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Abstract. This work presents the impact that multiple island chains co-existent

across a tokamak plasma profile have on the heat transport and final temperature of

that plasma. Numerical studies using the TM1 code show that error fields (EFs) with

multiple poloidal components accelerate the core field penetration compared to pure

m/n = 2/1 EF penetration (here m and n are the poloidal and toroidal mode numbers

respectively). After field penetration, locked magnetic islands of m/n = 2/1, 3/1 and

4/1 flatten the temperature at the corresponding rational surfaces. The co-existence

of these islands significantly enhances the plasma heat transport throughout a wide

swath of plasma from the core 2/1 rational surface to plasma edge. The electron

temperature Te profile from 2/1 to 4/1 rational surfaces can be nearly flattened even if

there is no island overlap, and the temperature inside each island is determined by the

boundary temperature at the outboard separatrix of the island. The resulting central

Te decreases by more than 50%, in good agreement with experimental observations and

much lower than modeling with only a single 2/1 locked island. Further comparisons

of the Te profile between numerical modeling and DIII-D experiment indicates that

the observed reduction in the edge temperature requires edge island overlap and

stochasticity. Numerical scans reveal the Te profile decreases further when large EF

amplitudes create larger islands, wider edge stochastic regions and secondary island

structures. Scans of the relative phase between EF harmonics reveal that the 3/1 island

width is most sensitive to the island phase and the central Te changes with the 3/1

island width. These results indicate that the coexistence of multiple LMs in tokamak

plasmas deteriorate thermal confinement more than the sum of their isolated impacts

would and that this may be responsible for the fast thermal quench observed prior to

major disruptions.

Keywords: multiple locked modes, heat transport, disruption, thermal quench, error

field
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1. Introduction

Plasma disruptions seriously challenge the safe

operation of tokamaks because of the possible

damage caused by large thermal loads on in-

vessel components and strong electromagnetic

forces on surrounding conductors [1–3]. Stud-

ies in JET [4, 5], DIII-D [6] and NSTX [7] find

that locked modes (LMs) are one of the main

physical causes of disruptions in current de-

vices. These are tearing modes (TMs) locked

to the intrinsic error field (EF) and resistive

wall [8–10]. TMs can be naturally unstable

or driven by magnetic perturbations from EFs

and externally applied resonant magnetic per-

turbations (RMPs) [9–11]. These LMs form

locked magnetic island chains at the corre-

sponding rational surface and cause substan-

tially deterioration of energy confinement [1–

3].

Extensive studies have been devoted to

understand the influence of LMs or magnetic

islands on the thermal quench (TQ) during

disruptions [12–19]. Multiple rotating modes

are observed to correlate with TQs on many

tokamak devices. In the density limit dis-

charges of JET [12] and ASDEX [13], rotating

precursor modes with different poloidal mode

numbers are observed to cause several minor

disruptions (with only thermal collapses) be-

fore ultimately leading to a TQ and major dis-

ruption. Rotating m/n = 2/1, 3/2 and 5/3 (m

and n are the poloidal and toroidal mode num-

bers) modes are observed to coexist preceding

major disruptions on TOSCA [14], and TQs

happen only when the amplitudes of rotating

2/1 and 3/2 modes exceed a threshold. On

KSTAR, two types of fast thermal collapses

correlated with 2/1 or 1/1 locked magnetic

islands are observed by using quasi-3D elec-

tron cyclotron emission imaging (ECEI) sys-

tem [17]. On DIII-D, the coexistence of mul-

tiple LMs is derived from magnetic measure-

ments that indicate the growth and overlap of

these multiple LMs leads to thermal collapses

[18]. In recent DIII-D experiments using a

dual tangential soft X-ray imaging (DSXI)

system, the topology of locked magnetic is-

land chains with multiple helicities (m/n =

2/1, 3/1 and 4/1) governs the cooling process

in the plasma peripheral region [19]. All these

observations reveal that multiple magnetic is-

land chains play an essential role in the TQ

process.

Multiple LMs usually happen after the

occurence of mode locking or field penetration

[18, 19], due to the braking and destabilizing

effects caused by the wide bandwidth of EF

[11, 20, 21] and toroidal coupling effects [22–

24]. These multiple LMs challenge the study

of the transition process from LMs to TQ in

both experiment and theory. In the experi-

ment, it is difficult to detect and distinguish

multiple locked island chains due to loss of

mode rotation [18]. In theoretical modeling,

plasma transport and nonlinear effects cou-

ple the multiple LMs. As a result, the tran-

sition process from mode locking to TQ has

been poorly understood, though there have

been many investigations since the 1970’s [25–

30]. Most notably, the TQ is found to occur

when the amplitude of LMs reaches a distinct

level on JET, ASDEX Upgrade and COM-

PASS [31]. The information of LMs is seen

as precursors to disruption and can be used

to determine thresholds for simple disruption

prediction schemes. Therefore, improving the

physical understanding of the transition pro-

cess from LMs to TQ might lead to better dis-

ruption prediction and avoidance, which is es-

sential for the success of ITER [2, 3].

Motivated by the direct observation of

multiple LMs on DIII-D [19], the effect of mul-

tiple LMs on heat transport is presented in

this paper based on nonlinear magnetohydro-

dynamic (MHD) modeling. In section 2, a typ-

ical low density EF penetration discharge ob-

served on DIII-D is introduced. The evolution

of the electron temperature (Te) profile shows

deteriorating energy confinement followed by

a sharp TQ. To understand how the multiple

LMs affect heat transport, a nonlinear theoret-

ical model based on reduced MHD equations is

utilized to simulate EFs penetration and the

associated evolution of the Te profile in sec-

tion 3. The simulations are initialized with
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the DIII-D equilibrium prior to EF penetra-

tion. Compared to a single 2/1 LM, it is found

that multiple helicity LMs further decrease Te.

The detailed evolution of Te shows that the

4/1 locked island sets the outer boundary Te
for the 3/1 locked island, and the 3/1 LM sets

that for the 2/1, resulting in a global degra-

dation of Te from the edge to the core. Scan-

ning the modeled EF amplitude reveals that

island overlap between the 3/1 and the 4/1

is easily obtained, causing stochastic fields at

plasma edge. The modeled Te profile evolution

with the presence of edge stochasticity is qual-

itatively consistent with experimental profiles.

Stronger EF amplitudes also lead to larger is-

land width, secondary island structures, wider

stochastic regions and lower Te. Finally, the

phase of 2/1, 3/1 and 4/1 EF is scanned sep-

arately to study the influence of multiple LMs

on Te with different alignment phase. The

varying central Te is found to correlate with

3/1 island width. The concluding discussion

and summary are given in section 4.

2. Coexisting of multiple LMs after

EFs penetration

EFs penetration triggers a specific class of

LMs that typically appear in plasmas with

low density [32–34]. These specific LMs, are

born locked (i.e. there is no prior phase when

the mode rotates with the plasma). An ohmic

q95 ∼ 4 plasma with these LMs evolving to

disruption is shown in figure 1. This DIII-

D experiment is performed with inner wall

limited, oval plasma shaping. The intrinsic

n = 1 EF is known to be dominantly due to

a bus-work locally feeding the current to the

toroidal field (BT ) coil and from shifts and

tilts of outer poloidal field (F) coils that make

the plasma equilibrium [33, 35]. In the exper-

iment, the central line-averaged electron den-

sity is about 1.6×1019 m−3 and keeps constant

before EF penetration (figure 1(e)). The am-

plitude of the 2/1, 3/1 and 4/1 EFs, at the cor-

responding rational surfaces, are calculated to

be about 2 G, 1.2 G and 2.1 G with the phase

of Φ = 210◦, 80◦ and 270◦ (in left-hand co-

ordinate) by the SURFMN vacuum code [36].

Electron cyclotron heating (ECH) is turned

off at 5 s (figure 1(b)), and EF penetration

happens at 5.05 s as indicated by the fast

growth of the n = 1 poloidal magnetic per-

turbation Bn=1
p shown in figure 1(c). Similar

to the phase III in Ref [34], after EF penetra-

tion, the width of locked island increases with

the increasing Bp in the time interval of 5.05

s < t < 5.24 s, according to the relationship

between magnetic island width and poloidal

magnetic perturbation that W ∝ B0.5
p [10].

The increasing locked island decreases Te from

edge to central plasma as shown in figure 1(d).

After a period of saturation, the amplitude of

Bn=1
p begins to increase rapidly. This large

n = 1 field leads to a TQ and major disrup-

tion at 5.446 s, corresponding to phase IV in

Ref. [34].
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Figure 1. The plasma evolution during EF

penetration in the low density Ohmic discharge

172102. Time evolution of (a) plasma current Ip,

(b) Ohmic heating power POH and ECH heating

power PECH , (c) n = 1 poloidal magnetic per-

turbation Bn=1
p , (d) Te at plasma core and edge

Te measured by electron cyclotron emission (ECE)

and (e) core electron density ne. The shadowed re-

gion indicates the transition process from multiple

LMs to TQ.

The Thomson scattering (TS) and Elec-
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tron Cyclotron Emission (ECE) diagnostics in

DIII-D are used together to measure the Te
profile [37]. Figure 2 presents TS measure-

ments of Te profile at different times during EF

penetration phase. A flattening is noticeable

in the Te profile at the q = 2, 3 and 4 locations,

indicating the formation of 2/1, 3/1 and 4/1

magnetic islands at the corresponding ratio-

nal surfaces. These modes have been proven

to be locked magnetic islands and not kink-like

modes in Ref. [19] using DSXI measurements.

As time evolves, the flattened regions become

wider and the Te in each region decreases due

to the growth of island widths. The grow-

ing magnetic islands get closer to neighboring

ones as indicated by the decreasing boundary

distance between the flattening regions. The

flattening regions due to 3/1 and 4/1 islands

almost overlap prior to the TQ. After the TQ,

the Te profile at 5.48 s is almost flattened from

q = 2 to plasma edge.
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Figure 2. Detailed evolutions of the electron tem-

perature in shot 172102. In (a), profiles of Te are

shown at 5 s, 5.12 s, 5.2 s, 5.42 s and 5.48 s with

the position of the q = 2, 3 and 4 rational surfaces

designated by blue dotted curves. In (b), the evo-

lution of Te profile is shown, here the vertical solid

lines indicate the time slices shown in (a).

The evolution of Te profiles in figure 2

is unique to the type of transport caused by

multiple LMs. The global Te is substantially

decreased, and the stair like Te profile in fig-

ure 2(a) differs from that caused by a sin-

gle island [38]. It is well understood in both

theory [29, 30] and experiment [38, 39] that,

in the presence of a single island, Te is flat-

tened across the island due to the extreme

anisotropic heat transport. However, there are

few studies on the presence of multiple island

chains with different helicity. In section 3 of

this paper we will take a more in depth study

on the nonlinear physics of this heat transport

in the presence of multiple island chains.

3. Numerical results

In order to study the effect of multiple LMs on

heat transport addressed in Section 2, a the-

oretical model is introduced in Subsection 3.1

and numerical results modeling the dishcarge

in question are presented in Subsections 3.2,

3.3 and 3.4.

3.1. Theoretical model

The model uses a straight cylindrical, circular

cross section tokamak for simplicity when cal-

culating the nonlinear evolution of MHD and

transport from multiple magnetic islands. The

magnetic field is defined as B = Btet+∇ψ×et,
where ψ is the magnetic flux function. The

plasma velocity is defined as v = ∇φ × et,

where φ is the stream function. The basic

equations utilized here are Ohm’s law, the

equation of motion (after taking the operator

et · ∇×) and the energy conservation equa-

tion. Normalizing all the lengths to the mi-

nor radius a, the time t to the resistive time

τR = a2µ0/η, the helical flux ψ to aBt, the

velocity v to a/τR, and the electron tempera-

ture Te to its value at the magnetic axis, these

equations become,

dψ

dt
= E − ηj, (1)

dU

dt
= − S2∇||j + µ∇2

⊥U + Sm, (2)

3

2
ne
dTe
dt

= ne∇||(χ||∇||Te)
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+ ne∇⊥(χ⊥∇⊥Te) + Sp, (3)

where d/dt = ∂/∂t + v⊥ · ∇. Plasma current

density j is derived according to j = ∇ ×B .

ne is the electron density, η is the normalized

plasma resistivity and E is the equilibrium

electric field. The magnetic Reynolds number

S = τR/τA, where τA = a/VA is the toroidal

Alfvèn time. U = ∇2
⊥φ is the plasma vortic-

ity, and µ is the plasma viscosity. χ|| and χ⊥
are the parallel and perpendicular heat con-

ductivities, Sp is the heating power and Sm in

equation (2) is the momentum source which

leads to an equilibrium plasma rotation. Here,

η, S, Sm and Sp are temporal constants, and

E, µ, ne, χ|| and χ⊥ are spatial constants.

Equations (1)-(3) provide a reduced

MHD model for modeling EF penetration and

nonlinear growth of LMs. It should be men-

tioned that the diamagnetic drift has not been

included in our model utilized here, which is

important in determining the TM stability for

high β plasmas with large electron pressure

gradient. Equations (1)-(3) are solved simul-

taneously using the initial value code TM1

[40], which has been used for modeling the

nonlinear growth and saturation of NTMs and

their stabilization by radio frequency (RF)

current [41, 42] as well as the effect of resonant

magnetic perturbations (RMPs) on resistive

TMs [43, 44]. Dedicated numerical methods

are utilized in the code to keep the numerical

error at a very low level even for high values

of S and χ||/χ⊥ [41, 45, 46].

The calculations in this work only include

multiple resonant helicity perturbations with

m/n = 2/1, 3/1 and 4/1 (non-resonant com-

ponents are not included). In addition to the

fundamental harmonic, higher harmonic per-

turbations (including from 2nd to 7th harmon-

ics for each helicity) as well as the change in

the equilibrium quantities (the m/n = 0/0

component) are self-consistently calculated.

The toroidal magnetic field is taken to be a

constant and the toroidal mode coupling is ne-

glected. Fourier decomposition in the poloidal

and toroidal directions and finite differences

along the radial direction are utilized in the

code. The calculation region is from the mag-

netic axis at r = 0 to the plasma edge at r = a.

The boundary conditions are as the following

[47].

(a) The radial gradients of all quantities

are zero at r = 0.

(b) All the perturbations (m/n 6= 0/0)

are zero at r = a except for the m/n = 2/1,

3/1 and 4/1 magnetic perturbation given by

the following equation (4) to take into account

the EF.

(c) All the equilibrium (m/n = 0/0)

quantities take the same value as the original

equilibrium ones at r = a.

The effect of the EF is taken into account

by the boundary condition

ψm/n(r = a) = ψaaBt cos(mθ + nϕ+ Φ0), (4)

where ψa and Φ describe the amplitude and

phase of the applied EF of the m/n compo-

nent at r = a. The radial EF at r = a is given

by bra = mψaBt. The driving EF is taken

from and kept at the vacuum RMP value at

the plasma boundary for each harmonic.
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Figure 3. These quilibrium profiles of safety fac-

tor, Te and toroidal angular rotation taken from 5

s into the shot shown in figure 1 are used for mod-

eling. The q = 2, 3 and 4 rational surfaces locate

at ψN = 0.7, 0.87 and 0.96, respectively.

The input parameters are based on the

experimental parameters and equilibrium at 5

s of shot 172102 as shown in figure 3. The

toroidal magnetic field on axis is -1.92 T and

the plasma minor and major radii are a = 0.63

m and R = 1.7 m. The q = 2, 3 and 4 ra-

tional surfaces are located at ψN = 0.7, 0.87

and 0.96, respectively. These parameters lead
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to the normalized parameters S = 5 × 107,

χ|| = 2.82×109 (a2/τR). Here, χ|| = νTe/k|| is

used for calculating χ|| and νTe = (Te/me)
1/2

is the electron thermal velocity [48]. It should

be noted that the precise form of χ|| for a

high temperature plasma is more complex as

shown in Ref [48]. Assuming the perpendic-

ular heat diffusivity and the plasma viscos-

ity to be at the anomalous transport level of

0.5 m2/s, in the normalized units they are

χ⊥ = µ = 2.8 (a2/τR), and the ratio between

χ|| and χ⊥ is χ||/χ⊥ ∼ 109. These parame-

ters are the input for our calculations except

mentioned elsewhere.

The angular rotation ω shown in figure 3

is derived by toroidal plasma rotation accord-

ing to ω = VΦ/R, and the perpendicular rota-

tion v = ωr is utilized in our model to simulate

the plasma rotation. As we know, in tokamak

experiments due to neoclassical effects the

plasma rotation is mostly in the toroidal di-

rection. While in our model, the reduction of

the poloidal rotation is caused by the poloidal

electromagnetic force. This leads to two mod-

ifications [8, 9]: (a) the electromagnetic force

to slow down the rotation in the toroidal direc-

tion is smaller by a factor (n/m)(rs/R) com-

pared with that in the poloidal direction. (b)

To have the same mode frequency due to the

plasma rotation, the toroidal rotation speed

should be (m/n)(R/rs) times larger than the

poloidal one. These two effects lead to a larger

ratio of the viscous force to the electromag-

netic force, by a factor (m/n)2(R/rs)
2 for the

toroidal rotation case. As a result, the pene-

tration threshold for toroidal rotation case will

be modified by a factor of (m/n)2(R/rs)
2 com-

pared to poloidal rotation case for quantitative

studies [42].

It should be noted that the redistribution

of the current density profile due to changes

in Te and hence resistivity has not been taken

into account in the modeling, though the lo-

cations of q = 2, 3 and 4 rational surfaces

change little until disruption as shown in fig-

ure 2. As a result, the time scale of numerical

evolution is not consistent with experiment.

However, the qualitative understanding of the

influence of multiple LMs on heat transport

is still valid. Therefore, the following numeri-

cal results will focus on the qualitative under-

standing and comparison with experiment.

3.2. Heat transport with single

helicity EF penetration

Before presenting the results of multiple LMs,

it is useful to first study the effect of a sin-

gle helicity locked island, to form a clear pic-

ture of EF penetration and the associated heat

transport. In this subsection, results of single

helicity EFs of m/n = 2/1, 3/1 and 4/1 pen-

etration are presented separately.
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Figure 4. m/n = 2/1 EF penetration case. Time

evolution of (a) 2/1 EF amplitude BEF at the q

= 2 surface, (b) 2/1 island width W , (c) angu-

lar rotation frequency ω at the q = 2 surface, (d)

phase difference ∆Φ = Φ−Φ0 between the plasma

response field (Φ) and vacuum field (Φ0) for two

cases with different 2/1 EF amplitude, 1.9 G (red

dotted curve) and 2.3 G (blue curve). Time evolu-

tion of radial profile of Te for the penetrated case

is shown in (e).

In figure 4, the nonlinear evolution of

m/n = 2/1 quantities driven by a pure 2/1 EF

are shown for different EF amplitudes of 1.9 G
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(red dotted curve) and 2.3 G (blue curve). The

2/1 EF penetration threshold in this plasma

is 2.1 G. In both cases, the simulation start

time corresponds to 5 s in the experiment. For

BEF = 2.3 G, the evolution process can be di-

vided into 2 stages: pre-penetration (t < 0.1

s) and post-penetration (t > 0.1 s). In the

pre-penetration stage, the plasma rotation at

q = 2 is slowed down gradually (figure 4(c))

by the resonant electromagnetic (EM) torque

between the mode and the EF [10, 49]. The

phase difference between the plasma response

and the vacuum EF is about 110◦ and de-

creases slightly, indicating a sheilding (kink)

response in this stage [43]. At the end of

this stage, the phase difference approaches 90◦

and leads to stronger decelerating EM torque.

This causes a much faster drop in both plasma

rotation and phase difference, resulting in bi-

furcation from screening (kink) to field pene-

tration [10, 44]. In the post-penetration stage,

the 2/1 locked magnetic island begins to grow

quickly and saturates at the width of 11.5 cm

at t = 0.2 s (figure 4(e)). Associated with the

growth of 2/1 island, the Te is also decreased

as shown in figure 4(e) and evolves with sim-

ilar time scale of island growth. For EF with

amplitudes lower than the penetration thresh-

old, the EF is screened by the plasma with

phase differences larger than 90◦ and slight

decreases in plasma rotation. In the 1.9 G

EF case for example, the rotation is decreased

30% and phase difference is about 110◦.

In the pre-penetration stage of the 2.3 G

case, the EM torque due to the EF decreases

the rotation at q = 2 rational surface and

also slows down the global plasma rotation be-

cause of plasma viscosity (momentum trans-

port) as shown in figure 5(a). The rotation

profile at t = 0.11 s indicates that the global

rotation is decreased substantially with more

than a 50% reduction across most of the pro-

file. The global rotation deceleration decreases

the EF penetration threshold of the other ra-

tional surfaces, as will be seen when modeling

multiple helicities simultaneously. In the post-

penetration stage, Te is flattened in the island

region associated with the 2/1 island. The Te

is decreased core to the island. In contrast,

this exhausted heat flux increases Te from the

outside of the 2/1 island region to the plasma

edge (figure 5(b)). This discrepant change in

Te on either side of a single LM is usually ob-

served in minor disruptions [17, 18]. At satu-

ration, the central Te has decreased by about

20% and the edge Te returns to the initial pro-

file since there is no additional exhaust heat

flux from the inner region.
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Figure 5. Radial profile of m/n = 0/0 component

(a) ω at 0, 0.01, 0.07, and 0.11 seconds, and (b)

Te at 0, 0.11, 0.16, 0.26, and 0.5 seconds. (c) 2-D

profile of Te (including 0/0 and harmonic compo-

nents) and modeled helical flux surface at 0.4 s are

shown for the 2.3 G case from figure 4.

Figure 5(c) shows the 2-D Te profile to-

gether with the 2/1 locked island topology at

a single toroidal angle of 0 degrees. The radial

profile of Te differs at the O and X points due

to different local radial widths of the island.

The large magnetic island also distorts the flux

surfaces (kink response) outside of the island,

in the next subsection results will show that

this distortion of flux surface would affect the

saturated island widths of any LMs at other

rational surfaces.
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Figure 6. Comparison of pure m/n = 2/1, 3/1 and 4/1 EF penetration. Time evolution of (a) EF

amplitude BEF , (b) island width W for m/n = 2/1 (blue curve), 3/1 (red dotted curve) and 4/1 (green

dashed curve). Radial profiles of m/n = 0/0 component (c) ω and (d) Te after locked island saturation.
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Figure 7. EF penetration with m/n = 2/1, 3/1

and 4/1 components together. Time evolution of

(a) EF amplitude BEF at corresponding rational

surface, (b) island width W , (c) ω, (d) phase dif-

ference ∆Φ for m/n = 2/1, 3/1 and 4/1. (e) Time

evolution of radial profile of Te.

In figure 6, results of single 3/1 (red

curve) and 4/1 (yellow curve) EF penetration

are shown alongside the previously discussed

2/1 EF penetration for comparison. A 3/1

EF with an amplitude of 0.8 G leads to field

penetration and the corresponding locked is-

land saturates at a width of 3.5 cm. A 4/1

EF with an amplitude of 1.05 G leads to a

saturated 4/1 island of 2 cm. Similar to the

2/1 EF penetration, the 3/1 and 4/1 EFs also

slow down plasma rotation globally with near

zero edge rotation as shown in figure 6(c). The

smaller 3/1 and 4/1 locked islands also cause

weaker flattening of the Te profile, with 5%

and 2% reduction in central Te, respectively.

3.3. Heat transport with multiple

LMs

In this section, 2/1, 3/1 and 4/1 EFs are ap-

plied together to investigate the influence of

multiple LMs on heat transport and compared

with experiment.

In figure 7, m/n = 2/1, 3/1 and 4/1 EFs

are applied together with the same amplitudes

as in figure 6 (i.e. just above the penetration

threshold for each helicity). In the simulation,

the EFs are ramped up in 20 ms to ensure

a clear evolution of the penetration process.

The 4/1 EF penetrates first, followed by 3/1

penetration and finally 2/1 EF penetration.

The final 2/1 penetration occurs much earlier

than the single helicity 2/1 EF penetration (t

= 0.1 s) in figure 4, indicating the multiple he-

licity EF accelerates the processes leading to

penetration. After the EF penetration of all

the 2/1, 3/1 and 4/1 helicities, the LMs sat-

urate with widths similar to their respective

single helicity cases and the plasma rotation

is reduced to near zero at the q = 2, 3 and

4 rational surfaces. The evolution of Te pro-

file in figure 7(e) is qualitatively similar to the

experimental observations in figure 2(b).
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Figure 8. Corresponding to figure 7, radial pro-

file of 0/0 component (a) ω at t = 0, 0.01 s, 0.016

s, 0.019 s, 0.05 s, and (b) Te at t = 0, 0.03 s, 0.07

s, 0.11 s, 0.17 s, 0.41 s. (c) 2-D profile of Te and

Poincaré plot of the flux surfaces (white) at t =

0.41 s. Here, field line tracing based on modeled

magnetic response is used to represent the flux sur-

faces.

The detailed evolution of the rotation

and Te profiles for the case in figure 7 are

shown in figure 8. Figure 8(a) shows that mul-

tiple LMs slow the rotation to near zero from

the q = 2 rational surface to the plasma edge.

The central rotation profile inside the q = 2

rational surface, however, is almost the same

as that of single 2/1 EF penetration in figure

5. This is expected, as only the zero rotation

point at q = 2 determines the boundary of

central rotation. After the excitation of mul-

tiple LMs, Te is flattened at each rational sur-

face, forming a stair-like Te profile as shown

in figure 8(b). Then the Te profile decreases

quickly and globally accompanying with the

growth of LMs. At the end of the simulation,

the central Te is decreased by more than 50%.

This is more of a change than in the single

2/1 LM case (figure 5). Furthermore, the Te

profile between the q = 2 and q = 4 rational

surfaces is nearly flattened even in this case

in which there is no island overlap (evidenced

by the plot of the magnetic topology shown

in figure 8(c)). The detailed evolution of the

Te profile in figure 8(b) also reveals that the

outer edge boundary Te of the 3/1 locked is-

land is determined by the 4/1 island, and that

of 2/1 locked island Te is in turn determined

by the 3/1 island. This compounding effect is

distinct from the rotation evolution discussed

previously. This progressive effect on the Te
profile is a unique characteristic of multiple

LMs on heat transport, and it is responsible

for the much stronger reduction in Te.
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Figure 9. Comparison of Te profiles in the exper-

iment and the modeling shown in figure 7 at ∆t =

0.05 s, 0.19 s, 0.4 s and t = 0.03 s, 0.07 s, 0.41 s,

respectively. Here, for experiment, ∆t = t - 5.05 s.

The experimental Te profiles are com-

pared with numerical results in figure 9. Here,

for the experimental profiles ∆t = t - 5.05 s.

It is found that the modeled central Te profile

is consistent with experiment inside the q = 2

rational surface, but the edge Te evolves less

and more slowly relative to the core Te in the

modeling than in the experiment. The result

is that the global experimental Te profile just

before the TQ is lower than numerical Te in its

saturated state (t = 0.41 s). A possible reason

is that the applied 3/1 and 4/1 EF amplitude

are lower than they actually are in the exper-

iment. The effect of the EF amplitude will be

studied in the following.
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Figure 10. (a) Central electron temperature

Te(0) and (b) 3/1 island width W3/1 are shown

versus the amplitude of 3/1 EF amplitude with

different 4/1 EF amplitude. Island overlap hap-

pens for the results below the blue dotted curve,

and the red five-pointed star presents the experi-

mental EF amplitude.

The amplitude of the 3/1 and 4/1 EFs

are scanned in the modeling, and the central

Te(0) in the final saturated state is shown as

a function of EF amplitude in figure 10. Here,

the amplitude of the 2/1 EF is fixed at the pre-

vious value of 2.3 G. It is found that for fixed

amplitudes of 2/1 and 4/1 EFs, stronger 3/1

EF leads to a larger 3/1 island width and lower

Te(0). A similar dependence of the 4/1 island

width on the 4/1 EF amplitude is also found.

The decrease in Te(0) per Gauss, however, be-

comes weaker with increasing 3/1 or 4/1 EF

amplitude. In addition, edge stochasticity ap-

pears when island overlap happens between

3/1 and 4/1 locked islands or a large enough

4/1 island approaches plasma edge. Here, the

threshold boundary for edge stochasticity is

indicated by the blue dotted curve in figure

10(a). No bifurcation or sharp change ap-

pears in Te(0) at the transition to stochastic

fields, revealing the final Te depends purely

on the island width and not the island overlap

or stochasticity. The results in figures 11 and

12 will show, however, that the Te evolves to

its final state much faster when there is island

overlap.

Figure 11. Modeling results using the experimen-

tal 2/1, 3/1 and 4/1 EF amplitudes. (a) Compar-

ison of Te profiles between experiment and model-

ing at ∆t = 0.05 s, 0.13 s, 0.39 s, 0.4 s, 0.44 s and t

= 0.055 s, 0.07 s, 0.09 s, 0.15 s, 0.45 s respectively.

(b) 2-D image of Te and Poincaré plot of the flux

surfaces (white) at t = 0.15 s by modeling. Here,

∆t = t− 5.05s.

As shown by the pentagram in figure 10,

island overlap happens between 3/1 and 4/1

LMs with the experimental 2/1, 3/1 and 4/1

EF amplitudes as shown in figure 11. In this

case, the evolution of Te profile is consistent

with experiment. And the region from the

4/1 locked island to plasma edge becomes fully

stochastic while the 3/1 island chain still keeps

a complete island structure as shown in figure

11(b). As a result, the peripheral plasma cools

down fully as indicated by the Te profile, which

approaches the edge temperature Te(ψN = 1)

from q = 2 to the plasma edge.

When further increasing the amplitude of

the 2/1, 3/1 and 4/1 EFs to 5.5 G, 2.1 G and

3.1 G, the final Te profile is still reasonably

consistent with experiment as shown in figure

12. In this case there is full stochasticity from

the 3/1 island region to the plasma edge, sec-
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ondary island structures with m/n =5/2, 3/2,

and harmonics inside the 2/1 island. The final

Te profile is even lower than the experimental

profile after the TQ for both the cases in fig-

ures 11 (t= 0.45 s) and 12 (t= 0.44 s), indicat-

ing that multiple locked islands with overlap

reproduce an effective TQ in the model.

Figure 12. Stronger 2/1, 3/1 and 4/1 EFs with

amplitude of 5.5 G, 2.1 G and 3.1 G lead to edge

island overlap and secondary island structures. (a)

Comparison of Te profiles between experiment and

modeling at ∆t = 0.13 s, 0.39 s, 0.4 s, 0.44 s and t

= 0.028 s, 0.06 s, 0.1 s, 0.44 s, respectively. (b)

2-D profile of Te and Poincaré plot of the flux

surfaces (white) at t = 0.1 s by modeling. Here,

∆t = t− 5.05s.

3.4. Influence of islands alignment at

different phase

In this section, the influence of islands align-

ment is studied by scanning the phase of each

EF component separately.

The relative phase of modeled EF com-

ponents can also affect the heat transport.

Figure 13 shows the impact of scaning the

phase of each component while the other com-

ponents remain fixed. Here, the just-above-

threshold EF amplitudes shown in figure 7 are

used. The central Te and island width are nor-

malized by the corresponding values when the

relative EF phases are all zero (as it was in

all previous figures). When scanning the 2/1

EF phase from 0 to 360◦, the normalized cen-

tral electron temperature TeN (0) changes si-

nusoidally with the magnitude of 3%. At the

same time, the island width of the 2/1 and

4/1 change little (less than 0.5%) but the 3/1

island width changes more with an magnitude

of 4%. Scanning the 3/1 EF phase also causes

periodical change in both TeN (0) and the is-

land width. The magnitude is similar, but the

oscillation period is twice of that of 2/1 EF

case. The results of scanning 4/1 EF phase

are essentially the same as scanning 2/1 EF

phase.
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Figure 13. Influence of island phase on Te for

none island overlap case. Normalized (a) central

electron temperature TeN (0), (b) 2/1 island width

W21N , (c) 3/1 island width W31N and (d) 4/1 is-

land width W41N versus EF phase. Here, applied

EF amplitude are similar to that in figure 7, and

the quantities presented here are normalized to the

corresponding values when EF phase is zero.

Further studies show that, in the pres-
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ence of constant EF amplitude, the change in

island width due to phase scanning is due to

the influence of neighboring island chains, i.e.

the magnetic island is stabilized by the mag-

netic perturbation contributed from neighbor-

ing island chains (or distorted flux surface as

shown in figure 5) in certain phase alignment,

while it is destabilized in other phase align-

ment. As a result, on the one hand, the

widths of 2/1 and 4/1 island mainly depend on

the magnetic perturbation of 3/1 islands. On

the other hand, the coexisting of 2/1 and 4/1

magnetic perturbations generates m/n = 6/2

magnetic perturbation, which will further sta-

bilize or destabilize 3/1 island. That is why

the 3/1 island width is most sensitive to the

phase of island chains, and also the results are

the same when scanning the phase of 2/1 and

4/1 EF.
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Figure 14. Influence of island phase on Te for is-

land overlap case. Normalized (a) central electron

temperature TeN (0), (b) 2/1 island width W21N ,

(c) 3/1 island widthW31N and (d) 4/1 island width

W41N versus EF phase. Here, applied EF ampli-

tude are similar to that in figure 11, and the quan-

tities presented here are normalized to the corre-

sponding value when EF phase is zero.

The results of relative phase scans with

the experimental EF component amplitudes

are shown in figure 14. The change in both

TeN (0) and island width are no longer sinu-

soidal function of EF phase. The magnitude

of the change in TeN (0) is more than 10%, and

W31N (14%) changes more than W21N (2%)

and W41N (2%). The relative phase of exper-

imental EFs between 2/1 (4/1) and 3/1 lo-

cates in the region of 100◦ < Φ0 < 200◦, indi-

cating the temperature and saturated island

width are similar to the case with the same

EF phase. Detailed studies reveal that the

non-sinusoidal dependence on the EF phase is

due to the larger island widths as well as edge

island overlap, resulting in the alignment of

different island chains at specific phase.

Figures 13 and 14 indicate that the 3/1

island width is most sensitive to the phase

of island chains (EF phase), and the change

in TeN (0) is correlated with W31N . Namely,

larger W31N leads to lower TeN (0) and smaller

W31N leads to higher TeN (0).

4. Discussion and summary

Multiple helicity EF penetration and its effect

on heat transport are investigated in this pa-

per using resistive single fluid MHD equations

with a cylindrical circular tokamak approxi-

mation. This cylindrical geometry is different

from the DIII-D highly shaped plasma. As

a result, on the one hand, this approxima-

tion neglects the modifications of plasma re-

sponse expected from a toroidal plasma ideal

MHD modes, which will modify tearing par-

ity resonant fields at q = 2, 3 and 4. On

the other hand, the toroidal mode coupling

effect is neglected under this approximation.

This effect will generate magnetic perturba-

tions with broad spectrum [23, 24], which in

turn further advances the heat transport un-

der multiple LMs. In the modeling, the cen-

tral rotation profile is not near zero, however

the global rotation is almost zero after mode

locking or field penetration in DIII-D exper-

iments [24], indicating there should be addi-

tional LMs, momentum transport or changes
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in the momentum sources inside the q = 2 ra-

tional surface and their effect should be taken

into account. Future work to use a full toroidal

geometry would allow one to further take into

account these effects and to give a more pre-

cise consistence with experiment. Neverthe-

less,even despite the above effects, the results

in this paper reveal that the co-existence of

multiple LMs deteriorate plasma thermal con-

finement much more than the sum of their

isolated impacts would, and the observed Te
profile in DIII-D experiment is qualitatively

reproduced.

It is well known that an evolving Te pro-

file can affect the plasma equilibrium and cur-

rent decay [50]. On one hand, the decreased Te
due to multiple LMs will increase the plasma

resistivity and decrease the resistive decay

time, which in turn changes the time scale for

both LMs saturation and heat transport. On

the other hand, the increased resistivity will

cause redistribution of current density in the

resistive time scale [28]. Besides, the plasma

toroidal loop voltage increases due to the in-

creased resistivity and results in higher Ohmic

heating power (figure 2(b)). The increased

Ohmic power would distribute more in the

central plasma due to the peaked current den-

sity, leading to relatively higher central Te
[38]. The above effects couple together in the

experiment, but the multi-time scale physics

is dificult to capture numerically. These ef-

fects have not been fully included in our model

here, and may be a reason for the inconsistent

time scales between experiment and modeling.

However, these details do not affect the qual-

itatively understanding of heat transport un-

der multiple LMs.

Stochasticity is thought to be a possible

reason for the thermal collapse and TQ in LM

disruptions [17, 18]. This work shows that

island overlap forms field stochasticity when

the island widths are large enough and that

it makes the Te evolve much faster as shown

in figures 11 and 12. When a stochastic 4/1

island covers the plasma edge, the plasma out-

side the q = 3 surface cools very rapidly. This

kind of edge stochastic field degrades energy

confinement, exhausts particles and shrinks

the current density distribution quickly [51],

resulting in loss of equilibrium torque balance.

These results are consistent with the stochas-

tic edge being largely responsible for the fast

TQ preceding major disruptions. Further-

more, the avoidance of multiple LMs but not

single helicity LM will be important to avoid

disruption for future reactor devices.

In summary, in order to understand the

heat transport with multiple LMs, this work

studies m/n = 2/1, 3/1 and 4/1 EF penetra-

tion and the effect of that penetration on heat

transport using nonlinear reduced MHD equa-

tions. The conclusion of the work are:

(1) Multiple helicity EFs accelerate the

occurrence of field penetration due to the

braking EM torque at each rational surface

slowing the global rotation profile.

(2) The coexistence of multiple LMs

causes a reduction in Te of more than 50%,

which is much higher than that of a single

2/1 LM (20%). The additive effect of multiple

LMs effectively flattens the Te profile from q

= 2 to the q = 4 rational surface even without

island overlap.

(3) The experimental post-TQ Te profile

is reproduced when using the experimental EF

amplitudes in the model. This produces is-

land overlap between the 3/1 and 4/1 LMs.

Stronger EF amplitude leads wider stochastic

region and lower Te profile, and even triggers

secondary island structures.

(4) Scans of the relative phase between

the EF components show that the 3/1 island

width is most sensitive to the relative phases,

and the changed central Te(0) correlates with

the 3/1 island width.
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