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Investigation of Collapse &

Many natural and man-made systems are stable
for long times and look quite resilient but are

nonetheless prone to catastrophic collapse. T Rcocon
COLLabP5e

Some of these collapses are quite
straightforward to interpret and do not seem
worthy of particular attention because, given AL B8 §
the proper precautions, they are relatively easy mmpemw“*
to avoid. Others are very subtle and extremely Rt
difficult to predict. Earthquakes, and in general

failures due to atmospheric phenomena, belong

to the second category.

Disruptions in Tokamaks also fall in the category of
catastrophic phenomena very difficult to predict.
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Disruption caught on camera on JET =

Disruptions in Tokamaks
have proved to be
unavoidable so far.

Expecting that Tokamak
plasmas will never disrupt
is like saying that planes
will not fall from the sky
any more
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Evolution of plasma quantities
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- Disruptions are sudden losses of confinement and control,
which lead to the fast extinction of the plasma current.

- The fast quench phase is : /\
normally called thermal N .
quench (loss of kinetic s ] = ,‘Z{.Z;‘é'“"’”'—-! |
energy) and the slow (mB:"Z) i
qguench is called the current IPrecursor
quench. " o |
¢ [T T A
~ In JET with the ILW the |
current quench has become " Fast —elje—
much longer (hundreds of 1 s |
ms instead of tens) \1
compared to the carbon l :
Quench | ,

wall phase —ai le—
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Disruptions and their consequences \&

(

The main issues related to disruptions, in addition to lost
time, are:

* thermal loads on the plasma facing components,
* forces on the electromagnetic structures,
* runaway electrons.

- The damage to the devices can be severe and the problem
scales badly with dimensions. In DEMO even a single, full

current, fully mitigated disruption can cause irreparable
damage to the device.
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Protection ITER wall against disruptions (®
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/7,

ITER divertor melt avoidance requires high radiated fractions

« Critical heat flux factor for tungsten is 50 MJ/m2s®->

 Divertor thermal quench (TQ) heat flux area of 23 m?”*, and
thermal quench duration of 7,, = 1 ms
350 MJ

23 m2v10-3 s
« Conducted heat loads must be less than 10% and the thermal
radiated fraction f ., must exceed 0.9

= 480 MJ /m?s°®

ITER first wall melt avoidance requires low radiation peaking factors

 The melt temperature of Be is Ty;,,, = 1551 K, and the first wall
can reach Ty 5, = 600 K

« Maximum allowable peaking factor is about 2

*V. Riccardo et al., Nucl. Fusion 45 (2005) 6
** M. Lehnen et al., J. Nucl. Mater. 463 (2015)
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Classification of diagnostics for disruptions ¢

The disruption diagnostics are essential for all the PEC
objectives of science (prediction, explanation and control).

A possible classification of diagnostics is:

* Diagnostics for monitoring the consequences.

* Diagnostics for the disruptions themselves
(runaway electrons).

* Diagnostics for the investigation of the physics.

* Diagnostics for prediction.

- Understanding the physics is essential for the extrapolation
to next devices
- Prediction is essential for triggering any remedial action. -
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Diagnosing for disruptions: control

Diagnostics for disruptions must be seen in context of the
control systems and the actuators.

Hardware: the emphasis is therefore on reliability,
availability, time and spatial resolution, coverage etc.

The first signal processing requires specific techniques to
provide adequate inputs to the predictors and control
systems.

Predictive capability: they have to be combined with
effective and reliable prediction tools deployable in real
time.

8
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B Disruptions in the context of control and
countermeasures

B Requirements of diagnostics with particular
attention to physics and prediction

BHardware: Coils, cameras and bolometry
B Profile indicators
BETomography

B Data analysis tools for prediction

B Conclusions and future work
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Disruptivity in metallic devices

(!

JET: baseline high current qq QA typical disruption pattern for
around 3 (reference scenario for metallic wall tokamaks is the core

accumulation of heavy impurities
ITER) in preparation for DT in which affect core power balance by

some campaigns were affected by radiating and  generate  MHD
: . unstable current profiles
disruptivity of the order of 60%.

JET Pulse No: 82669  P-C- de Vries, Nucl. Fus. 2012

Also the hybrid at high current Z 208 - @
does not meet the requirements ='F  Weuny
of ITER % j‘_'.[““‘s.' J Ll (b)
a = ” RAD
WEST: disruptivity never below  _ 2
. . = 34
70% in all campaigns so far o 2
—~  MHD:n=1, n=2 (d)
The reactor will have to work at more s °¢f
than 90% radiation fraction, detached ~ N Ty =
divertor, above Greenwald limit, all s 0'21 M
conditions increasing disruptivity. 21 2 2 e (s) ® 10



Evolution of discharges from a disruption perspective ()

* Definition of the discharge phases with respect to
disruptions

Disruption
detection

Disruption in JET

'Heat flux

minutes seconds milliseconds

11
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B Requirements of diagnostics with particular
attention to physics and prediction

BHardware: Coils, cameras and bolometry

12




Locked mode detection on AUG (@)

The growing and locking of MHD modes are among the main causes
of disruptions in TOKAMAKS.

Typically, m/n=[1/1 ; 2/1] islands are observed both at AUG and JET
and are also coupled with m/n=3/1 modes. The growth rate and the
width of such instabilities depend on the radial component B} of the
magnetic field and, consequently, its measurement is an important
element to prevent disruptions.

Toroidal section

A lot of efforts are being exerted to
counteract locking of mode to the
wall, from ECE feedback control of
NTMs to rotating perturbations.

AUG: top of the actual arrangements of the two saddle

coil systems one composed by two saddle coils (SATwest
and SATeast) and another one composed by four coils
(Satn. Sats. Sate. Satw). 13



New indicator f(t) for slowing down ©

A frequency indicator based on the weighted mean of the FFT
spectra of both radial perturbations has been tested:

Sl fD oLl
o Z Iew(t; fl) " Z Ins(t: fl)

f; is the i-th frequency of the FFT spectrum and L5 .\, (¢, f;) is the intensity at the
frequency f; and time t. Then, it is possible to average the frequency of rotation as

1
f(t) - E [fns(t) + few(t)]

%107

%107 3

3 | | | I—SATN. | | | ‘_SATCW
257 —SATm 1 2.5 7SATM 8
Pl ] é L5
g * pulse 30799; %
: uise 3 £
Iy -  disruption at
051 2.79s; 0.5
PN W W, LA L 0 d
% 1000 ?‘000 ’.E»?{[lf]) 4000 5000 0 1000 Iz_rfg’umcy ?[’?{fl? 4000 5000
requency [H:
~50ms before the disruption 14

~340ms before the disruption



SATew

= f(t) : minimizing external perturbation ()

_Ms generate a perturbation in the same low frequency range of

: L Pulse safe with ELMS Disruptive pulse

0 1000 2000 3000 4000 5000 4
=10
f, [Hz] <1072 1.2

SATew
SATns | |

SATew
SATns | | 1

. A- 0.2 | MMN’L

o 1000 2000 3000 4000 s000 ) 1000 2000 3000 4000 5000
f, Hz] f, [Hz]

To minimize the effect of external perturbations, namely the influence of ELMs, a
driving sinusoidal functions has been added to the radial measurements Bew and

Bns. ns,adv _ pns :
B, = B» + Aysin(wgt)
ew,adv __ pew .
B, = BEY + Aysin(wot + Yy)
Pulse safe | | Disruptive
with ELMS — | ' - | Pulse
057 I ] 0.5 ,
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 15

f, [Hz] f, Hz]



Antenna

N
AN A2 ICRH
Antenna A

cameras
A2 ICR
Antenn3d \ -

\g{‘\

Antenna D/ |

Two views highlighted in red to be made available outside the
biological shield: optical path of 42 m for the VIS and 32 for the
JET IR. Important for both machine protection and physics 16
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JET #95302.

WMM W N m“ MM

MARFES (@)
MARFE are thermal instabilities

which manifest themselves as rings
of visible radiation.

55555

Their signature on the videos can

be used for disruption prediction.
17



Total power loss: bolometry (i

Bolometry requires a uniform sensitivity over a large frequency
range of (Av =1-10000 eV)

Several detectors have been developed,

Typically it is a resistance that changes its temperature under
Irradiation.

Surface is darkened by graphite deposition or by porous gold.

Temperature measurements provide the absorbed power
1 R,,=R, insieme ad R, R =R; insieme ad R,

‘f} 10V, 19.8 kHz
NS
TH_AA = dainin %7 (R3) Rr Mrn ®2)
3
1 >

(R1) Rm ] Rr (Rg)

4 det

4 ref 1 Resistor

2 Absorber 8
3 Foil for thermal contact A, 10V, 19.8kHz

18
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Signal Processing Q)

Detectors are integrators and require a derivative to obtain

the time resolved power.

Problems with metal foil
bolometers

Noise: magnetic compatibility,
derivative

Radiation hardness: gold
contacts affected by
transmutation

Calibration: in situ
Sensitivity to neutrals

Effects of the ambient gas
19

P:C(d_nxj

dt =,
. AR™T,
Power
o 0.5 1 i

TIME(S)



Diamond based bolometers: diodes q @i

/

Single crystal diamond Schottky diodes have been proved
to reliable devices for plasma diagnostics.

The radiation hardness of the technology is now well
assessed.

A diamond based bolometric system (5.5 eV — 10 keV
energy range) would definitively have higher time
resolution (up to 1MHz), Bandwidth 200 kHz on JET.

Pulse 94967
4

Such a system would allow to | VARTE
separate the VUV (5.5eV -1 _
keV) and soft-X (1 keV— 10
keV) contributions, for a more
detailed analysis of the
plasma emission. 50 45 48 50 52 51 56 58 60

w

Photocurrent (au)
N

~_

?
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B Profile indicators

BETomography

21
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Core LIDAR

Jetection system
‘6-detector Polychromator)

Safety shutter

Biological shield
(concrete, 3m thick sides,
2.5m thick ceiling)

S

Scattered light

Collection mirrors

Profile measurements
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Core
LIDAR Laser

=== Divertor
> | IDAR laser
Cahbratlon

box
% Input/output shield

'11 penetrations I

JET Transformer

¥ l
Vacuun

vessel

Main & diver
LIDAR light ps

Laser
input mirror

Projection

LOCAL MEASUREMENTS

*The percentage of direct,
local, spatially resolved
measurements is not very
high (many are external or
Integrated see later)

*Some are complementary
(ECE, TS), which is
extremely important for the
physics

* For disruption prediction
and feedback control what
IS often needed are profile
Indicators.

mirrors

22



Profile indicators: hollowness

For disruption prediction profile indicators have to be robust
and calculable in real time but at the same time they need to

be sufficient informative.

Hollowness is particularly difficult to quantify.

« Mirroring in case of

Insufficient coverage.

* Resilience against
irreqularities in the

profiles.

Unimodal

Bimodal

t=51.9764 s

O TS data
—-—-—Magne

|
|
|
|
|
|
) , |
tic axis i

2.5

3
R [m]

t=51.9764 s

3.5

O TS data
® TS mirrored

————— Magnetic axis

3
R [m]

3.5

T[eV]

=

1500 |

500 1

1500 1

1000 |

5001

t= 53 4??1 s

o

N

O TS data
Magnetic axis

2.5

3 3.5
R [m]

t=53.4771s

|
b4 | b
t .
§ % | @-’%
A W . e,
b * |
|

1
[ty

e RO

|

¥
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Profile indicators ®)
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A good approach is to use some sort of fitting. In our case with

two Gaussians for example.
_(x—ﬂz)z _(x+u2)2

2 2
y=Ae 2% +A,e 2%

Can be solved with the weighted fitting using the Guo method.

Eyl 2 x;y? Zx y? ) _ Zyiz(ln(yi)—ln(1+e‘2bx)) |
leyl Zx y? Zx y? [b] = inyiz(ln(yi) —In(1 + e~%))

Zx y? Zx y? Zx yl Zx y?(In(y;) —In(1+e” be))
An indicator of the Z test type can then be used to quantlfy the
level of hollowness. T e T T T ok T ]

H2,2 — H2,1 _ =
ETHyp = | | "ol

2 2 w0t Y
J%4+%2 4
S 5 24




Inverse problems in Fusion &y

In fusion many measurements require some form of
inversion to be interpreted:

B Magnetic topology (requires inversion of both external
and internal measurements of the field components)

B All the line integrated measurements require some form
of inversion (interferometry, tomographies etc)

B Camera images (both visible and infrared)

B Several detectors require unfolding (inversion in energy
space)

+ Unfortunately many inverse problems are ill-posed

25




lll-posed problems i

If D is the space of the data or measurements, S the source and A the forward
function mapping the reality on the space of the measurements

D= A(S)

The task of recovering S from D is well posed (accordig to the definition of
Hadamard)

B Asolution exists for any data D in data space

B The solution is unique in the source space S

B Theinverse mapping D =» Sis continuous

/nL In general the vast majority of inverse problems in fusion are ill posed

—Two main difficulties: how to identify the right solution
and how to quantify the uncertainties

— In tomography solving an ill-posed problem means finding a
k regularizing algorithm

~

e




The tomographic problem i)

Tomographic Local

Integrated Data m=p Inversion ) Information

f - the local emissivity

gl=jf-ds, [=1,..,ny

g; - the projection (along
the line of sight L)

n,4 - number of detectors
(or number of projections)

* Bolometry: two
views of 24 chords
each.

* Neutron/gamma
rays: 10 horizontal

channels 9 vertical
JET y and neutron JET bolometer 26 channels
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Maximum Likelihood method (ML)

Vs
(1t
A\

«*Assumption: Emission - a Poisson process
* gm - sample from a Poisson distribution

* g - expected value

The probability of obtaining the measurement ** Poisson distribution:

“* More accurate for the case of
g =gmlm=1,..., Ng}

i ) ) concentrated sources than max
if the imageis f = {fn|n =1, ...,Np}

entropy which tries to spread as
is given by the likelihood function:

much as possible the solution

over the cross section

1
Lg/f) =] |- (g)% x exp(g) fu = argmax;L(g/f)

LkJL gk

f¥ can be retrieved by
running the ML algorithm
with noise-free data

‘ fED = £* diag[f©]diag[s~1] [HTdiag[Hf(k)]_lg - HTI)]

ck+1) —

= diaglf®ldiagls 1H" diag[Hf*]1n
+ [I — diaglf®diagls " 1H" diag[Hf 1711 |

Rule for finding the uncertainty
in the current estimate
at each iteration




Overview Seeding Experiments L))

54 discharges at high radiation with N, Ne and Kr have been analyzed.

The experiments analysed in this work were mainly discharges at 2.5MA/2.6T with the
strike points on the vertical targets.

The input power ranged between 17 MW and 19 MW, mainly from the neutral beams.
A few MW of ICRH were typically injected to avoid impurity accumulation in the core.

Deuterium fuelled by valves
located on the divertor vertical
targets.

#87045

o 3OF 5 The impurity seeding was

S P = . .. . .
§ RO "B'P -] performed with valves injecting in
©  osF RE ¢ 7 the divertor private region.

X oo |

Line Integrated
Density

107 M-2

y

1 G (ED) b
© B - th -0
) ]

Y N V1 G [ A |

The bolometric measurements
have been properly filtered to
eliminate unrealistic values.
Signals averaged over 25 ms.

Stored Energy

1.0

on

TTTTTT

| Gas rate (N2)

I o Y e |

Gas rate (D2) ]
Divertor Recycling

| ¥

Quantification of the

- ~ . 5 g = uncertainties Is essential

|

|

10" piscm2sr 107 tronsis  10° JOULE

OO~ ~NNDOOOO
CUOUNOUON AN




Seeding Experiments: Neon ©
' 1. "IN 1™ Discharges with N and
= | I Neon seeding present a
o I very similar

phenomenology.

= Max radiated fraction

I8 s achieved safely is 70%
if one believes the
T e some ot 110 vt O e estimates of the ML.
WEEEREEE | The disruption is
£ | preceded by the
o l l ' formation of a MARFE
" J | | } ’ ' type of high radiative
w ¢ st esitss s+ s : s s Zoneabove the X point.

pulse number 30
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Shatterd A5 ¢

Pellet
Cone -2

.Y . | ol
Shatter! - . R
\v . N -0-5 |

RE beam plagm
centroid
movemen

P Injection a

= Trajectory of the run-
away beam current
centroid measured by
the magnetics.

1 = The beam moves

towards the upper —inner
board side (where the
Impacts are also
observed)

= The planned cone for the

SPI crosses the
trajectory of the runaway
electron beam

- Runaway electrons: the magnetics based fast control systems
can control these beams until they are suppressed with
shattered pellets. The optimization requires detailed studies
with cameras, bolometry and scintillators .

UKAtom-c
Energy
Authority

EEEEEEEEEEEE

Vs .
ilﬂl‘ eENERGY RID( E ﬂ @\i EUROfusion
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Detection of runaway electrons

350

{ 300

250

200

150

100

50

1.8 0

1.89 3.05 4.21

(m)
"™ 495128 t=48.41-48.425

measured projection |
back-projection

1.8

Comparison of

a) Left the tomography of
the gamma-ray camera
(between 2 and 4 MeV)

0.9

z2(m)

-0.9

b) Right the synchrotron
emission with camera

5000 A

Comparison of line
Integrals and back
projections

4000 -

3000 -

Counts

2000 -

1000 -

S Many thanks to Milan
0O 2 4 6 8 10 12 14 16 18 20
Detector no. G rOUp

M.Gelfusa et al “A Maximum Likelihood Tomographic Method applied to JET Gamma
ray Emission during the Current Quench” SOFT 2020 32



Detection of runaways: equilibrium and uncertainties ()

The measurements of the gamma ray cameras have to be
Integrated (over 10 ms) to improve the photon statistics.

Since the measurements are taken during the current quench,
during this interval the plasma can evolve
Magnetic surfaces at the beginning and end

of the integration interval Uncertainties in percentage of counts
100 (%)

SURF Lx201.6 1.8
UL | U L L T

0.9 r===SaaaN

60

40

el N 7
'\ 20

1.89 3.05 ‘4.21

33
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B Data analysis tools for prediction

34
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Traditional Predictors ()

Physics models based on first principles are not
available for disruption prediction.

Data driven, machine learning based predictors have
been widely studied in the last decades (three installed
in JET real time network: APODIS, SPAD, Centroid).

On the other hand the vast majority of predictors
are based on traditional forms of learning:
* closed world learning
e separation of feature selection and
predictor structures

35
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Closed-World Learning &

Traditional supervised Machine Learning is based on
the closed-world assumption:

« The systems under study must be stationary. The
I.I.d. assumption (data independent and identically
distributed) means that the results are valid only if the
pdf of the data are the same for the training set, the
test set and the final application.

« All the classes in the test and final applications must
have been seen in the training (with suitable number
of examples).

B Excessive amounts of data for the training

B Fast obsolescence
B Lack of transferability 36
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Open-World Machine Learning =
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Adaptive learning: predictors are updated when appropriate
to track the evolution of the phenomena to be predicted.
Two main types of adaptation have been implemented for
JET to reflect the different time scales involved during and
between discharges.
a) Updates of the training sets (including de-learning) and
decision functions between discharges

b) Trajectory learning during discharges.

Transfer learning: non supervised clustering to identify new

classes (we also transferred one predictor from AUG to JET) ..



Stacking of Predictors and Classifiers on JET ®)

Disruption prediction

Supervised predictor
Noise ensemble classifier

Adaptative training

= No disruptive
* Disruptive

Disruption classificatio

e g0 o e Class 1
Unsupervised classifier °
P e © e Class2
[ ]
Adaptative featu e Class3
® °
o= i L.
° o o e
[ ] e © [ ]
- L ]
- L4
® o
Radiative class discriminisation
Core
Compares the core radiation Diverto
with the divertor radiation
L _J
@
L]

| Three layers:

* Predict a disruption is
about to occur

(Ensembles of CART
classifiers)

"|» Classify the disruption

type (K-means)

* |f radiative disruption
determine whether it
is in the core or at the
edge.

Implementation from scratch: the predictors operate in real
time condition after seeing only one example of disruptior318



Results for prediction
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=2

-MMmHMMm
Tard Alarms

Counts 576 587

True positive rate []

1

o
co

o
(o)

o
n

0.2

98.13% 1.70%  0.17% 0.00%

500 1000 1500 2000 2500 3000 3500
Pulse #

1.56%

0.05

0.04

0.03

0.02

False positive rate []

0.01

0

3014

1.59%

sSuccess rate
always above
90% and false
alarms never
much above
2%.

Statistics
conservative.
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Results for Classification (K-means) =

A disruption is attributed to the class of the first Instability Factor
crossing the stability threshold.

5 T

7

The unsupervised classifier
i converges rapidly to the four
classes expected (in about
40 discharges).

Number of class []

1 Locked Mode
0.35 Density limit
Radiative Divertor
0 s . . . | 5 0.3 Radiative core
0 100 200 300 400 500 5
Number of alarm [] g 0.25
: 2 02
The cumulative plot of the g ..
. . e
types of disruption 3 o4
0.05 -
. 0 —/‘"_.—I_ . . .
Good agreement with the 0 100 200 300 400 500
Disruptive pulse # 40

expert classification



General training scheme with genetic programming

TRAINING/VALIDATION

GAs optimization loop* Q

7
(@)
\‘;&

—

With the 1instructions

DATABASE

Indicators

Plasma signals
(processed and not).

 —

Individuals /
strings of data

written in the strings,
the models are trained.

FINAL

Parents cross Step
. 1 their genes to 3 PREDICTOR
SVM internal params— | . .eate children over
N Which validation DB
combination is St5ep
the best One? SeleCtion Of Example individual
parents ollow F SXR F C
\ 0 il 0 100
Step Best ones: higher oot
4 chances to be o
selected b) rossoverponty
SAMPLES . — ENEEEE - X
ST Ending condition: reach 100 2 parents \ |
Semple | Pfle | Greves | a1 generations e
on, 1
[ 1 1
Pre- 20 clear -Population 50 Inds. ‘17 ' -
. 0 .
disruptive Te/:gélll;:(fi o shitzs** 50 -12 hours per run in an Intel(R) ) ehildven i
from 20 shots Core (TM) i7-8700 CPU @3.2GHz o - N
N with 16 GB of RAM memory .
on-
disruptive 100 100 200 *Ratta, G. A, et al. ""Global optimization driven by genetic algorithms f

**The phenomenon may remain active along several time-slices in a shot.

disruption predictors based on APODIS architecture.” Fusion engineering and

design 112: 1014-1018. 2016.



Three detectors for various phases ®)

Total: 974 JET shots
(263 of them
disruptive and 711
non-disruptive).
Campaign C38 (June
3 — December 20
2019)

PROFILE

PREDICTOR

Hollow Te
Hollow ne
Hollow ne,

Hollow ne;
SXR Factor

SXR Factor,
SXR Factory,
BOLO Factor,

DLS.IILLLp.‘l'_LQ_D_‘

Plasma
current

Ther
energy
:

Evaluation every ms
from the beginning of
the flat top till the
end/750 kA of the
discharge (also with all
the signals available)

time

MARFEs
ROI 1 Plasma current
Plasma current,
ROI 2 .
Total radiated power,
Total Input Power
RESULTS Total Input Power,
simulating real- Total Input Power;,
time operational Mode Lock amplitude,
conditions Plasma Vert. centroid Pos

Plasma Vert. centroid Pos,
42



Statistics and warning times /®)

Q)

Profile predictor MARFE
(avoidance) (prevention)

DISRUPTION

-1000 -800 -600 -400 -200
Time before the disruption [ms]

Almost no overlap!!
To each alarm one can associate a minimum time to

the disruption and a basic classification of the type
Summary

Mitigati(())n

of the False alarms Missed (tardy) alarms  Overall success rate
results 4.7%* 2,3% 97,7%
Revised
1,17% 2,30% 97.70%

stats 43
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Conclusions

(/ p=
{
L=

e Disruptions remain a major issue for the development of a Tokamak
reactor

* The need to understand, avoid, prevent and mitigate disruptions
poses significantly specific requirements on various diagnostic
systems, which involve:

 Hardware

* First signal processing

* Inversion algorithms

* Analysis tools for understanding and prediction

* Diagnostic reliability remains of the main problems for real time
prediction. Very often the failures have a frequency of more than 10% of
the shots whereas the errors of the predictors are in the per cent range.

 The environment of the next generation of devices must be taken
into account (accessibility, radiation hardness etc.) 44
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Thermal loads Q)

Main issues: thermal loads depend on the power
deposited, the surface and the time (evaporation, melting
etc). The surface temperature of the wall materials is
difficult to extrapolate because 3D phenomena,
broadening of the SOL, heat pulse concentration,
convection/radiation ratio etc

Diagnostics:

* Thermography with cameras

e Fast spectrometry for impurity density and
temperature.

 Bolometry
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Mechanical loads

Main issues: 2D problem of solving self-consistently the
plasma movement has been addressed but the
extrapolation to ITER is problematic.

The 3D problem of determining the toroidal asymmetries of
the forces is not solved and can be very delicate.

Diagnostics:

 Coils in different toroidal locations (at least 4) for
resolved equilibrium reconstructions

* Measurements for toroidal vessel currents and halo
currents also at different toroidal locations and
poloidally resolved.

* Accelerometers, strain gauges, displacement
measurements on the vessel and supporting structures.



Seeding Experiments: Krypton @)
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height [m]

Low spatial resolution tomography

KBSV

1 2 3 4
major radius [m]
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Hy = Ry
H, = R;; + Ry
Hz = R
Vi =Ry

Vo =R+ Ry + Ry

Under the assumption that the
emission in regions IV and VI is
negligible, the system can be
solved.



Effects of neutrons on materials ()

® External irradiation station

— An External Irradiation Station has been designed
and installed to locate samples as close as
possible to the plasma edge to maximise the
fluence

— Two sample holders (RADA + ACT) and optical
fibres

— Method of removing samples after DTE2 has
been developed and tested

— ACT: 26 samples, 1-mm thick (or more with
reduced thickness) to investigate activation of
structural

Unexpected Zn-65 and Ta-182
found in steel samples

Manual removal of
samples

Lead-lined sample cdse

19



Radiation damage in functional materials ()

Measurement of the radiation damage in functional

materials due to 14 MeV neutrons. 64 samples
e
yes

® Materials selected (Zirconium oxide rejected due to several
expected high activation) several no
e Particular care paid to finding materials with low _ ij\;z;a:w -
impurities r—— o
® The Aim is: several yes
1. Active Optical measurements m ;everal 3:5
— Radiation induced optical absorption (RIA) & m , No
luminescence (RL) in fibres
2. PIE Measurements | car2 [ No
— Electrical conductivity 2 No
— Radiation induced conductivity (RIC) DT crystran Yes
— Loss tangent and Permittivity (from kHz to “ Crystran No
GHz'), [ oiomend _ ’
— Rad. induced absorption (RIA) and “ T — No

— Radio-luminescence (RL) (VUV-UV-VIS-IR).
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JET comprehensive disruption mitigation system (DMS) ‘((\ ;,\)

Massive gas injection

DMV1 | Upperport | 4.6m to LCFS )
mandatory in JET for:

DMV2 | Horiz. port |2.8m to LCFS dip >2MA OR

W, +W,,c > 5MJ

DMV3 | Upper port |2.4m to LCFS

Error field

correction coils $@
hCle
22 * No suppression of

3 775010 Fast camera runaways electrons

6/ @ Hyrayspectroscopy| . Shattered pellet in
+ Hard-Xray _

/ﬁp operation

12

* Massive Gas
Injection: conversion
to radiation not
meeting ITER
requirements

SPl in lieu
of DMV1




