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Three topics:
1) High resolution halo current measurements 

using Langmuir probes
2) Runaway electron synchrotron emission

– Spectra and energy at 2.7, 5.4, & 7.8 tesla
– Synthesizing images of RE beams

3) Databases for disruption warning analysis, 
including applications of machine learning 
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• High field (B ≤ 8 T), high current (Ip ≤ 2 MA), high energy density 
(Wth/Vol ≤ 0.3 MJ/m3, ‹p› ≤ 2 atm), compact size (R0 = 0.68 m)

• These characteristics greatly exacerbate disruption effects
– Equipped with extensive disruption-relevant diagnostics
– Equipped with two massive gas injection (MGI) systems for 

disruption mitigation studies
• C-Mod permanently shut down last year
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Three topics:
1) High resolution halo current measurements 

using Langmuir probes
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1HZ�62/�GLDJQRVWLF�
/DQJPXLU�UDLO�SUREHV

● 21 flush-mounted Langmuir rail probes give SOL profiles from 
bottom to top of outboard divertor plate with fast time resolution
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● 21 flush-mounted Langmuir rail probes give SOL profiles from 
bottom to top of outboard divertor plate with fast time resolution

● Primarily intended to measure I-V characteristics to provide Te(�%), 
ne(�%), and Vf(�%) in the SOL at the outboard divertor plate
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● When run in “grounded” mode, the probes appear to the plasma to 
just be part of the divertor plate surface (almost)

● Current flowing in/out of the probes can be measured while in 
grounded mode.
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● When run in “grounded” mode, the probes appear to the plasma to 
just be part of the divertor plate surface (almost)

● Current flowing in/out of the probes can be measured while in 
grounded mode.  During disruptions, halo currents can be 
measured.
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● When run in “grounded” mode, the probes appear to the plasma to 
just be part of the divertor plate surface (almost)

● Current flowing in/out of the probes can be measured while in 
grounded mode.  
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Division between + and – currents slides down the divertor face 
during the current quench
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3ODVPD�FRQWDFW�SRLQW�YV�WLPH�
FRPSDUHG�WR���� KDOR�ERXQGDU\

Contact point is obtained 
from flux reconstructions 
using fixed filament model

On many disruptions 
there is good 
correspondence 
between contact point 
and +/- halo boundary 
vs time

Ip(t) and Zc(t) are also 
shown
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FLUFXLW��PDNHV�D�GLIIHUHQFH

● Halo current measurements with 3 different circuit resistors have 
been obtained for several of the rail probes, i.e. at several spatial 
positions in the scrape-off layer

– At the lowest resistance, we measure total halo current that 
matches our scaling from 20+ years ago (measured with 
Rogowski sensors)
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● Divertor Langmuir rail probes provide unprecedented poloidally-
resolved measurements of disruption halo currents in the SOL

– Allows detailed comparison of quenching plasma geometry 
with halo current structure

– We have also correlated halo currents with edge q of 
quenching plasma

● Dependence on measurement resistors yields information on SOL 
resistivity and structure

–
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Consider an electron with energy E = 40 MeV and pitch = 0.1 in three 
different magnetic fields.

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).

[3
]
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• RE densities are difficult to reproduce, so we are not interested in the 
absolute amplitude. 

• Instead, we are interested in the spectral shape.
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E = 28 MeV
pitch = 0.1



3 November 2016 APS DPP 2016 – Research in Support of ITER – A. Tinguely

[3
]

38

B = 5.4 T, pitch = 
0.1

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
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�ÆTo keep the brightness the same, an increase in magnetic field    
requires a decrease in energy.
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• Per particle, synchrotron emission increases and shifts toward shorter 
wavelengths with increasing magnetic field and energy (for fixed pitch).

• Measured synchrotron brightnesses at three magnetic fields (2.7 T, 5.4 
T, and 7.8 T) have similar spectral shapes.

• Assuming a mono‐energetic RE beam at a fixed pitch, an increase in 
synchrotron emission per particle (from an increase in magnetic field) 
reduces the energy.

�Æ
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We have created databases consisting of candidate 
parameters sampled at many times during disruptive and
non-disruptive shots on several tokamaks:

C-Mod 2015 campaign (~2000 shots; > 165,000 time slices)
EAST 2015 campaign (~3000 shots;  > 117,000 time slices)
DIII-D 2015 campaign (~2100 shots; > 500,000 time slices)

– Non-uniform time slice sampling:
o
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3DUDPHWHU��/RRS�YROWDJH
7RNDPDN��($67

DisruptionsNon-disruptions

If we declare: (Vloop ≥ 1.5 or Vloop ≤ -0.7) is threshold for disrupt:
47.8% of disruptions are predicted with ≥ 30 ms warning time
40.7% false positive rate 
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Disrupt 
time

A significant number of Prad fraction values increase 
during the ~150 ms before disruptions occur



3DUDPHWHU��3UDG IUDFWLRQ
7RNDPDN��($67

DisruptionsNon-disruptions

If we declare: Prad fraction ≥ 0.35 is threshold for disrupt:
24.9% of disruptions are predicted with ≥ 30 ms warning time
21.0% false positive rate 
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3DUDPHWHU��,S HUURU
7RNDPDN��($67

DisruptionsNon-disruptions

Disrupt 
time

A significant number of Ip error values increase in 
magnitude during the ~100 ms before disruptions occur



3DUDPHWHU��,S HUURU
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DisruptionsNon-disruptions

If we declare: Ip error ≤ -30 kA is threshold for disrupt:
34.2% of disruptions are predicted with ≥ 30 ms warning time
30.9% false positive rate 





3DUDPHWHU��,S HUURU
7RNDPDN��&�0RG



6XPPDU\�DQG�&RQFOXVLRQV
We have examined several disruption parameters using our 
C-Mod and EAST disruption warning databases.  More 
relevant parameters are still being added (locked mode 
signals, etc.)

– So far, our studies show that these parameters provide 
a useful warning of impending disruptions on EAST, 
with �t 30 ms warning time

– But these parameters do a poor job of predicting 
disruptions on Alcator C-Mod with useful warning time

The faster timescales could be partly due to small size.  But 
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to determine disruption events with sufficient warning time 
it is possible to choose among a plethora of ML algorithms

• statistical analysis of disruptions 
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• to obtain a 
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graphical depiction of a single tree in a Random Forests

max_depth = 3

max_depth = 5

fully-grown tree
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graphical depiction of leaf (i.e. final) nodes in a tree
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why q95 and n=1 amplitude have such different 
discriminative power and relative importance

blue : safe discharges, time slices during flattop 
red : disruptions during flattop

blue : safe discharges, time slices during flattop 
red : disruptions during flattop

>�7�@

• q95 probability distributions show major differences between the 
disrupted and non-disrupted discharge data

• while for the n=1 amplitude data, disr egarding the peak at zero, it’s 
true that the difference between disruptions and safe discharges 
does exist but it is very slim
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confusion matrix is used as an accuracy metrics to assess 
the model’s capability to discriminate between class labels

multi-class classificationbinary classification

“far from disr” : time_until_disrupt > 1s
“in-between” : 0.1s < time_until_disrupt < 1s
“close to disr” : time_until_disrupt < 0.1s

the dataset is composed of 59% 
non-disruptive time slices and 41% 
disruptive time slices

the dataset is composed of only
disrupted time slices
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confusion matrices for multi-class classification: 
comparison between different datasets“far from disr” : time_until_disrupt > 1s
“in-between” : 0.1s < time_until_disrupt < 1s
“close to disr” : time_until_disrupt < 0.1s

the dataset is composed of 
disruptive time slices; 
non-disruptive time slices populate 
the far from disr category

the dataset is composed of only
disrupted time slices

m
ulti-class classification


