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Motivation: Te peaking related to disruptions

Typical sequence leading to disruptions during

Ohmic ramp phase in high βN D plasmas
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JET ECE interferometers

[S. Schmuck, RSI, 2016]

• Absolutely calibrated Te profiles 

covering [2.5  3.9] m

• Time resolution ~60 Hz 

(~16 ms/profile)

• X-mode and O-mode 

polarizations on two LOS.

• Used for ECE radiometer 

calibration

ECE interferometers at JET
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JET ECE interferometers 

[S. Schmuck, RSI, 2016]

• Absolutely calibrated Te profiles 

covering [2.5  3.9] m

• Time resolution ~60 Hz 

(~16 ms/profile)

• X-mode and O-mode 

polarizations on two LOS.

• Used for ECE radiometer 

calibration

Data now available in real time

• Approx: 

ECE interferometers at JET
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𝑩𝒂𝒑𝒑𝒓𝒐𝒙 = 𝑩𝒕𝒐𝒓

ECE interferometer 
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High resolution 
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TEdgeL TCore TEdgeR

JET pulse 92033
𝑻𝑬𝒅𝒈𝒆 = (𝑻𝑬𝒅𝒈𝒆𝑳+𝑻𝑬𝒅𝒈𝒆𝑹)/𝟐

𝑷𝟏 = (𝑻𝑪𝒐𝒓𝒆− 𝑻𝑬𝒅𝒈𝒆)/𝑻𝑬𝒅𝒈𝒆

Monitor Te peaking: a simple, robust metric

P1>0 when profile is peaked

P1<0 when profile is hollow

Radial windows can be 

optimized for specific 

scenarios



12

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

1.8 2 2.2 2.4

P
1

Te0/<Te>

Discharges from 2015 Meff scan

B = 1.7 T

Ip = 1.4 MA 

PNBI = 6 MW 

nel = 5e19 m-2 

Quantities averaged over  [1.5, 3.5] s

P1 correlates with Te peaking



-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

41 41.5 42 42.5 43 43.5 44 44.5 45

P
1

Time of max hollowness [s]

Non-disrupted

Disrupted

13

P1 correlates with disruptions in ohmic ramp phase

24 pulses from 2016 
high βN (1.8-2.7) campaign

Ip=1.4-2.4 MA, 
BT=2.1-3.2 T, 
H98=0.81-1.2, 
PNBI=13-25 MW, 
PICRH = 2-5 MW
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P1 correlates with disruptions in ohmic ramp phase

“Peakedness” (P1) is not an 
unequivocal identifier for 

disruptions, but is definitely 
correlated.

Useful metric to avoid 
disruptions.
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High βN scenario ramp-up: disruption
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94065

Ip = 2.2 MA, BT = 2.8 T
From 2016 high βN disruptions, a controller is defined: 
P1<-0.1 for >20 ms in [3 5.5] s → Soft stop



High βN scenario ramp-up: safe termination
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95252

Ip = 2.2 MA, BT = 2.8 T
Applied from August 2019 (>150 pulses).
When triggered, always led to safe termination (11/145)

__ P1

__ Ip [A]/4e6

__ ITF [A]/1e5
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Outer core logarithmic gradient as metric for edge cooling
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96483

Ip = 3.5 MA, BT = 3.3 T

Example: disruption preceded by edge cooling and no 

core hollowing

__ Ip [A]/4e6

__ P1



Other applications: metric for edge cooling
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96483

Ip = 3.5 MA, BT = 3.3 T

1

𝑇𝑒 𝑅𝑜𝑢𝑡

𝑑𝑇𝑒
𝑑𝑅

𝑅𝑜𝑢𝑡 𝑅𝑜𝑢𝑡 = 3.5 𝑚

__ Ip [A]/4e6

__ P1

__ -gradlog(Te)/10



P1 and outer core gradient were compared to the existing alarms used at JET in plasma 

terminations.

They identify most disruptions with variable advance.

Other applications: plasma terminations
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Other applications: plasma terminations
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Advance wrt primary stop

P1 and outer core gradient were compared to the existing alarms used at JET in plasma 

terminations.

They identify most disruptions with variable advance. 

In several cases, earlier than current alarms

69 pulses from 

JET baseline 

experiments 

(2019-2020)

Gradient

Hollowness

False negatives



Future applications: combination with radiation metrics
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69 pulses from 

JET baseline 

experiments 

(2019-2020)

Interesting results were obtained combining with radiation metrics based on bolometry 

tomographic inversion: Prad,core /(PRF*P1) and Prad,out /Ptot

Very good advance with respect to existing alarms.

Prad,out /Ptot

Prad,core /(PRF*P1)

False negatives

False positives

Advance wrt primary stop

Using radiation metrics



Future applications: combination with radiation metrics

23

69 pulses from 

JET baseline 

experiments 

(2019-2020)

Advance wrt primary stop

Using radiation metrics

Interesting results were obtained combining with radiation metrics based on bolometry 

tomographic inversion: Prad,core /(PRF*P1) and Prad,out /Ptot

Very good advance with respect to existing alarms.

Particularly useful to separate core and edge radiation events

Prad,out /Ptot

Prad,core /(PRF*P1)

False negatives

False positives

Pin,tot = 21-37 MW



Conclusions

• JET ECE X-mode interferometer now produces Te profiles in real time

• First real-time application of ECE interferometers

• Profiles every 16 ms, <1 ms for processing

• Simple, robust definitions for peakedness and outer core gradient metrics

• First application: hollowness detection in high βN ramp-up

• Pre-emptively identify duds: avoid running bad pulses and avoid disruptions during current 

overshoot

• Reliably employed in high βN pulses since August 2019

• Other applications: disruption avoidance in baseline scenario termination

• Peakedness gives substantial advance in certain cases. Promising in combination with 

bolometer tomography [see also D. R. Ferreira talk at this conference]
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Back up slides
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Interferometer schematics
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Fourier transform of interferogram is Trad(f)
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𝑉𝑅 𝑥𝑖 = 2𝐴න𝑇𝑅𝑎𝑑(𝑓)𝐶𝑇(𝑓) cos 2𝜋
𝑓

𝑐
𝑥𝑖 + 𝛼 d𝑓 + 𝐵

Fourier transformAmplification

Phase BackgroundCalibration

Raw interferogram

Opt. path difference



Te profiles derive from magnetic reconstruction
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𝒇𝑬𝑪𝑬 =
𝒆𝑩

𝟐𝝅𝒎𝒆
𝑩(𝑹) = 𝑩𝟐

𝒕𝒐𝒓(𝑹) + 𝑩𝒑𝒐𝒍
𝟐 (𝑹)

No individual channels:
Whole spectra are available for every interferogram



Interferometer acquisition architecture
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System description
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RT processing principle
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Approximation:𝑩𝒂𝒑𝒑𝒓𝒐𝒙 = 𝑩𝒕𝒐𝒓

RT data processing: approximated B field 

Each interferogram is isolated 

and processed separately.

~1 ms processing for each 

interferogram

Only Itfc required as ext. input,

no equilibrium reconstruction.

Best results are obtained for low 

Ip/Btor pulses.

Interesting for current ramp 

phase
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𝑩𝒂𝒑𝒑𝒓𝒐𝒙 = 𝑩𝒕𝒐𝒓 = 𝑩𝒕𝒐𝒓,𝑹𝟎

𝑹𝟎

𝑹

𝑩𝒕𝒐𝒓,𝑹𝟎 =
𝝁𝟎
𝟐𝝅

𝑰𝒕𝒇𝒄

𝑹𝟎
𝑵𝒕𝒖𝒓𝒏𝒔𝑵𝒄𝒐𝒊𝒍𝒔

𝟎. 𝟗𝟕 <
𝑩𝒂𝒑𝒑𝒓𝒐𝒙

𝑩
< 𝟏. 𝟎𝟐

JET Pulse 92216, Ip = 3.2 MA, BT=2.8

max Ip/Btor ratio in 2015 hybrid pulses

B field approximation: good results during current ramp



34

𝒇𝑬𝑪𝑬 =
𝒆𝑩𝒔𝒊𝒎𝒑𝒍𝒆

𝟐𝝅𝒎𝒆

Agreement depends on 

Ip/Btor

94945

Ip = 2.2 MA, BT = 2.8 T

(<3 cm shift)

94788

Ip = 3.3 MA, BT = 2.8 T

(5/15 cm core/LFS shift)

Small shift due to magnetic field approximation



Small error between approximation and ppf
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Pulse 95252

Ip 2.2MA Hybrid 

BT=2.8

Pulse 94788

Ip 3.3 MA

BT=2.8



Cutoff/optical depth pose no problem in ramp

3636

Optical depth (τ) > 2 is considered sufficient for Trad = Te

Issues may arise for high density phases before disruptions



Hybrid pulses at JET: improved confinement wrt IPB98(y,2) scaling

• High βN

• Rely on wide low magnetic shear region in the plasma core at q=1

• q-profile optimized during current ramp-up phase

• Often ending with a current overshoot

• Sensitive to main ion mass [C. D. Challis et al, Nuclear Fusion, 2020]

• Sometime present hollow temperature profile during the current ramp-up as a 

consequence of impurity accumulation.

• Can cause double tearing modes: terminated by mitigation system, but potential of high 

current disruptions (>3MA) 

First applications: hybrid pulses ramp-up phase
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M18-02 tested the system with success
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P
1

17/09 session:
6/16 pulses triggered 
protection

All landed safely

Not known if they 
would all have been 
disruptions.



Future applications: combination with radiation metrics
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53 pulses from 

JET baseline 

experiments 

(2019-2020)

Advance wrt primary stop

Using radiation metrics

Interesting results were obtained using radiation metrics based on bolometry 

tomographic inversion: Prad,core /Ptot and Prad,out /Ptot

Very good advance with respect to existing alarms.

Prad,out /Ptot

Prad,core /Ptot

False negatives

False positives


