptions in a high-
beta plasma. 13,141 7o avoid NTMs, numerous studies have ex-
plored various methods for triggering them to prevent the oc-
currence of seed magnetic islands. One notable development
is the discovery that equilibrium toroidal shear flows can sup-
press the influence of NTMs, by reducing the NTM excita-
tion threshold and the saturated island width.!!”! In addition,
the effects of increased shaping, elongation, and triangular-
ity can be observed in the mechanisms triggering seed island
formation, which alters the coupling between sawtooth stabil-
ity and the flux surface. However, these effects are typically
weak for NTMs.[! Furthermore, on the early experimental de-
vice, Chang et al. had observed the nonlinear neo-classical
pressure—gradient-driven tearing modes in TFTR and made an
important impact on the design of future tokamaks.[!>! Ad-
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ditionally, various mechanisms can also affect NTM stabil-
ity. For example, the interaction between energetic particles
and NTM has been observed in ASDEX Upgrade and DIII-
D.[2#25] Therefore, it is critically necessary to further inves-
tigate the interplay between NTM and other effects for long-
pulse tokamak devices like ITER with the aim of maintaining
highly confined plasma and achieving high-beta in the present
and future.

In addition to MHD instabilities, some other mechanisms
can critically impair the long-pulse discharge of tokamak,
among which plasma radiation has been regarded as one of the
key energy loss mechanisms. Such studies on plasma radiation
have been carried out, including bremsstrahlung, recombina-
tion radiation, cyclotron radiation and line radiation. [16-26-34]
It is worth mentioning that the line radiation comes mainly
from the impurity radiation in the tokamak plasmas. Gates et
al. found that islands could be driven by the plasma radiation
and this performance was consistent with the density limit.?”]
In Ref. [28], Teng et al. further investigated the tearing mode
driven by the plasma radiation as well as illustrated the mech-
anism of density limit. However, the electron cyclotron radi-
ation was not considered in their work. Apart from the the-
oretical and numerical analysis, Suttrop et al. found that the
impurity radiation could destabilize the (m,n) = (3,1) single
tearing mode islands in ASDEX Upgrade, which grew dur-
ing the current profile contraction phase.!”’! An m = 2 island

induced by the plasma radiation was explored in EAST ap-
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proaching to the density limit when the loss of plasma radia-
tion is more than the ohmic heating input.3% Besides, Hu et
al. numerically studied plasma radiation response and MHD
destabilization by a 3D-code JOREK and observed that the
mode growth was propelled by the current, leading to the col-
lapse in core temperature. 3! Furthermore, Salzedas ef al. ad-
vanced a new theory that MHD instabilities could be induced
by plasma radiation. Thus, the investigation of radiation in-
duced instabilities is significantly important for future large
tokamaks. For example, ITER is expected to work close to
100% edge radiation in order to decrease the thermal load on
the divertor.[??] Additionally, these kinds of plasma radiation
can also interact with all the magnet materials, causing mod-
ifications of plasma performance and ultimately affecting the
lifetime of tokamak.!**! Recent advancements in studies have
enhanced our understanding of the underlying mechanisms of
the impact of plasma radiation on MHD instabilities. Nev-
ertheless, there are still some unknown issues regarding the
effects of plasma radiation on NTMs,[16-32.34]

On the other hand, reversed magnetic shear (RMS) con-
figuration, as one of the main schemes in the experimental
scenarios, is most likely to achieve the long-pulse steady-
state operation for the toroidal fusion devices.!1-6-8:10:11,35-46]
In the RMS configuration, the internal transport barrier can
be triggered so that the core plasma pressure has a high gra-
dient and then generates a high fraction of bootstrap current,
which is recognized to be the steady-state configuration for
the advanced tokamaks.[!%! Nevertheless, the non-monotonic
safety factor ¢ profile can produce two rational surfaces with
the same helicity, resulting in a dangerous MHD instabil-
ity named double tearing mode (DTM). Thus, the associated
nonlinear dynamics of DTM is of particular significance in
achieving a full understanding of fast dynamics interrelated
to magnetic reconnection. More specifically, the magnetic
surfaces can be destroyed by the DTM with a large growth
rate, leading to confinement degradation, which is substan-
tially associated with the major disruption in the JT-60U neg-

s.13647] Furthermore, the modes of the cel-

ative shear plasma
lular instabilities around the plasma surface indicate that they
are DTMs. 81 It was first studied in Ref. [49] by using a skin-
current profile with two points of incoherence in the perturba-
tion of the radial magnetic field in cylindrical tokamaks. In ad-
dition, DTM with high mode numbers can be further destabi-
lized in the case that the two resonant surfaces are sufficiently
close. The deformation of the magnetic island becomes quite
strong, resulting in the fast reconnection of magnetic field
lines. Y1 Particularly, the instability of DTM is much stronger
than that of single tearing mode, and the current penetration
time is much faster than the diffusion time predicted by clas-
sical resistivity. It is interesting to note that explosive growth

of the DTM has been observed after the Rutherford phase in
the intermediate A, case (where A = |rgy — 51| is the sepa-

8.32.501 The process

ration between the two rational surfaces).!
is regarded as a new type of secondary instability by the width
and the angle rating of triangularization.®!l It is noted that
due to the flattening of the pressure profile in the magnetic
island, the fraction of the local bootstrap current decreases,
triggering the neo-classical double-tearing mode (NDTM) in-
stability in RMS, which is different from the positive mag-
netic shear. In fact, a preliminary study on NDTM had been
conducted by Yu et al. and they found that the effects of boot-
strap current on the inner rational surface and outer rational
surface were quite different.!-'!] In Ref. [52], due to the op-
posite shear direction of the rational surface in RMS, Yu cal-
culated through analysis that the perturbed bootstrap current
has a stabilizing effect on the inner island but a destabiliz-
ing effect on the outer island. Moreover, Wang et al. investi-
gated linear and nonlinear NDTMs in RMS configuration with
different A, and analyzed the dynamics of complicated mo-
tions of magnetic islands by taking different bootstrap current
fractions into consideration.!'Y] However, the previous works
have hardly taken into account the effects of plasma radiation.
Given the future development of magnetic confinement with
RMS configuration, particularly in ITER, exploring the exci-
tation of DTM is therefore crucial.

The aim to study the physical characteristics of future
high-performance tokamaks such as ITER, however, demands
a more explicit investigation of both the cooling effects in-
duced by the evolution of plasma radiation and the NDTM re-
sponse which is accountable for the disruption of steady-state
operation in the magnetic confinement with the RMS configu-
ration. Therefore, the complicated mechanism of plasma radi-
ation effects on the NDTM with different safety factor g pro-
files motivates this work. It is found that the cooling effect
of plasma radiation can result in the destruction of NDTM
in RMS configuration, especially under high intensities of
plasma radiation with small A, cases, which should be taken
seriously in the steady-state operation of magnetic confine-
ment in the future.

The rest of this paper is organized as follows. The mod-
elling equations are introduced in Section 2. In Section 3, the
numerical results of NDTM performance as a result of plasma
radiation with small, intermediate and large separations are
shown. Finally, summary and discussions of the results are
presented in Section 4.

2. Modelling equations

A set of reduced MHD equations in a cylindrical geom-

etry (r,0,z) is carried out to investigate the nonlinear features
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of the NDTM with plasma radiation in this work. The evolu-
tion equations of magnetic flux, vorticity field and pressure are

written as follows: [-10-34]
0 ..
S = [y.9] = 8" (= o) — 99 + Exo, M
u . R, )
5 = [u,¢] - []v llf] + &z] +Rey VJ.”’ @)
7? = [p7¢] +X\\Vﬁp+XLV2Lp+SO - (Ff 1)Pre:ld~ 3)

Here, v, u and p are magnetic flux, stream function and
pressure, respectively. j = fVZLI// is the plasma current
density and u = Viqﬁ is the vorticity following alongside
the axial direction. j, is the bootstrap current defined by
Jjo = —A(V/€/Bg) (dp/dr), where € = a/Ry is the inverse
aspect-ratio and Bg is the poloidal magnetic field. A is a
constant in ji that can be expressed through the given boot-
strap current fraction f, = [ jordr/ [ jrdr. The resistiv-
ity Sx' (r) =10 (po (r)+ Poso (r))
able, and Mg is the resistance parameter and normalized by

L5, . .
is time dependent vari-

Ta/ Ty, Where T, is the resistive diffusion time. The source
terms E = Sy (j.0 — jio) and So = — ¥ V2 po are set to bal-
ance the diffusions of the initial profiles of Ohm current and
pressure, respectively. j.o is the total current density and jyg
is the initial bootstrap in the direction of z. Rey = Ty /Ta is
the kinematic Reynolds number, where 7, = a? /v is the vis-
cosity diffusion time and 7o = /Hlopa/By is the Alfvén time
(p is the plasma density, a is the plasma minor radius and
By is the toroidal magnetic field). The radial coordinate r is
normalized by the plasma minor radius a. Furthermore, the
parallel and perpendicular transport coefficients x| and x|
are normalized by a®/7a. The Poisson bracket is defined as
[f.g] = Vf xVg-e,. All variables in Egs. (1)—(3) are written
in the form of f = fiq + f(r,0,z,¢) with feq and f(r,0,z,1)
being the time-independent initial equilibrium term and the
time-dependent perturbation term. Through Fourier expansion
in the periodical directions, each perturbation variable can be
rewritten as

f(r0,z,t) = %Zmnfm” (r,t)exp (imG - 1RnZ> , @

0
with Ry being the major radius of the tokamak.
It should be mentioned that in the last term of Eq. (3),
Pi4q 18 the plasma radiation power density, which results from
the bremsstrahlung (B,) as well as electron cyclotron radiation
(P:). These energy losses in the high-temperature plasma can
be calculated through the Born approximation, 47! as
B =16x 10727z§ffnineTel/2 erg- s hem™3, o)
P.=54x 10’25neBzTe erg- g1 -cm*3, (6)

where n; is the ion density, including background ions and im-
purities. B, ¢, and Zegs = ) el jz% /ne are the electron density,

the normalized magnetic field, the plasma temperature and the
ionic effective charge, respectively.

Usually, the advanced tokamaks choose tungsten as the
material for divertors. Thus, tungsten is considered as one of
the important impurities in the tokamak discharge.!*->%! In this
work, nimo = nim/ne, the ratio of tungsten density nyy, to the
electron density n., measures the strength of impurity radia-
tion. The effect of plasma radiation is added into the interior
of the magnetic islands. A Gaussian distribution of P4 is as-
sumed inside the magnetic island, which is expressed as

. 2 . 2
Pradzaadoexp{—étl(rArrO) +("Ax"°) H ™

where Praq0 = B, + P is the radiation at the O-point of mag-

netic islands. In this model, r is the radial position and ¥ is
the helical angle in this mole. Furthmore, (r, Xo) is the center
of the Gaussian distribution. A, is the half deposition width in
the radial direction and A, is the half deposition width in the
helical angle direction.

()

~46—A,,=0.086 |

o
2t A, =0.229 -
—o— A, =0.205
% 0.5 1.0
r/a

Fig. 1. The nonmonotonic safety factor g-profiles with (a) small, (b) in-
termediate and (c) large separations between the two rational surfaces.

Given the initial equilibrium, the normalized three-field
equations can be solved by an initial value code: MDC (MHD
@ Dalian Code).[0-1034.36.48] The finite difference method is
employed in the radial direction, while the pseudo-spectral
In addition, the

two-step predictor—corrector method is applied in the time

method is used for the angular direction.
advancement. The initial pressure profile is chosen in the
form of p(r) = (1 —rP1)P? and the plasma rotation is set as
vo(r) = Qo (1 —r), where £ is the plasma rotation frequency

105203-3



Chin. Phys. B 32, 105203 (2023)

on the magnetic axis and normalized by the Alfvén frequency
1 / TA -

In this work, NDTMs with different separations between
two rational surfaces A are numerically studied by the radia-
tion MHD model given above. The safety factor profiles with
two ¢ = 3 rational surfaces (rg12) are shown in Fig. 1. The
typical parameters are set as p; =2, pp =6, € =a/Ry = 0.25,
Ry =107% 19 =105, % =10, . = 107%, Qy = 1077,
fo=02,A =0.8w, Ay =x/3. I' =5/3 is the ratio of spe-
cific heat of plasmas. w is the magnetic island width. The
parameters of plasma radiation are approximatively calculated
based on the basic parameters of the experiment from EAST,

—3.153] We mea-

corresponding to B = 2T, nj = n, = 10! m
sure the electron temperature 7 in Kelvin and the electron and
ion densities, ne and n; respectively in m 3, furthermore, the

magnetic field intensity B in Tesla.

3. Numerical results

In this section, the basic characteristics of plasma radi-
ation effects on the NDTM in different RMS configurations
with single helicity (h = m/n =3, 0 < m < 33) are performed
for the static equilibrium. At first, the kinetic energy of NDTM
with three kinds of different small A, is shown. Then, the
time evolutions of nonmonotonic safety factor g profiles and
the NDTM kinetic energy are presented and compared. Fur-
thermore, the kinetic energy with different impurity radiation
intensities in the intermediate A case is analyzed. Finally,
the interplay and physical mechanism between plasma radia-
tion and NDTMs in the two large A, cases are presented and
discussed.

3.1. The small A case

The safety factor profiles in three small A, cases with
A = 0.086, A = 0.064, and A = 0.055 are shown in
Fig. 1(a). It is found that without plasma radiation, the ki-
netic energy exponentially increases in the linear phase and
then it goes into a phase of quasi-periodic oscillation, as
shown in Fig. 2 (EKM represents total perturbed kinetic en-
ergy of the system). Finally, the NDTM enters a saturation
state in the nonlinear phase. However, taking plasma radi-
ation into account, the kinetic energy gradually rises in the
nonlinear phase. This phenomenon of gradual growth can be
seen clearly after r > 8 x 10%74. As a result, a broad region
of MHD turbulence-like behavior is generated, as illustrated
in Fig. 3(b). The effects of plasma radiation cause the poten-
tial distribution to widen radially, leading to the increase of
the kinetic energy in the nonlinear phase. For a RMS con-
figuration, in general, the bootstrap current perturbation has a
destabilizing effect on the islands near the outer rational sur-
face, but a stabilizing effect on them near the inner rational

surface. However, the net effect of the bootstrap current per-
turbation on the NDTM is destabilization. Since the plasma
radiation can play a cooling role in islands and then further
modify the bootstrap current profile dramatically, the kinetic
energy of NDTMs gradually grows in the nonlinear phase.

Figure 4 shows the time evolution of safety factor profiles
in the cases with and without plasma radiation for different
Ars. In all cases, the two g = 3 rational surfaces move first
inwards radially in the early nonlinear phase. In the phase of
t € [2x10%t5,3 x 10°74] in Fig. 4(a), for example, the two
rational surfaces move inwards, because the bootstrap current
profiles near both rational surfaces are modified differently. ']
During ¢ € [3 x 10314,4 x 1O3TA], they start to move out-
wards due to the Ohm current, which is recovered through
the source term E,. Afterwards the competition between the
bootstrap current modification and the source term may induce
different dynamic changes of safety factor profiles. It is worth
emphasizing that when the plasma radiation is included, the
two g = 3 rational surfaces violently oscillate during the phase
of the nonlinear growth of kinetic energy. Furthermore, from
Fig. 5 it can be seen that the perturbed current is increased near
the rational surfaces, which in turn leads to oscillations in the
safety factor ¢ profiles. Moreover, it is observed in Figs. 4(b),
4(d), and 4(f) that the radial profiles of g = 3 rational surfaces
become significantly wider, corresponding to the broad region
of MHD turbulence as shown in Fig. 3(b).

).086 w radiation

-AL =
10~ - A,,=0.064 w radiation
A, =0.055 w radiation
— A,,=0.086 w/o radiation
10712 — A, =0.064 w/o radiation
— A,,=0.055 w/o radiation
10-13 . . . . . . .
0 02 04 06 08 1.0 1.2 1.4

t/7x (10%)

Fig. 2. Time evolutions of the kinetic energy of NDTMs in As = 0.086,
Ars = 0.064, and A = 0.055 with/without plasma radiation.

05 (a)

<
N
N
—-0.5 . L ‘
—-0.5 0 0.5 -0.5 0 0.5
(R—Rg)/a (R—Rg)/a

Fig. 3. Typical contours of potential in A = 0.055 at t = 1.2 x 10*7,:
(a) without plasma radiation, (b) with plasma radiation.
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0.30

0.30

t/7a (107)

= ,,,\

Ss———————~—— SA
0.4 0.6 0.8 1.2 1.4

= ———
02 04 06 08 1.0 1.2 14 1.6 1.8 2.0

t/7y (10%)

Fig. 4. Dynamic changes of safety factor profiles for NDTM in (a) A5 = 0.086 without plasma radiation, (b) A;s = 0.086 with plasma radiation,
(c) Ars = 0.064 without plasma radiation, (d) Ars = 0.064 with plasma radiation, (e) A = 0.055 without plasma radiation, (f) A = 0.055 with

plasma radiation. The contour lines with ¢ (r,7) = 3 are indicated.

0.2

0.1 .
——Jeq

— Jper 0j0 W radiation
| — Jper 00 W/0 radiation

—-0.1 - - -
0 0.2 0.4 0.6 0.8
r/a
Fig. 5. The equilibrium and perturbed current profiles for m/n = 0/0
mode in A = 0.055.

3.2. The intermediate A, case

The nonlinear evolution of the kinetic energies of NDTM
with different impurity radiation intensities in the intermedi-
ate A case (A = 0.199) is given in Fig. 6. The safety factor
profile in the intermediate A, case is shown in Fig. 1(b). It
is found that an explosive growth phase can be induced by
the strong coupling between magnetic islands on both ratio-
nal surfaces. This explosive burst can lead to a fast driven
nonlinear reconnection between both rational surfaces and
thus can trigger off-axis sawteeth observed in RMS tokamak

5.01541 In the early nonlinear phase, the magnetic is-

plasma
lands on both rational surfaces continue to grow and drive
each other. When the magnetic separatrices of the magnetic
islands on both rational surfaces merge together, the field lines
of magnetic islands reconnect with the equilibrium field lines.
Then the outer islands move inward and inner islands move
outward in the radial direction, i.e., exchanging their radial po-
sitions. Moreover, the burst time of such an explosive growth

of NDTMs is clearly advanced by the plasma radiation, since it

1077¢
1078¢
=R
Z8
5]
102t 4 w/o radiation
— Nime = 1 X 10749
Nime =1 X 107 0,0
10-10L — Nyme =5 X 107 40 |
0.5 0.6 0.7 0.8 0.9 1.0 1.1
t/7y (10%)

Fig. 6. Time evolutions of the kinetic energy of NDTMs in Ay, = 0.199
with/without plasma radiation and different impurity radiation intensities.

0.5

205 0 0.5 —0.5 0 0.5
(R—Ry)/a (R—Ry)/a

Fig. 7. Typical contours of helical magnetic flux at 7 = 8 x 10°1:
(a) without radiation, (b) nimo = 1 X 107>, (¢) Atimo = 5 x 107,
(d) mimo = 1 x 1074,
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can effectively destabilize the islands on the outer rational sur-
face. Figure 7 gives the typical contours of helical magnetic
flux at the same simulation interval 7 = 8 x 10314 for different
radiation intensity njyng. Clearly, it is seen through compar-
ing flux contours in Figs. 7(a)-7(d) that the fast reconnection
process is indeed accelerated by increasing 7img.

3.3. The large A, case

In this section, two large separation A cases, Ay = 0.229
and A = 0.205 in Fig. 1(c), are taken into account. Firstly, the
physical characteristics of NDTM with A, = 0.205 are ana-
lyzed. Without plasma radiation, no explosive burst of kinetic
energy is found, as shown in Fig. 8, since the separation be-
tween both rational surfaces is too large to trigger the fast re-
connection of NDTM. Consequently, the magnetic islands on
both rational surfaces are saturated with certain widths in the
nonlinear phase, as shown in Figs. 9(a) and 9(c).

10-6

—w/o radiation
1078} —w radiation 1

10—10

kin
Etot

10—12

10—14

-16 . . . . .
10 0 05 10 1.5 20 25 3.0

t/7a (10

Fig. 8. Time evolutions of the kinetic energy of NDTMs in A, = 0.205
with/without radiation.

0.5

(R—Ry)/a

Fig. 9. Typical contours of helical magnetic flux at the explosive growth
phase of NDTM at (a) t = 2.75 X 10*7, without radiation (the kinetic en-
ergy saturation phase in Fig. 8), (b) t = 2.75 x 10% 7, with radiation (the
kinetic energy rising phase in Fig. 8), (c) f = 2.87 x 10*1, without radia-
tion (the kinetic energy saturation phase in Fig. 8), (d) t = 2.87 x 10474
with radiation (the kinetic energy declining phase in Fig. 8).

Nevertheless, plasma radiation can induce a sudden burst
of fast reconnection. This is because the cooling effect of
plasma radiation within the magnetic island can further desta-
bilize the NTM islands. As a result, the magnetic island cou-
pling on both rational surfaces becomes strong enough to trig-
ger fast reconnection in cases with strong plasma radiation ef-
fects, similar to the process illustrated in Fig. 6. The fast re-
connection, accompanied with the exchange of radial positions
between inner and outer islands, is indicated in Fig. 9(b).

It is noted that, the burst of explosive growth of NDTM
is observed in the presence of the plasma radiation. While the
NDTM without the plasma radiation effect cannot trigger such
a burst for the same separation of two rational surfaces. This
means that the NDTM becomes more dangerous, if plasma ra-
diation appears in the RMS configuration.

0.14 Inner-island width Outer-island width
' (a) —w/o radiation ||(b) —w/o radiation
0.12 —w radiation —w radiation
0.10
s 0.08
~
2 0.06
0.04
0.02
00 1 2 3 0 1 2 3

t/75 (10%) t/75 (10

Fig. 10. Temporal evolution of m/n = 3/1 magnetic island width under
X /21 = 1 x 107 with/without plasma radiation: (a) on the inner rational
surface, (b) on the outer rational surface.

—0.5 0 0.5 —-0.5 0 0.5
(R—Rg)/a (R—Ry)/a

Fig. 11. Typical contours of pressure: (a) at t = 3.4 x 10*7, without
radiation, (b) at r = 3.4 x 10*7, with radiation. Typical contours boot-
strap current perturbations (c) att = 3.4 x 10*z, without radiation, (d) at
t = 3.4 x 10*7, with radiation.
When the separation is further expanded, such as in the
case with A, = 0.229, the burst still cannot be induced due
to weak island coupling even in the presence of plasma radia-

tion. Interestingly, it is noticed in Fig. 10 that the inner islands
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are stabilized, while the outer islands are destabilized. It is
known that the plasma radiation plays a role in cooling plas-
mas in the magnetic islands. Figures 11(a) and 11(b) show
the pressure contours, indicating that the pressure profiles in
islands with radiation are reduced much more than those with-
out radiation. The decrease of pressure in islands increases the
bootstrap current perturbations there. So, it is found that the
plasma radiation can further stabilize the islands in the nega-
tive magnetic shear region, but destabilize them in the positive
magnetic shear region. This is the reason that in spite of no
burst, the inner island widths slowly decrease, while the outer
island widths slowly increase.

In general, the ratio of parallel to perpendicular transport
coefficient y| /x. influences the NTMs significantly, since it
can modify the pressure flattening and resultant bootstrap cur-
rent in the magnetic islands. Figure 12 gives the evolution of
inner and outer islands for different /x.. Tt is seen that in
the nonlinear phase with plasma radiation, increasing x| /XL
can further destabilize the outer islands in the positive mag-
netic shear region, but stabilize the inner islands in the negative
magnetic shear region. This is due to the fact that increasing
X||/ % can enhance the pressure flattening within the magnetic
islands, and then increase the level of bootstrap current pertur-
bations, which plays a role in stabilizing (destabilizing) the

inner (outer) islands.

Inner-island width Outer-island width

0.14
(a) (b)
0.12
0.10F
S 0.08¢
B x1/xL =1 X107 w radiation Xi/x1=1 X107 w radiation
0.06 —x)1/x. =5 X 10° w radiation

—X)/x.=5X10% w radiation

_ 6w radiati
—x/xL=2 X 10° w radiation —X1/x1=2X10% w radiation

0.04 . .
X/x.=1X 107 w/o radiation X/ X1 =1 X107 w/o radiation
_ 5 /o radiati
0.02 — x)/x0=5 X 10° w/o radiation — Xi/x1=5X10% w/o radiation
— 6 addiats
— x/xL=2 X 10° w/o radiation — Xi/x1 =210 w/o radiation
0 1 2 3 0 1 2 3

t/7a (10%) t/7a (10)

Fig. 12. Temporal evolution of m/n = 3/1 magnetic island width with
X/ =1x107, /%0 = 5% 10° g /x. =2 10° with/without ra-
diation: (a) on the inner rational surface, (b) on the outer rational surface.

4. Summary

The nonlinear features of the radiation NDTMs in the
RMS tokamak plasmas are numerically studied. The cooling
effects of the impurity radiation on the dynamics of the mag-
netic islands in the cases with different separations A of two
q = 3 rational surfaces are discussed in detail. In this paper, we
find that the plasma radiation cannot induce a burst when A
is too large or small, it should be nearly at Ay = 0.205. Fur-

thermore, a burst cannot be induced when A5 < 0.199 whether

the plasma radiation is considered or not. The results can be
summarized as follows.

(1) In the case of a small separation between two ratio-
nal surfaces Ay, it is found that the cooling effects of plasma
radiation in the magnetic island region can lead to the destabi-
lization of the high harmonic NDTMs. Thus, a broad region
of MHD turbulence is generated due to the continuous growth
of the kinetic energies of the high harmonic NDTMs. Further-
more, the safety factor profile is found to oscillate violently af-
ter considering the plasma radiation effect. The Ohm source,
which is proportional to the plasma radiation effect, is found
to contribute to the fast oscillation phenomenon in the case of
small separation Ay.

(i) In the case of intermediate separation A in the RMS
configuration, an explosive burst phenomenon induced by the
fast reconnection of NDTMs can be clearly observed. Since
the cooling effect of the plasma radiation can enhance the
destabilizing effects of the bootstrap current perturbation on
the NDTMs, it is found that the burst process of the kinetic
energy is accelerated with the increase of the plasma radiation
effect.

(iii) In the case of large separation A, the NDTMs can be
further destabilized by the cooling effects of plasma radiation.
It is interesting to find that the explosive burst process of the
fast magnetic reconnection can be induced by the plasma ra-
diation in the case of large separation A, even though the ex-
plosive burst cannot be induced by the NDTMs in the absence
of plasma radiation for the same separation As. Moreover, the
stabilization/destabilization effects of the plasma radiation on
the inner/outer magnetic islands are analyzed by varying the
ratio of parallel transport coefficient to perpendicular transport
coefficient x| /x..-

Plasma radiation can be used to study plasma impurity
composition, plasma densities, ions temperature, safety fac-
tors, effective charge, radiated power, etc. It is a general ob-
servation in tokamak that the electron densities are limited
by an upper threshold, above which MHD instabilities de-
velop that finally cause the plasma current to disrupt in AS-
DEX Upgrade.?! Furthermore, it is worth mentioning that the
disruption of the density limit is initially caused by impurity
radiation.[?! Therefore, with the development of experimental
diagnostics and the nonlinear code, it is expected that the nu-
merical results reported here can play significant roles in the
future for the prediction of the disruption caused by plasma
radiation in tokamak experiments with different separations.
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