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AIM: Survey of disruption paths found in high performance scenarios at
JET with ITER-like Wall with different Isotope mix (D,T)

Present approach:

Introduction to most frequent disruptive paths:

» Overview of “a-posteriori” disruption rate in D, T, DT

* Incidence of disruption paths

Analysis of plasma profiles at the occurrence of given events

Attempt to describe effects of the Power balance in the disruption
patterns
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Incidence of disruption paths

* Majority of disruptions in JET-ILW follows two main paths |
« Disruptions occur after events detectable from temperature = TH
profiles (see G.Pucella, this meeting) |

* Temperature Hollowing, TH

strictly related with high Z impurities accumulating in the plasma core.  o5-
The increased radiation loss deteriorates the electron temperature
(T,) profile leading to a local minimum at plasma axis

« Edge Cooling, EC 5
erosion of the edge T, profile. It can be related to different causes: EC

TLCFS LCFS|

Te (keV)
5
1

| JPN: 96996
't =16.65
0.0 | sl

«  Loss of density control "o
»  Sudden ingress of a large amount of impurities ~
«  Accumulation in the edge of mid/high Z-impurities ; =9
*  Operational issues (loss of additional heating and/or over-injection of gas)

0.5

{ JPN: 92211
* Incidence in D,T,DT experiments 0oL 1= 15098 , ,
. 20 25 o ne:.)o 35 4.0

From G.Pucella, NF 2021
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Disruption paths in JET experiments (D)

High performance experiments performed in Baseline (qq5~3, By~1.8; BL) and Hybrid (q45~4,
Bn~2-3; Hyb) scenarios [L. Garzotti NF 2019]

Mitigation actions are activated for alarm at | ;>2MA [C.Sozzi IAEA-FEC 2020].

In last High performance D experimental campaign (2018-2020):
« BL: 390 pulses, overall disruption rate ~31% (21% DMV fired)
« Hyb: 422 pulses, overall disruption rate ~19% (2% DMV fired)

Incidence of disruption paths: TH and EC are the dominant events (~80-90%)

Ramp up NTM Ramp up NTM
0, 0,

0% 4% 3% 6%
TH N.C.
13%
EC EC
52% . 31%
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Disruptions in T, DT experiments !

« T, DT experiments in main scenarios performed at fixed Flat Top | levels:

« 2.3MA for Hybrid scenario (T: 12 pulses, 11 disruptions -1 DMV fired; DT: 32 pulses, 15 disruptions
-2 DMV fired)

« 3MA and 3.5MA for Baseline scenario (T: 8 pulses, 8 disruptions —all DMV fired; DT: 23 pulses, 13
disruptions -11 DMV fired)

Reduced dataset:

Isotope | Hybrid scenario et henry e | Discharges lasting >2s in main performance
phase: FT with additional heating >20MW;

D 13,4 (124) 39, 34 (150) - Disruptions at high Plasma current:
T 5,0 (9) 4,4 (4) s 007l
DT 10, 1 (23) 9,9 (12) » Considering D experiments with same |, ¢ of

T, DT campaigns
Disruptions, DMV firings (Pulses)
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Disruption paths In T, DT Q)

Disruption paths in this dataset (I, ;>0.6*1, ;) have larger incidence (close to 100%) of TH,
EC events (or a combination of both).

Each of the two scenarios in T, DT is mainly characterized by a different type of disruption:

» in Baseline T and DT, EC disruptions have larger incidence

* In Hybrid DT, disruptions occur after a TH in the ramp-down phase
Incidence of TH,EC events before disruption
Incidence #
TH 11 20 4 0 9 0
EC 6 31 1 4 3 9
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Kinetic profiles
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T, profile from heterodyne radiometer JPN 97832
n, profile from High resolution Thomson 51 N
scattering S T
A case with TH followed by EC triggering a “m“é 2
2/1 mode and disrupting 1
Profiles shown at: 0{_
* Flat top N
« Before (last) TH event and in o
termination Z%% o8
« Temperature Hollowing %%‘é 1 Ciens
- Edge Cooling g%é 2] tmeoss .
+ At the edge: erosion of T, and increase 021 — t=1448s |
of n, oo — t= 14.6v25 | | | | ,
2.6 2.8 3.0 3.2 3.4 3.6 3.8

+ Before disruption

R [m]
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Parameters from Temperature profile

Study kinetic profiles by looking at volume averaged

quantities within:
e Core: 3.-3.4m

+ Edge: 3.6-3.75m

Temperature Hollowing events |y _ 5<T, >, >4

for -7 >
i <T, >, .
Edge cooling events for EC = ——¢ " mid >4
< T‘e >edge
3<T
Temperature peaking TP = <L Zcore

<T,> . +<T >  +<T >

e core

-> relation with other similar parameters used in literature [Alessi EPS
2018, Challis NF 2020]

edge

ne[1022m~3]
High Resolution
Thomson Scattering

Te[keVv]
ECE radiometer

4=
{
\

(

JPN 97832

3.0 1

2.5 1

2.0 4

1.5 A

1.0 1

0.5 A

0.0 1

1.0 4
0.8
0.6

0.4 !
— t=14.045 i
o2d — t=14.265 :
“ ] — t=1448s

t=14.625 !

0.0

2.6 2.8 3.0 3.2 3.4 3.6 3.8
R [m]
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Parameters from density profile

7,
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Study kinetic profiles by looking at volume averaged JPN 97832
quantities within: o]
« Core: 3.-3.4m '
° 2.5 1
+ Edge: 3.6-3.75m £ 2.0
SE
%?E 15
§ 1.0 1
DP _ < ne >core —< ne >edge
. . - 0.5 A
Density peaking (DP): <n > .
e ~ mid 0.0 -
i_ __________ = ‘: 1.0 A
Greenwald Fraction (GF) GF =—<L | o
To neglect |, as variable in the NGreenwaid | & g% 81
analysis  TTTTTTTTTTTTTTOOC £ 28 06
225
£ 2E 04 :
From an expression of the line averaged density: T %1 — 14085 ;
— t=14.265s :
027  t=14485s !
n,=0353<n,>,,+027<n,> ,+02<n,>,, ool TS | | | |
2.6 2.8 3.0 3.2 3.4 3.6 3.8

R [.m]
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Example of a disruption path ©

JPN 97832
inati Kinetic profil
Termination phase | inetic profiles

3 TH events -> EC -> 2/1 onset -> locking I~ i
-> Profiles relaxation -> disruption induced by DMV eSS |

Highlights:
At TH, peaked density profile (see bottom, DP).
Before EC,GFA DPV¥ => Ne.odge M- — -
Rotating 2/1 mode is triggered at max GF (min DP) N%
\C/m 0.0 : I?d?(::le : E?ngeeAverage Ty Grepnwed
How general is such a picture? L
’; o5 TTFTTTTTTTTTTT \
= 0.04 — é,p ! :
oslE=F , B B
14.1 14.2 14.3 14.4 14.5 14.6
TH time [s] EC, 2/1, ML
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Profiles at events

TP=

Te,0f <Te>vy

2.00
Ry
. Av vvw
1.75 V v v v .' v v v
oY AN
150 7 = ﬁ@ G‘i Q L& C
o] t
1.25 1 v
\Y
1.00 -
0.4 0.6 0.8 1.0
Ne/ng

DP=

- Ne, edge)/ Ne, mid

(Ne, core

/,?5\\\
Qi
V¢
0.75 - o e
L o
i oV W e -
0.50 OTeL550 o
g VIS o
. v v v @ V ! v
e o'V Y
0.00 - v
v
—0.25 -
v
0.4 0.6 0.8 1.0
Ne/ng

Hybrid: solid markers; Baseline: open markers IDJ 55 Triangles: EC event, Circles: TH event

®
v
o

B <0

Baseline:

TH event
EC event

DT

\ 2 4
BB o

Hybrid:

TH event

EC event
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Profiles at event
rotfiies at events &
2007 % ¥ T o075 LY
v v > Ne,
1.75 - v V= c v o
hy p?o«m"" .y 5 0507 ¢ c&%‘*’%.
~ - & £ A o 3 v 63,3 ©
1.50 \ o o 7 = v
v Vg@ AT n 2 0.25 1 v _  V Y /
= . P~ 5 < o 7 06jv *\f/v
v 1.25 - % ' _ 7N
b & v 0.00 Vg
o
A v 8 v
~ 1.00 - £ —0.25 - -
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
Ne/ng Ne/ng

Hybrid: solid markers; Baseline: open markers IDJ 55 Triangles: EC event, Circles: TH event

General relationships:

GF A TP WV GF A DP ¥
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Profiles at events @

2.00
=]
v g 075
_ 1757 c
A ’\B 0.50
= 1.50 - 3
v oo 0.25 A  J
3 5 <
'_‘D 1.25 A v 0.00 4
1 v S
= 1.00 - € -0.25 -
= v
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
Ne/ng Ne/ng

Hybrid: solid markers; Baseline: open markers IDJ 55 Triangles: EC event, Circles: TH event

For a cluster of EC events (all Baseline in T, DT):
GF AN TP A

DT Hybrid TH events show a relationships:
GF A DP A
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Power Balance

RT control system trigger
a soft landing because of
high radiation

Discharge survives to three
TH events in landing

T T T T
s ;’,:

[a.u.]

JPN 97832

7 —— Gas [10?? elfs]
— Ip[MA]

11— TH EC

™

11

12 13 14
time [s]

\
z

]
Ve

7,
«
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Power Balance (®)

JPN 97832 ' JPN 97832
S LR L e T i [ P
J H - ik Ra _ 20 | — BulkRad i |

s : 1
RT control system trigger =10 i
a soft landing because of ° f : -
- . . 31 o

high radiation N — N
ol =t | P | | \|L

7597 — T — & ™ Yo
~ ' o
i 3 4=k
S o, 4 |

[a.u.]

— B
é 1'0 l'l 1'2 1'3 1,4 - S14 1 14'.2 14'.3 14.4 14'.5 14|.6
time [s] time [s]
Three TH events in landing radiation > additional heating

= EC
= Mode lock alarm fires DMV
= Disruption
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Attempt of taking into account how termination strategy interferes with the disruption path:

-> Pictures of Power balance and density levels at 3 times:
- Occurrence ofa TH or a EC event

- 2/1 onset

- 2/1 Locking to wall

-> changes of characteristic timing with the power balance
Most relevant Events for scenario:

e EC cases in Baseline
« TH cases in Hybrid
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Power balance for EC cases in Baseline &
Baseline Scenario, EC events 2/1 onset 2/1 locking
20 o
O Fondh-
: ) ke 0 a kaVl:l:l o
_ 10 = o =5 s 5 *
§ L o o g B 0 'ﬁrch l:ll:|<>
= o sl = By o 10 o
i = e ny " ° O a o ™ B = o Fa
= ~10 4 o " . © mO
* 0 O L] jamy m] m "n o [u]
—20 = - ’
05 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 10
GF= ng/ng GF= ng/ng GF= ng/ng

EC cases occurring after a TH are highlighted (solid markers). In this cases, EC typically occur for net radiation loss.
Power balance averaged 100ms before each event

* Pure EC events
* EC events following TH

:
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Pt -Prad [MW]

20 4

10 A

-10

—-20

[ ] n
KL )
Power balance for EC cases in Baseline &
Baseline Scenario, EC events 2/1 onset 2/1 locking
o
o t ;
0 oo <
. m]
| o () do o o Eh
. o o g B0 Op
= = = 0 o
m} (m] [ ] (m] a | |
e no O a W o ® 2 w0 o
- o
o m0
[T}
- m] [ ny o w "m o
0
g o
0.5 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 10
GF= ng/ng GF= ng/ng GF= ng/ng

EC cases occurring after a TH are highlighted (solid markers). In this cases, EC typically occur for net radiation loss.

Sequence of events

>

Net heating power becomes negative before the locking of the 2/1 mode
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Pt -Prad [MW]

20 4

10 A

-10

—-20

[ ] n
i )
Power balance for EC cases in Baseline &
Baseline Scenario, EC events 2/1 onset 2/1 locking
D .
o o K ;
X o o
. m] v
u - 0 &
o @ o . m] =R
s} /'t' o g 50 On
L] -,/ I=|_'| = m] o
0O o [ ] O

e no 0 AT o ® 2 w0 o

o R . m0

n K|
- m] [ =2 o w "m o
0
g o
0.5 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 10
GF= ng/ng GF= ng/ng GF= ng/ng

EC cases occurring after a TH are highlighted (solid markers). In this cases, EC typically occur for net radiation loss.

Notice Stable and unstable region for the 2/1 onset

Threshold:

Py-Prag ~ Ne => hint of localized radiation
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Power balance between events

7/
(/

Effects of Power balance on timing .
Average between events 20 1 ’ o |
e E 101 =! = b 8
 radiation increases from 2/1onset =< o) omo 0 = 0
to locking a m; f[] ‘m =l o O
& -104_= 1 Be® =
i:h = = 0
~20 1 = 1 5=
40 T T T T T — T T T
o
30 - 1 g7Ho Ve
- o 0 m|
E 20 - ng . o _ | 0 " 0
= nic Vo - - o . " 1y Ho
Q.
10 - T £ | .
o
Bo o 8 O
O T T T T T T T T
(powers evaluated by averaging between events) 0.0 0.1 0.2 0.3 0.00 0.05 0.10 0.15
tonset -tec [S] tme -tonset [S]
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Power balance between events

\=Z
Effects of Power balance on timing
Average between events o |
- O] o
e oo - o 0
« radiation increases from 2/1onset
to locking (m ul g O
_ I~ =] D !
. 8~ g 0
* InT, DT Power heating seems less = _ _m-
eﬁeCtive T T T T T H T T T
40 =
O
30 - {-g*Ho =
— o O O
E 20 - ng . m _ |1 0 E Y
= nic Vo - - o . " 1y Ho
a Om 0
10 =% - I
®
. 00 - r
(powers evaluated by averaging between events) O.' 0 O.' 1 O.' 2 O.' 3 O,E)O O,E)S 0. '10 0. '15
tonset -tec [S] tme -tonset [S]
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Power balance between events @)

Effects of Power balance on timing
Average between events |
= | 0
* In cases without heating, timing at <
2/1 onset depend on the average a .gi 4 O
Prad a 188 a ®a
.-
- i —]
. . . 40 T T T T T — T T T
* A population of mild radiated =
power sensitive to heating power 30 =7-Ao -
— -1 u — -
— o O 0O
: 20 - e, v _ | ¥ o
3 |0 - ol g ™ ¢ do
o 0
0] M | =
o v - 0
0 T T T T T T T T
(powers evaluated by averaging between events) 0.0 0.1 0.2 0.3 0.00 0.05 0.10 0.15
tonset -tec [S] tme -tonset [S]
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Power balance for TH cases in Hybrid &
Hybrid Scenario, TH events 2/1 onset 2/1 locking
m]
20 . oo
m] m]
= 10 ° b Qui—K
2 o * |,
= - {3 0
HE 0 ‘%N jas . ° % C.A. ks 4 X e
& % L o oo " . o Ear [ -
& n o n = | | “ [ 0
-10 | * H 4 n * 4 | | *
_20 - { { { - { { <
03 04 05 06 07 08 09 10 03 04 05 06 07 08 09 10 03 04 05 06 07 08 09 10
GF= ng/ng GF= ng/ng GF= ng/ng

Same symbols as before but for TH events in Hybrids. Pure TH: open symbols, TH followed by EC before 2/1 onset: solid.

* Pure TH events
* An EC event occur before the 2/1 onset

:
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PH -Prad [MW]

20 4

10 A

-10

—20 4

\

Same symbols as before but for TH events in Hybrids. Pure TH: open symbols, TH followed by EC before 2/1 onset: solid.

Sequence of events

>

Mode locking happens when P -Pg,4<0

= = ////5\\\
W )
ower paiance 1or cases In nyri =
Hybrid Scenario, TH events 2/1 onset 2/1 locking
o
[m] [m]
[u} o ]
m] m] A
0
[ O u} OC
fs]
m] o3 o g [ 4]
1] o 0
" " . - " .
0.3 0.4 05 0.6 0.7 0.8 0.9 10 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
GF= ng/ng GF= ng/ng GF= ng/ng
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Power balance between events

7,
!

0
1

Longer intervention times 20 1 -

Cl

D:

» Qualitative effect of additional
power on delaying 2/1 onset

Py -Prad [MW]
[
o
[ ] |
"G
>
<>

s

Uil o L 0

0 T T T T

1 2

tonset _tTH [S]

0.5

1.0

tme -tonset [S]

1.5
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Power balance between events &L

D.

T,DT:

Longer intervention times o |
s O | O
: = A 9
* Qualitative effect of additional  « 1gd "o
power on delaying 2/1 onset & =
40 ' ' . ' ' '
* higher radiation losses
* Heating power less effective in 307 T
delaying 2/1 onset =
& 3
a -
: o 0 0
& o
2 3 0.0 0.5 1.0 15
tme -tonset [S]

tonset _tTH [S]
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Power balance between events

Longer intervention times

D:
« Qualitative effect of additional
power on delaying 2/1 onset

T, DT:
* higher radiation losses
« Heating power less effective in
delaying 2/1 onset
« More effective in delaying
locking
It may depend on optimization

of termination strategy.

Py -Prad [MW]

._.20 .

Prad [MW]

._.10 .

=

=.

N
N

/,
(1t
W

20 A

10 A

(]
L0

0
1

40

30 A

!b (]

£ 0b o
< 0O

T T

1 2

tonset _tTH [S]

T T

3 0.0

0.5 1.0
tme -tonset [S]

1.5
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Summary

Present observations are intended to provide a first insight on how disruptive phenomena at JET may
change with the Isotope content [C.Sozzi IAEA-FEC 2020].

Limits in the present analysis are:

« A more complete picture would require adding information on the current density profiles, in particular
at time of the 2/1 onset

«  Power balance vs density shown considering “global” quantities.

Local estimates of radiated and heating power as well as of the density should provide better pictures and separation between different
disruption paths

« Disruption rate and conditions can be affected by the RT control system
. Detailed analysis to remove possible correlation between termination strategy and the relationships found between parameters

JET RT control system was updated [L.Piron FED 2022] for DT operation in JET with advanced algorithms for
disruption avoidance and mitigation:

* A Temperature Hollowness detector [M.Fontana FED 2021] (saving disruptions in ramp-up)

« RT detector based on a Generative Topographic Mapping trained with input information on density,
temperature and radiation profiles [ A. Pau NF 2019] -> probability of disrupting

* RT bolometry tomography algorithm estimating the amount of radiation from different plasma regions
[D.Ferreira FED 2021]
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Summary

Disruptions in JET-ILW often follow a TH or a EC event, or a sequence of TH, EC.

Information from radiation and density profile are added to parameters taking into account the
shape of T, profile
Two main categories of EC can be identified:

« first category is characterized by high density (in particular at the plasma edge), high radiation
and by the peaking of the T, profile;

« Second category usually occur after a TH event and is characterized by negative power balance.

7,
!

In T, DT experiments:

« Disruptions are generally characterized by higher radiation, and shorter lag times from a TH/EC
event to the onset of a 2/1 mode are observed

 InT, DT Hybrid scenario, disruptions follow the TH path in the landing phase, showing also a
density peaking. Positive power balance after the 2/1 onset is seen to avoid locking for up to 1s.

 InT, DT Baseline scenario disruptions follow mainly the EC path -first category- with higher
radiation and densities which resulted in reducing the available time for intervention.
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Thank you for your attention
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Disruption paths in T, DT @

Disruption paths in this dataset (I, ;>0.6*1, ;) have larger incidence (close to 100%) of TH,
EC events (or a combination of both).
Each of the two scenarios in T, DT is mainly characterized by a different type of disruption:
» in Baseline T and DT, EC disruptions have larger incidence
* In Hybrid DT, disruptions occur after a TH in the ramp-down phase

—

Incidence of TH,EC, TH+EC disruptions

DIsruptlons D Hyb T Hyb - DTHyb |DTBL

7 4 0 6 0
EC 2 18 1 4 0 9
TH + EC 4 13 0 0 3 0
Other Causes 0 1 0 0 1 0

Edoardo Alessi | IAEA 2" TM on Plasma Disruptions and their Mitigation | ITER Headquarters | Jul 19-22, 2022 | Page 32



\
z

-
l//,-
\

=.

2/1 onset conditions
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2/1 onset after a TH event can be poorly predicted by the I.. This is likely due to non-monotonic
current density profiles, a condition in which the relationships between li and 2/1 stability is
missing.

After EC, a set of cases is close to the limit related to shrinking of J inside the g=2 surface.

A second cluster is characterized by lower li values. This second cluster seem to be related with EC

events found for higher n_ /ng and radiation asymmetry (ARP).
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