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Motivation: T, peaking related to disruptions

Typical sequence leading to disruptions during

Ohmic ramp phase in high B D plasmas Locked mode  T.[eV]
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Motivation: T, peaking related to disruptions

Typical sequence leading to disruptions during
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Motivation: T, peaking related to disruptions ()

Typical sequence leading to disruptions during
Ohmic ramp phase in high B D plasmas

Fast current Impurity
ramp accumulation

RT monitoring
of T, peaking in
early plasma

Hollow current &
temperature profiles

A 4

2/1 tearing mode 1
when q=2 surface : : :
arrives Safe, early termination of discharge
« Save neutrons/tritium budget
Locked mode  Avoid high current disruptions

DMV triggered

Disruption
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Motivation: T, peaking related to disruptions ()

Typical sequence leading to disruptions during
Ohmic ramp phase in high B D plasmas

Fast current Impurity
ramp accumulation

RT monitoring
of T, peaking in
early plasma

Hollow current &
temperature profiles

A 4

2/1 tearing mode 1
when q=2 surface e :
arrives Safe, early termination of discharge
« Save neutrons/tritium budget
Locked mode  Avoid high current disruptions

Control (future...)

DMV triggered

Disruption
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ECE interferometers at JET ()
JET ECE interferometers AL
[S. Schmuck, RSI, 2016] : 1 ECE interferometer

« Absolutely calibrated T, profiles X-mode (60 Hz)

covering [2.5 3.9] m m ECE radiometer
. . 1F . 5-200 kHz)
« Time resolution ~60 Hz : : (
g A g

(~16 ms/profile) E T
. X-mode and O-mode £ OF § § :
polarizations on two LOS. £ 1 High resolution
« Used for ECE radiometer ik ] Thomsg(‘) Zcze)‘ttering
calibration : ]
Lf ]
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ECE interferometers at JET ()
JET ECE interferometers AL
[S. Schmuck, RSI, 2016] : 1 ECE interferometer

« Absolutely calibrated T, profiles X-mode (60 Hz)

covering [2.5 3.9] m m ECE radiometer
. . 1F . 5-200 kHz)
« Time resolution ~60 Hz : : (
g A g

(~16 ms/profile) E T
. X-mode and O-mode £ OF § § :
polarizations on two LOS. £ 1 High resolution
» Used for ECE radiometer iF : Thomsg(; Zczé;ttering
calibration : :
Data now available in real time L :
* ApPProx:  Bgyrox = Bior
1 Z 5 4 o

Major radius [m]
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Monitor T, peaking: a simple, robust metric
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JET pulse 92033 — 2.0s _
1200} | b AN — 2.31 s |- TEdge — (TEdgeL_I_TEdgeR)/Z
— 2.6s
| — 2.9s

| — 3.10s|| P1= Tcore— TEdge)/TEdge

/ — 3.5s
/ 3.79 s
goo| /. e P,>0 when profile is peaked
/ P,<0 when profile is hollow
500/ Radial windows can be
T optimized for specific
400} scenarios
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P, correlates with T, peaking

0.16

0.14
0.12
0.1
a~ 0.08 °
0.06 P
0.04 °

0.02

1.8 2 2.2

N\

©
\=?

Discharges from 2015 M_x scan

B=17T
I, = 1.4 MA

Ny = 5e19 m

Quantities averaged over [1.5, 3.5] s
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P, correlates with disruptions in ohmic ramp phase
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24 pulses from 2016
high B, (1.8-2.7) campaign

1,=1.4-2.4 MA,
B=2.1-3.2T,
® Non-disrupted H..=0.81-1.2
98~ V- &
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P, correlates with disruptions in ohmic ramp phase

\=7
0.1
. 24 pulses from 2016
0.05 high B, (1.8-2.7) campaign
o o
° ° 1,=1.4-2.4 MA,
-0.05 o ¢ B,=2.1-3.2T
® Non-disrupted T B
-0.1 '. . ° @ — . Hyg=0.81-1.2,
a"'-0.15 Pysi=13-25 MW,
0.2 ® Disrupted Picrn = 2-5 MW
o
-0.25 “Peakedness” (P1) is not an
.0.3 o unequivocal identifier for
0.35 . . disruptions, but is definitely
0 correlated.
41 41.5 42 42.5 43 43.5 44 445 45 Useful.metrl.c to avoid
Time of max hollowness [s] disruptions.
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High 8 scenario ramp-up: disruption ()

94065 From 2016 high B disruptions, a controller is defined:
,=22MA,B;=28T P,<-0.1for>20 msin [3 5.5] s 2 Soft stop

2.99 s
3.46 s |/ 0.8}
3.9s — P
4.34 s || :
4.81 s

5.25 s

5.69 s |]

— LJ/4e6[Al| | Mode lock alarm__.__é,_____..____________
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High By scenario ramp-up: safe termination ()

05252 Applied from August 2019 (>150 pulses).
,=2.2MA,B;=2.8T When triggered, always led to safe termination (11/145)

T T T [ T
o : ;2;2 1 og_TrlgEger ____________ ________________ o Ipfa/4es [A] 4
~—= 3.9s ' '
_ 4'36 =] : : L : : :
— 4.8s 0.6 b A A
— 5.25s f f : : :
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T.[eV]

Outer core logarithmic gradient as metric for edge cooling

96483 Example: disruption preceded by edge cooling and no
l,=3.5MA, B;=33T

core hollowing

: = 0.496 s
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Other applications: metric for edge cooling

96483 1 dT,

l,=3.5MA B;=33T T,(R,,;) dR

T.[eV]

| == 9.496s
] — 095985 [
| =— 9.701s
im.** 9.803s ||
~—= 9.905 s
| = 10.008s
| =— 10.093s|{
—~ 10.196 s

7000k -
6000k

5000} A,

4000} MU A

3000l A/

2000} .

1000

(Rout)

Rout — 35 m

\
)
)

/

~
2

(//75
{
W

0.4 H\

0.2l

|, [Al/4e6
Pl

— -grad|og(Te)/10 NSRS | I

é 4 6 8
t [s]

10

JET

19




0\
)
/

N\
1
2

Other applications: plasma terminations
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P1 and outer core gradient were compared to the existing alarms used at JET in plasma
terminations.

They identify most disruptions with variable advance.

1.5 . ‘ ‘ . . . . 0.30
69 pulses from | Advance wrt disruption time
experiments o ; ‘ ‘ ; ; ; ;
(2019-2020) ] | | £ 0.20
. T, 0.0/00000 -0 00 -CHID OO®- - O - O~ S
@ Gradient E | | ® L -
| ® g %0 o & S 0.15
) . .
0500 ¢ 0. @ 0. PO .. 5
@ Hollowness = _ % Boao
e® o
® ralse negatives 15 W 0.05| o
~205—30 20 30 40 50 60 70 0.0 1 i
.0 0.5 1.0 1.5 2.0 2.5 3.0

Discharge index . : : :
Advance with respect to disruption time
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Other applications: plasma terminations
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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

1.5 ‘ ‘ ! ! ! ! ! 0.30
69 pulses from ~ Advance wrt primary stop
JET b_asellne 0, e 0.25|
experiments | | e
(2019-2020) T %% e ‘. | -” e o | fox
' i o . ® o ' E
@ Gradient : ooo.o. oen-amn. eome----o --;- a ------ a
E | _ _ 5 0.15
£ @ ® : .: :
< 5 : : 5 s
| —0.5( S
£ ; 8]
@ Hollowness 3 £ 0.10
+ _1.0
. e e | |
® rasenegatives 35 T | 005
20610 20 30 40 50 60 70 009510 -05 0.0 0.5 1.0 1.5

Discharge index

Advance with respect to primary stop
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Future applications: combination with radiation metrics
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Interesting results were obtained combining with radiation metrics based on bolometry
tomographic inversion: P, 4 core /(Pre™P1) @nd P oy out /Piot

Very good advance with respect to existing alarms.

| | | f . f | 0.30
69 pulses from ~ Advance wrt primary stop
JET baseline 1.0 e e
experiments Using radiation metrics 0.25|
] = 0.5 T

(2019-2020) 3 ; - - £ 0.20/

5 : | ? f | ? : : 0

S 0.0 @wa - 0-00%_0---0-g00-o@------- 3
O I:)rad,outll:)tot E ~v -.':.:;....c | " (Y fgo.ls-

| @ ‘ : : 5 5 5 c

:-05 @ g o o S

e | \ | | | ©
® I:)rad,core [(Pre*P1) 3 o | Zo0.10/

g-1.0 -

; ® ;
: : | ® ® i
@ False negatives  -1.5} A | 0.05
\ o e | | 0.00 ‘
— i B i i . i i i .
@ False positives 061020 30 40 50 60 70 0.5 1.0 15 2.0
P Discharge index Advance with respect to primary stop
N ™~ ™~ B Swiss
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Future applications: combination with radiation metrics
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Interesting results were obtained combining with radiation metrics based on bolometry
tomographic inversion: P, 4 core /(Pre™P1) @nd P oy out /Piot

Very good advance with respect to existing alarms.
Particularly useful to separate core and edge radiation events

: ; 0.30 . ‘ ‘
69 pulses from . Advance wrt prlmary stop P o = 21-37 MW
JET baseline LOf i S |

. | Usmg radlatlon metrlcs 0.25/ S
experiments | | | _ |
i z o5
(2019-2020) 3 | | | | @ 2 0.20}
S : | ? f | ? : ? n
5 0.0 -9 §0e® ’00 - g® -0 g OO S@------- 3
@ PradoutProt E S ) ..c | " ® §0.15—
< _0.5 —— | | ;. e S B S
. x o ‘ | 9
® I:)rad,core/(l:)RF P,) = o Zo0.10/
2-1.0 - &
e |
. ‘ ® ‘ ? ® i
@ False negatives  -1.5 0.05
- o i ; J ; ; i .
‘ False positives 2.0 10 20 30 40 50 60 70 0.0 0.5 . 1.0 . 1.5 2.0
P Discharge index Advance with respect to primary stop
-~ [ Bl Swiss
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Conclusions

 JET ECE X-mode interferometer now produces T, 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 B, ramp-up

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

» Reliably employed in high B, 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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Interferometer schematics
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Fourier transform of interferogram is T,_(f)

Interferogram [mV]
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Raw interferogram  Amplijfication Fourier transform

i e
VR (CCYS) = 24 f TRaa (f)‘CT(f) cos <2nle- +LCY¥J> df + B

Opt. path difference Calibration Phase Background

ool /YL EY N A AN~

f v f f f f f 1000

T e [eV]

3 o 15 20 25 30 35 —2005 100 200 300 400 500
Optical path difference [mm] Frequency [GHz]
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T, profiles derive from magnetic reconstruction
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eB
2mTme

fECE — B(R) — \/BZtOT(R) + BIZ)OI(R)
No individual channels:

Whole spectra are available for every interferogram
1000 T i 5 1000

800_”m_m_m”m_;”m““”m__”m;m_m”m_m”m;m_m_””m“_ém””_m”m“m_ 800_”m.mﬁ_”m“¢ NG ]

600_”m_”m““m_mﬂm__””mnn_fmn_m””m_m”ﬁm”m“_m_mnnﬂ_m.m“”m“m_ 600_”m.mfm NG

awol N ] aol 2N\

T e [eV]

zoo_m_m;m”mmﬂm_mim”mf_m_mim”mf_m_mi_mmf_m__

— of o~

0 100 200 300 400 500 2005736 28 3.0 32 34 36 38 4.0
Frequency [GHz] R [m]
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Interferometer acquisition architecture
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Plasma: ‘_‘ 2
ECE / >— 2 Shaker
j g
v -E'_ I/Q
Detector ©
I(x)=0 /Qphase change | 7/ 0 MnZ)
Sample trigger | Turnaround signal
I
— O o
ABE sl 5 5 5
Al = 3| = =l 8
v A 4 A A A 4 h 4 A 4
ADC: CounterO: Counterl:
Voltage Sweep Time
NI acquisition card
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System description

Continuous

acquisition
during pulse DC subsystem

End of
ADC: | ADC: pulse | DC/K1-
Voltage |_Voltage | DATA:i
CounterO0: NI | Countero0: CODAS | DC/K1-
Sweep software Sweep software | SWEEP:i
Counterl: | Counterl: | DC/K1-
Time 1  Time 1 TIME:i
NI acquisition card Kernel memory | KK1RT
|  JPFs
<17 ms KK1 RT
] cycles processing SDN | SDN2ATM ATM . RTGS-E
KK1 PCin J1D bridge T
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RT processing principle
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800 T ] T T T T 1
Index Data 600 - : ; : |
Index Sweep — | 182274 5 : : :
400 | ; L
100 | 175284 183139 6 ; , ;
101 | 177032 1746 — 183147 1 200} ! ! b
102 | 178780 183148 ! . ! !
103 | 180526 873 g of WV\W V W"‘“"“VWN‘”V‘W U W{W\MJWV' 1
104 | 182274 | 184019 5 > | : :
[1+] —_ = .
105 | 184020 » 184020 6 2 2008 : \
] I ]
106 | 185766 184021 4 373 a0l ! -
107 | 187512 | ' '
— I 1 I
108 | 189258 184899 -4 600} ! '
109 | 191004 184900 2 ] | | |
1 1 |
110 | 192751 184901 2 -800 | b
] i ]

—101%%000 182500 183000 183500 184000 184500 185000 185500 186000
Index
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RT data processing: approximated B field

\=7
Each interferogram is isolated o0 | ' ‘ ’ ‘

and processed separately. 600 ! ; b 1
~1 ms processing for each wol : :
interferogram : : ” :

o _ 200f : (Il |-
Approximation: Bapprox = Bior ] : " “ : ” " :

| | S0 Yl Whwrvg -

Only I, required as ext. input, 5 —200 m w : ’ ‘“ & |
no equilibrium reconstruction. : : :

-400 } 1 I i .

Best results are obtained for low ool : &
|/B pulses. : : :

Interesting for current ramp -800| : .
phase ' | '

_101%02000 182500 183000 183500 184000 184500 185000 185500 186000
Index
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B field approximation: good results during current ramp

1.02

- JET Pulse 92216, |, = 3.2 MA, B;=2.8
- max |,/By,, ratio in 2015 hybrid pulses

1.00

0.98}

3.6

R

B approx — B, = B tor,Rg ?

R Itfc

Btor,RO — 21 R Nturnchoils
0

B approx

0.97 <
B

< 1.02
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Small shift due to magnetic field approximation ()

eBsimple 7000 ! !
22 MA, 47.0s
22 MA, RT470 s
33MA 510s ]
33MA RT510s

Agreement depends on 5000} ................. ........... ................. A E—
Ip/B V4 s s s s

fECE Zn'me
6000

tor 4000}/ " A — S . V. G A — |

94945 hy 3000 ..\
l,=22 MA, B;=2.8T

(<3 cm shift)

[eV]

T

20000 N

94788 1 oc-n ----------------- ----------------- ............. ............ -
,=3.3MA, B;=2.8T
(5/15 cm core/LFS shift) 894 26 28 30 32 34 36 38 4.0
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Small error between approximation and ppf
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Pulse 94788 Pulse 95252

lp 3.3 MA Ip 2.2MA Hybrid
B;=2.8 94788 B=2.8
! ! 0.6 : !

5 i |95252
| — pla/ 4€6

Q4“mmmjmmmmmemwﬂmmmjm
02/ i N ]
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Cutoff/optical depth pose no problem in ramp (@
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Optical depth (1) > 2 is considered sufficient for T,y =T,

e

Issues may arise for high density phases before disruptions

90269 90269
12 , , , | | | 1.0 .
~—x 425
/\ w—x 42.7
10 //‘f xx\\ e 429 sl
\ 431
' = 43.3
i g 435 ||
g ~— 43.7|| ©,0®
2 6 [ ( ) w—x 43.9 | “N“
. X, 5
/ O 04 — 42.7|]
al At — 42.9
431
= 433
24 021 43.5 |
_ 437
N «— 43.9
8226 28 30 32 34 36 38 ac %93 26 28 30 32 34 36 38 40
R [m] R [m]
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First applications: hybrid pulses ramp-up phase
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Hybrid pulses at JET: improved confinement wrt IPB98(y,2) scaling

* High B
« Rely on wide low magnetic shear region in the plasma core at g=1

* (-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)
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M18-02 tested the system with success ()
o4 ,'E 17/09 session:
0.3 | " 6/16 pulses triggered
:": A protection
0.2 :::'u::'h':l E 7
A | « /1 All landed safely
0.1t NN e
RS o 2 Not known if they
O'O:: | - would all have been
0.1} O disruptions.
—0.2/
'|‘; ' 7
_0.3_5 A \|“-
I -- 94065
~%%0 41 42 43 44 45
t[s]
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Future applications: combination with radiation metrics
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Interesting results were obtained using radiation metrics based on bolometry

tomographic inversion: P, 4 core /Piot @Nd P24 out /Prot

Very good advance with respect to existing alarms.

0.30
1-5! T T T T T T T
53 thJ)Isesl from “Advance wrt primary stop
JET baseline
. 1o Using radiation metrics 0.25;
experlments :
E H H H H H .Z ﬂ
Prad.out /P Rl 2 T i Rttt
‘ rad,out tot E | A .“ e ’ é o | | 20_15
£ ey o ° e |z
@ Pragcore/Prot 3 | | L ] | | | 20.10
S-10 o
e o
@ False negatives -1 - o ° 0.05}
@ False positives “206 10 20 30 40 50 60 70 0-09%.0 0.5 1.0 1.5 2.0
Discharge index Advance with respect to primary stop
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