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GERASIMOV et al. 

FIG. 19. Main JET magnetic diagnostic, Saddle loops and Pick up coils (a) Plan view. (b) each JET vessel octant originally  
equipped with 18 pick-up coils and 14 saddle loops. 

5.2. Locked mode: causation or correlation? 
In general, disruptions at JET have a locked or slowly rotating mode precursor [10]. The subset of 913 natural  
disruptions, which were not affected by special dedicated experiments or MGI protection, was used for analysis of  
pre-disruptive plasma behaviour. For mitigation purpose, only the locked mode was treated as either a precursor or  
the cause of disruptions, specifically MGI triggered by a locked mode threshold, either Loca or LocaN. 

The locked mode exists in 95% cases prior to natural disruption, FIG. 20. Only 41 disruptions out of 913, disrupted  
without locked mode precursor. The threshold in locked mode amplitude of 0.2 mT/MA was taken on as an indicator  
of locked mode. Thus, considering reverse time, ∆𝑇𝑇02𝑏𝑏 was defined as the time between the disruption occurring  
and this threshold being exceeded, FIG. 20. The ∆𝑇𝑇02𝑏𝑏 quantity, presented in FIG. 21, shows that long lasting  
locked modes (≥ 100 ms) do exist prior to disruption in 56% of disruptions with locked mode precursor. Locked  
modes with ∆𝑇𝑇02𝑏𝑏 ≥ 10 ms occur prior to disruption in majority (94%) of the disruptions. Though, 10% of non-  
disruptive pulses have a locked mode which eventually vanished without disruption. 
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JET–ILW, 913 natural disruptions 

Gerasimov et al (IAEA FEC 
2018) report that 95% of 
disruptions in JET with 
ITER-like wall preceded 
by locked islands. 



Conventional calculations of RF current drive in islands assume 
local acceleration of electrons unaffected by presence of island. 

Rapid motion of 
electrons along field 
lines gives  
𝐁𝐁 ⋅ 𝛻𝛻 𝑗𝑗∥ 𝐵𝐵⁄ = 0. 
 
Geometry gives higher 
𝑗𝑗∥ near center -> 
stabilizing resonant 
component of field. 
 
Sensitive to radial 
alignment: 
Destabilization for 
𝛥𝛥𝛥𝛥 > 0.5max 𝑊𝑊𝑖𝑖 ,𝑊𝑊𝑑𝑑 . 
 
  

Local deposition Averaged over flux surface 
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Sensitivity of current drive and power deposition to small 
changes in temperature can give rise to “current condensation”. 

• RF heats island, with 
T peaked at center. 

• Larger resonant 
component gives 
efficient 
stabilization of 
larger islands that 
can cause 
disruptions. 

• Reduces sensitivity 
to precise radial 
alignment of RF ray 
trajectories. 
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Electron-cyclotron and lower-hybrid waves deposit their energy 
on electron tail → deposition sensitive to temperature. 

• Number of resonant electrons ∝ exp −𝑉𝑉𝑝𝑝2 𝑉𝑉𝑇𝑇2⁄ , therefore  

       dissipated power 𝑃𝑃𝑅𝑅𝑅𝑅 ∝ exp −𝑉𝑉𝑝𝑝2 𝑉𝑉𝑇𝑇2⁄ , 
      where 𝑉𝑉𝑇𝑇 is thermal velocity, 𝑉𝑉𝑝𝑝 phase velocity. 

• Let 𝑇𝑇 = 𝑇𝑇0 + 𝑇𝑇� , where 𝑇𝑇0 is unperturbed temperature, and let 𝑤𝑤 ≡
𝑉𝑉𝑝𝑝 𝑉𝑉𝑇𝑇⁄ . Then 

𝑃𝑃𝑅𝑅𝑅𝑅 ∝ exp −𝑤𝑤2 = exp −𝑤𝑤02 exp 𝑤𝑤02 𝑇𝑇� 𝑇𝑇0⁄ , 
      where 𝑤𝑤0 is unperturbed 𝑤𝑤. 
• Typically 𝑤𝑤02 ≈ 10 for ECCD, and 𝑤𝑤02 ≈ 20 for LHCD, so small change in 
𝑇𝑇� 𝑇𝑇0⁄  produces large change in 𝑃𝑃𝑅𝑅𝑅𝑅 . 
 

There are two pieces to the RF condensation effect: 
1. Increase of driven current with increasing temperature; 
2. Increased power deposition with increasing temperature feeds back on itself. 
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• Low diffusivity in island enhances both effects. 
• Increase of ohmic current extensively studied,  

– believed to have provided significant stabilizing effect in a number of 
experiments:  

– 𝛥𝛥 𝐽𝐽Sp 𝐽𝐽Sp⁄ = 𝛥𝛥𝜎𝜎Sp 𝜎𝜎Sp⁄ = (3 2⁄ )𝑇𝑇� 𝑇𝑇0⁄  

• Increase of rf current with temperature goes like: 
𝛥𝛥 𝐽𝐽𝑅𝑅𝑅𝑅 𝐽𝐽𝑅𝑅𝑅𝑅⁄ = exp 𝑤𝑤02 𝑇𝑇� 𝑇𝑇0⁄ − 1 > 𝑤𝑤02 𝑇𝑇� 𝑇𝑇0⁄ . 

• When bootstrap current comparable to ohmic, required RF current 
comparable to ohmic, and 𝛥𝛥𝐽𝐽RF ≫ 𝛥𝛥𝐽𝐽Sp. 

• Effect pointed out in: Reiman, Phys. Fluids 26, 1338 (1983). 
– First paper to propose use of RF driven currents to stabilize magnetic 

islands, and to show that it is practical. 
– Calculations applicable to ECCD as well as LHCD. 
 

Both ohmic and rf currents are affected by temperature. 
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Increase of 𝑷𝑷RF with 𝑻𝑻 gives nonlinear self-reinforcement 
of heating in island. 

 • Transport time scale fast, so can consider steady-state heat diffusion. 
• For simplicity, initially consider slab with 𝑇𝑇 = 𝑇𝑇𝑠𝑠 ,𝑤𝑤 = 𝑤𝑤𝑠𝑠 at boundary. 

𝑛𝑛𝜅𝜅⊥𝜕𝜕2 𝑇𝑇� 𝜕𝜕⁄ 𝑥𝑥2 = −𝑃𝑃�0exp 𝑤𝑤𝑠𝑠2 𝑇𝑇� 𝑇𝑇𝑠𝑠⁄ , 
       with 𝑛𝑛, 𝜅𝜅⊥, 𝑃𝑃�0 assumed constant in island, 𝑥𝑥 ≡ (𝛥𝛥 − 𝛥𝛥𝑠𝑠 ) 𝑊𝑊𝑖𝑖⁄ . 
• When 𝑇𝑇�  small, but 𝑤𝑤𝑠𝑠2 𝑇𝑇� 𝑇𝑇𝑠𝑠⁄   not small, dependence of 𝑃𝑃RF  on 𝑇𝑇�  comes 

only through exponential: 𝑃𝑃𝑅𝑅𝑅𝑅 = 𝑃𝑃�0exp 𝑤𝑤𝑠𝑠2 𝑇𝑇� 𝑇𝑇𝑠𝑠⁄ . 
• Write as                     𝜕𝜕2 𝑢𝑢 𝜕𝜕⁄ 𝑥𝑥2 = −𝑃𝑃0exp(𝑢𝑢), 
     where 𝑊𝑊𝑖𝑖 is island width,  𝑢𝑢 ≡ 𝑤𝑤𝑠𝑠2 𝑇𝑇� 𝑇𝑇𝑠𝑠⁄ , 𝑃𝑃0 ≡ 𝑊𝑊𝑖𝑖

2𝑤𝑤𝑠𝑠2 𝑃𝑃�0 4𝑛𝑛𝜅𝜅⊥𝑇𝑇𝑠𝑠 .⁄  
• Can solve analytically: 

𝑢𝑢(𝑥𝑥) = ln 𝜆𝜆1 2⁄ 𝑃𝑃0 − 2ln cosh 𝜆𝜆1 𝑥𝑥 − 𝜆𝜆2 2⁄ . 
• With boundary conditions, get nonlinear eigenvalue equation: 

𝜆𝜆1 = 2𝑃𝑃0cosh2 𝜆𝜆1 2⁄ . 
• 2 solutions below a critical value of 𝑃𝑃0, none above. 
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Steady-state solution for small 𝑇𝑇�  exhibits fold bifurcation 
(“fold catastrophe” in catastrophe theory).  

8 

Island geometry 

slab 

linear 

slab geometry: 𝜕𝜕2 𝑢𝑢 𝜕𝜕⁄ 𝑥𝑥2 = −𝑃𝑃0exp(𝑢𝑢) 
magnetic island geometry: 

𝑑𝑑
𝑑𝑑𝑑𝑑

1
𝑑𝑑 𝐸𝐸(𝑑𝑑) − 1 − 𝑑𝑑2 𝐾𝐾(𝑑𝑑)

𝑑𝑑
𝑑𝑑𝑑𝑑 𝑢𝑢 𝑑𝑑 = −𝑃𝑃0𝑑𝑑𝐾𝐾(𝑑𝑑)𝑒𝑒𝑢𝑢 

 

No steady-state solution 
for small 𝑇𝑇�  above the 
bifurcation point if wave 
is not depleted. 
𝑇𝑇�  grows until additional 
physics comes in. 

A heating 
effect: does 
not require 
current drive. 

𝑢𝑢(0) 
= 𝑤𝑤𝑠𝑠2𝑇𝑇�(0 ) 𝑇𝑇𝑠𝑠⁄  



Estimated thresholds for nonlinear heating enhancement are in 
an experimentally relevant regime. 

• Solution of diffusion equation provides threshold estimates: 

– significant nonlinear heating enhancement when 𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄ ≥ 5%; 
– bifurcation threshold of 𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄ ≈ 15%. 

• TEXTOR experiments measured 𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄ ≈ 20%. 

– Hysteresis effect above bifurcation threshold expected to shrink 
islands to smaller widths. 

– Experiment observed suppression to island widths well below 
calculated widths of power deposition profiles. 

– Further analysis of TEXTOR experiments could provide useful 
information. 
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Combined, enhanced heating and current drive lead to “RF 
current condensation” that increases stabilization efficiency. 

10 

Widely used measure of efficiency of RF current drive stabilization is ratio 
of resonant Fourier component of current to total RF driven current:  

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∫ 𝑑𝑑∞
−∞ 𝑥𝑥 ∮𝑑𝑑 𝜁𝜁𝑗𝑗𝑑𝑑 𝑥𝑥, 𝜁𝜁 𝑐𝑐𝑐𝑐𝑐𝑐(𝑚𝑚𝜁𝜁 ) ∫ 𝑑𝑑∞

−∞⁄ 𝑥𝑥 ∮𝑑𝑑 𝜁𝜁𝑗𝑗𝑑𝑑 𝑥𝑥, 𝜁𝜁 . 
where 𝜁𝜁 = 𝑚𝑚𝜃𝜃 − 𝑛𝑛𝑛𝑛. 
 

Efficiency vs 𝑷𝑷𝟎𝟎 ≡ 𝑾𝑾𝒊𝒊
𝟐𝟐𝒘𝒘𝒔𝒔

𝟐𝟐 𝑷𝑷�𝟎𝟎 𝟒𝟒𝟒𝟒𝜿𝜿⊥𝑻𝑻𝒔𝒔⁄  

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∝ 𝑊𝑊𝑖𝑖
2 for 𝑃𝑃�0 fixed   

with RF  
condensation 

without RF condensation 

Get combined effects 
from 

𝐽𝐽𝑅𝑅𝑅𝑅
𝐽𝐽𝑅𝑅𝑅𝑅0

= exp
𝑤𝑤𝑠𝑠2𝑇𝑇�
𝑇𝑇𝑠𝑠

 

and 
𝑃𝑃𝑅𝑅𝑅𝑅
𝑃𝑃𝑅𝑅𝑅𝑅0

= exp 𝑤𝑤𝑠𝑠2𝑇𝑇�
𝑇𝑇𝑠𝑠

. 
 
 



The effects will be relevant for larger islands on ITER.  

• Low locking threshold and desire for minimal power usage have led to 
ITER studies for stabilizing islands at small width and modest power 
deposition – below threshold for these effects. 

• Will not be 100% successful – flakes fall into plasma, large sawteeth, etc. 
– Will want to stabilize larger islands to prevent disruptions, using 

available power. 
• Locked modes can be stabilized by rf with field error overcompensation. 

– After compensating for field errors, add small field to control phase of 
locked modes. (See F. A. Volpe, et al, Phys. Rev. Lett. 115 (2015).) 
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Transport calculations by Westerhof et al suggest that RF 
current condensation effect will be seen in ITER  

• ASTRA transport simulations for ITER 2/1 magnetic island (Westerhof et al, 
Nucl. Fusion 47, 85 (2007)) considered a 24 cm island. 
– With 20 MW of heating power and 𝜒𝜒𝑒𝑒 = 0.1  m2 sec⁄ , found 
𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄ ≈ 25%. 

• Threshold for significant nonlinear effect is 𝑤𝑤1𝑠𝑠2 𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄ ≈ 0.5, or 
𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄ ≈ 5%. 

• 𝑇𝑇�max 𝑇𝑇𝑠𝑠⁄  scales as 𝑊𝑊𝑖𝑖𝑃𝑃𝑠𝑠𝑡𝑡𝑠𝑠, where 𝑃𝑃𝑠𝑠𝑡𝑡𝑠𝑠 is total power deposition in island. 
– Threshold island width for 20 MW about 5 cm. 
– Threshold island width for 10 MW about 10 cm. 
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Summary and Discussion 
• 𝐽𝐽𝑅𝑅𝑅𝑅 ,𝑃𝑃𝑅𝑅𝑅𝑅 ∝ exp 𝑤𝑤𝑠𝑠2 𝑇𝑇� 𝑇𝑇𝑠𝑠⁄  in island. 
• Nonlinear feedback on 𝑃𝑃𝑅𝑅𝑅𝑅  increases 𝑇𝑇� 𝑇𝑇𝑠𝑠⁄ , and can lead to 

bifurcation. 
• Combined effect gives “RF current condensation” in island: 

– Efficiency of current drive stabilization greatly increases as 
power deposition or island width increases. 

• The effect also reduces sensitivity of stabilization to radial 
misalignment of ray trajectories with island O-point. 

• Nonlinear threshold for effect is in regime that has been 
encountered in experiments, and will likely be encountered in ITER. 
– Will allow stabilization of larger islands in ITER that would 

otherwise lead to disruptions. 
• With 20MW ECCD, ITER may be able to get NTM disruptions to low 

level. 
• Existing tokamaks should be studying the use of RF current drive to 

minimize the number of disruptions caused by NTMs. 
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