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Extensive studies find that locked modes (LMs) are one of the main causes of dis-

ruptions [1, 2]. LMs form locked magnetic island chains at rational surfaces and cause

substantial deterioration of energy confinement. Large enough LMs can lead to thermal

quenches (TQs) and major disruptions [3, 4]. After one mode locks, multiple LMs with

different helicities often grow and coexist [5, 6]. 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 the loss

of mode rotation. In theoretical modeling, plasma transport and nonlinear effects in the

presence of multiple LMs is computationally expensive. There are many investigations

on the transition process from LMs to TQs [7–9], however, this transition process is still

poorly understood until now. What is known is that TQs are found to occur when the

amplitude of a LM reaches a distinct level and that LMs are precursors to disruptions

that enable simple disruption prediction schemes. Therefore, improving the physical un-

derstanding of the transition process from LMs to TQs might lead to better disruption

prediction and avoidance, which is essential for the success of ITER [3, 4].

In a recent DIII-D experiment, an ohmic

q95 ∼ 4 plasma with LMs, due to EF pen-

etration at low electron density, evolves to

TQ and terminates by major disruption. By

using a dual tangential soft X-ray imaging

(DSXI) system, the topology of locked is-

land chains with multiple helicities (m/n

= 2/1, 3/1 and 4/1) are observed directly

and these island chains govern the cooling

process in the plasma peripheral region [6].

There is no error field correction for this

shot, and the amplitude of the 2/1, 3/1 and

4/1 EFs at the corresponding rational sur-

faces are calculated to be 2 G, 1.2 G and
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Fig. 1. Te evolution in EF penetration discharge
#172102 measured by Thomson scattering at times
t = 5 s, 5.12 s, 5.2 s, 5.42 s and 5.48 s. The posi-
tion and Te at q = 2, 3 and 4 rational surfaces are
the blue dotted curves, and the shadows show the
locked island region derived from Te profiles.

2.1 G by using the SURFMN [10] vacuum code. Fig. 1 presents Thomson Scattering (TS)

measurements of electron temperature Te profiles at different times after EF penetration,

here EF penetration happens at t = 5.05 s. A flattening is noticeable in the Te profile at

the q = 2, 3 and 4 locations due to the formation of 2/1, 3/1 and 4/1 locked magnetic

islands respectively. As time evolves, the widths of the flattening regions become wider
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(the shadows) and Te at the island region becomes lower due to the growth of the island

width. The growing magnetic island gets 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 flat from the q = 2 surface to the plasma edge.

To understand how the multiple LMs affect heat transport, a nonlinear theoretical

model TM1 [11, 12] based on reduced MHD equations, including the generalized Ohm’s

law, the equation of motion and energy transport equation, is utilized to simulate this

EF penetration and associated evolution of Te profile. Dedicated numerical methods are

utilized in the code to keep the numerical error low even for high values of magnetic

Reynolds number and χ||/χ⊥. Here, χ|| and χ⊥ are the parallel and perpendicular heat

diffusivity. The calculations are for multiple helicity perturbations with m/n = 2/1, 3/1

and 4/1, and the perpendicular heat diffusivity and the plasma viscosity are assumed to

be at the anomalous transport level of 0.5 m2/s. The simulations are initialized with the

equilibrium prior to EF penetration, corresponding to the 5 s profile in Fig. 1, .

It is well understood that, in the pres-

ence of a single island, Te is flattened due to

the extreme anisotropic heat transport. In

the modeling, a single 2/1 EF with ampli-

tude of 2.3 G causes field penetration (blue

curves in Fig. 2(a) and (b)) at 0.1 s. The

2/1 island grows up quickly and saturates

at the width of 11.5 cm at t = 0.2 s (Fig.

2(a)). With the growth of 2/1 island, Te is

flattened in the island region and the central

Te is decreased by about 20% (Fig. 2(b)).

A single helicity 3/1 (4/1) EF with ampli-

tude of 0.8 G (1.05 G) causes a 3/1 (4/1)

island to saturate at the width of 3.5 cm

(2 cm) as shown by the red dotted curve

(green dashed curve) in Fig. 2(a). The 3/1

(4/1) locked island also causes flattening of

Te profile at its rational surface and 5% (2%)

reduction in central Te (Fig. 2(b)).
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Fig. 2. Left side: Single m/n = 2/1, 3/1 or 4/1
EF penetration with (a) time evolution of island
width W for m/n = 2/1 (blue curve), 3/1 (red dot-
ted curve) and 4/1 (yellow dashed curve), and (b)
radial profiles of Te after locked island saturation.

Right side: EF penetration with m/n = 2/1, 3/1
and 4/1 components together. (c) Time evolution
of W for m/n = 2/1 (blue curve), 3/1 (red dotted
curve) and 4/1 (yellow dashed curve), and (d) pro-
files of Te at t = 0, 0.03 s, 0.07 s, 0.11 s, 0.17 s, 0.41
s. The vertical dotted lines in (b) and (d) indicate
the q = 2, 3, 4 rational surfaces.

Compared to the single helicity EF penetration cases, m/n = 2/1, 3/1 and 4/1 EFs are

applied together in Fig. 2(c) with the same amplitude as Fig. 2(a). In this modeling, the

EFs are set to ramp up in 20 ms to ensure a clear evolution of the penetration process.

It is found that the 4/1 EF penetrates first, followed by 3/1 penetration and finally

2/1 penetration at t = 0.02 s. This penetration time is much earlier than in the single 2/1

EF penetration case (t = 0.1 s in Fig. 2(a)), indicating multiple helicity EFs accelerate

the occurrence of penetration. After the penetration of the 3 helicities, the LMs saturate

at the same width as the single helicity cases. In the presence of 2/1, 3/1 and 4/1 LMs,
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Te is flattened at each rational surface, forming a stair-like profile (Fig. 2(d)). Then the

profile decreases quickly and globally with the growth of the LMs. In the final saturated

state, the central Te has decreased by more than 50%, which is much higher than the

single 2/1 LM case (20%), indicating multiple LMs lead to further reduction of Te.

Furthermore, after saturation, the Te
profile ranging from q = 2 to 4 rational

surfaces is nearly flattened even if there is

no island overlap evidenced by the mag-

netic topology as shown in Fig. 3 (b).

The detailed evolution of the Te profile in

Fig. 2(d) reveals that the outer edge bound-

ary Te of the 3/1 locked island is deter-

mined by the 4/1 island, and that of the

2/1 locked island is determined by the 3/1

island. 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.

The modeled Te profiles corresponding to

the simulation on the right side of Fig. 2,

are compared with experiment in Fig. 3(a).

Here, for experiment ∆t = t - 5.05 s. It is

found that the modeled Te profile is consis-

tent with experiment inside the q = 2 sur-

face, but the edge Te is always higher than

Fig. 3. Left side: From the simulation on the
right side of Fig. 2. Comparison of Te profiles be-
tween experiment and modeling (a) at ∆t = 0.05 s,
0.19 s, 0.4 s and t = 0.03 s, 0.07 s, 0.41 s, respec-
tively. Modeled 2-D profile of Te and contour plot
of the magnetic topology (b) at t = 0.41 s.

Right side: Simulation with experimental 2/1, 3/1
and 4/1 EF amplitudes. Comparison of Te profiles
between experiment and modeling (c) 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. Modeled 2-D pro-
file of Te and flux surfaces (d) at t = 0.15 s showing
island overlap.

the experimental Te. The global experimental Te profile just before TQ is also lower than

modeled Te at the new state (t = 0.41 s). A possible reason for this discrepency is that

the amplitudes of 3/1 and 4/1 EFs in this simulation correspond to the single-helicity

penetration thresholds and are lower than the experimental values.

Island overlap happens between 3/1 and 4/1 LMs when applying 2/1, 3/1 and 4/1

EFs with the same amplitudes as in the experiment (Fig. 3(c) and (d)). The modeled

Te profile evolution is quantitatively consistent with experiment (Fig. 3(c)). In this case,

the region from the 4/1 locked island to the plasma edge becomes fully stochastic while

the 3/1 island chain keeps its complete island structure (Fig. 3(d)). As a result, the Te
profile from the q = 2 surface to the plasma edge approaches the plasma edge temperature

Te(ψN = 1), leading to full cooling of the plasma in this region.

It should be noted that the redistribution of current density profile due to the change

of Te has not been taken into account in the modeling, since the plasma resistivity as well

as the resistive time are held constant at the initial value for the simplification of time

normalization. As a result, the time scale of modeled Te profile evolution is not consistent

with experiment. However, it does not matter for the qualitative understanding of the

influence of multiple LMs on heat transport.
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Further modeling finds that stronger amplitudes of the

2/1, 3/1 and 4/1 EFs drive larger island widths, caus-

ing full stochasticity from the 3/1 island region to plasma

edge, secondary island structures, and harmonics inside

the 2/1 island (Fig. 4). The final Te profile in such a sim-

ulation is even lower than the experimental value after the

TQ, indicating that multiple LMs with island overlap can

cause enough transport to be responsible for the thermal

quench in major disruption.

In summary, the penetration of coexistent m/n = 2/1,

3/1 and 4/1 LMs and the resulting effects on heat trans-

port are studied using the nonlinear MHD code TM1. It

is found that:

• Multiple helicity EFs accelerate the occurrence of

field penetration.

Fig. 4. 2-D profile of Te and flux
surfaces when applying stronger
2/1, 3/1 and 4/1 EFs with am-
plitude of 5.5 G, 2.1 G and 3.1
G, which lead edge island overlap
and secondary island structures.

• The coexistence of multiple LMs causes a reduction in Te (> 50%) that is much

higher than in the case of a single 2/1 LM (20%). The coupling of multiple LMs

leads to Te profile that is almost flattened from q = 2 to 4 even without island overlap.

• The experimental Te profile is qualitatively reproduced in the modeling using the

experimental EF amplitude. Island overlap happens between 3/1 and 4/1 LMs in

this case.

• Stronger EF amplitudes lead to a wider stochastic region, a lower Te profile, and

even secondary island structures.
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