1,
,'/ 7
,', /
’

MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

Radiation analysis of the SPI
experiments performed at

ASDEX Upgrade
4 //// &
wnl 7

“ B g e B I Paul Heinrich?, G. Papp?, M. Bernert!, M. Dibon?, P. de Marné?, S. Jachmich?,
. ey M. Lehnen?, T. Peherstorfer®, N. Schwarz?, U. Sheikh?, J. Svoboda® and the ASDEX

; Upgrade Team

/| 3Vienna University of Technology, Vienna, Austria | 4EPFL, Swiss Plasma Center (SPC), Lausanne, Switzerland
| °Institute of Plasma Physics of the CAS, Prague, Czech Republic

\ g oy
\\) EU ROfUSIon / ] 'Max Planck Institute for Plasma Physics, Garching, Germany | 2ITER Organization, Saint-Paul-Lez-Durance, France

\—/

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | PAUL HEINRICH | 21.07.2023 ASDEX UPGRADE SHATTERED PELLET INJECTION EXPERIMENTS | TSDW




Outline (P

* Motivation

* How does the ASDEX Upgrade shattered pellet injection (SPI) system work?
« What is special about the ASDEX Upgrade SPI?

 Radiation asymmetries and connection to CQ convexity

 Radiated energy fractions

« Summary



Motivation behind SPI experiments at AUG
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How does the AUG SPI system work? &

A SPI anlmatlon
< .. : video from the

presentation:
https://datashare.m

pcdf.mpg.de/s/DIM
< ~3.5m > zGcWnZwoHMijq
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Phantom UHS v2012
(private communication)
https://www.phantomhighspeed.com/
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https://www.phantomhighspeed.com/
https://datashare.mpcdf.mpg.de/s/DlMzGcWnZwoHMjq
https://datashare.mpcdf.mpg.de/s/DlMzGcWnZwoHMjq
https://datashare.mpcdf.mpg.de/s/DlMzGcWnZwoHMjq

What is special about the SPI system at AUG? &&/

« 10 different shatter head geometries
« 12.5° 15°, 25° and 30° angles %
(top view)

* Pellet speeds between

-

70 - 800 m/s

cves @O

E_ ~3.5m
<
- ( 4 Yo

\I‘N\/

‘/ Phantom UHS v2012

(private communication)
https://www.phantomhighspeed.com/
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Current setup installed at ASDEX Upgrade &

pellet speed ~570 m/s

GT3: 12.5°, 78 mm long, "
[] rectangular, 5 21mm

k ' pellet speed ~560 m/s
| GT1: 25°, 78mm long,

4‘5 rectangular B 21mm e o
$ - “ k & /

O circular, 2 16mm [* 3! : . :
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Radiation asymmetries
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Upgrade to the AUG radiation measurements

...................................

Foil bolo. (angle w.r.t. SPI)
—— F01 (337.5°)

— FO05 (247.5°)

—— F09 (157.5°)

—— F15 (22.5°)

—— F16 (0°)

1.0

0.5F

z [m]
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-0.5F

-1.0
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Y [m]

4

ASDEX
Upgrade

1 — SPI Foil bolo. (angle w.r.t. SPI)

—— FO1 (337.5°)
16 —— FO5 (247.5°)
—— FO09 (157.5°)
—— F15 (22.5°)
—— F16 (0°)

* 4 LOSs of foil bolo-

Der ST » meters per sector
P ’7‘77(:lllé;,-:472v Qg&l .
! J |1 « Adding them
E&\ Z ., together with
R&x Q/@f 13 geometrical
\ LT é%f\ weighting factors:
]
o . .
A &/ / > estimation of the
7 e v radiation in that
Sl sector
8 11
9 10
-4 3 Y -1 0 1 é T )
X [m]
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Ip [MA]

ASDEX
Upgrade

Radiation asymmetries

IDrad [MW]

V\/Stored [ MJ]

#40520 4
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—— 516 (0°) > E&\ g [ together with
5 .
%&X Q/@f 3 geometrical
gy e . ] \ T / F weighting factors:
N
—— Wy [PFG] 0‘3 . :
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— Winag -2 T
, ’ X/\g o & 2 radiation in that
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8 11
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Prad [MW] Ip [MA]

WStored [ MJ]

Radiation asymmetries

#40520
0.8 1 I, [FPC|IpiFP]
tFirstLight
0.6 1 trp-gip ~ trq
tIP—spike
0.4 ] tCQ—end
0.2 4
0 -
sector (angle w.rt. SPI)
15 4 —— S1 (337.5°)
——— S5 (247.5°)
—— S9 (157.5°)
10 4 —— S15 (22.5°)
—— 516 (0°)
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3 A — W, [TOT]
I Wmag
2 _
1 4 ~ —
0 _M

2.I31 2.I32 2.|33 2.I34 2.:35 2.I36 2.|37
time [s]
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ASDEX
Upgrade

1.25% Ne, 4mm, 12.5° square, ~660 m/s
#40520 @t=2.3098s

o
E 10 le6 : |
3 3 ! —— IpiFP
o 0.5+ : i
£ 1 1
8 00 i T . ; ¥ .
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—— SPl injection location
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ASDEX
Radiation asymmetries 2
1.25% Ne, 8mm, 12.5° square, ~240 m/s 1.25% Ne, 4mm, 12.5° square, ~660 m/s
] 1e6 #41002 @t=2.3628s e 1e6 #40520 @t=2.3098s
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Toroidal Peaking Factor (TPF)

subset: 8mm, full-length, single injections into 1.8T std. H-modes

—— I, [FPC|IpiFP]
tFirst Light
tIP-dip ~ tTQ

Ip [MA]

t--IP—spike

tcq-end

0.8 1 #41004 T
0.6 -
0.4
2.0 A :

0.2 A
0

sector (angle w.r.t. SPI) 15

S1 (337.5°)
10 A
5_
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S5 (247.5°)
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=
(o]
1

S9 (157.5°)
S15 (22.5°)
S16 (0°)

Prad [MW]

=
()}
1

0.8 1 #41008
' 0.6 _
p . < 1.4
TPF, |-
tpeak |—°|' 0.2 A
Pmax 1e7 0 1, | | 1.2 4
rad

Toroidal Peaking Factor (TPF)

Y

_Z I:,rad, |/5

kpeak divided by mean |

Prad [MW]

25 A
20 A
10 A
5 4
0_

v [m/s] (#shots)
® 154.8 (17)

243.0 (20)

332.1 (11)

379.8 (12)
® 479.2 (10)

shatter head
B 25°, rect., long (16)
® 25°, circ., short (17)
A 12.5°, rect., long (38)

2.360 2.365 2.370 2.375
time [s]
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Neon content [%]
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Toroidal Peaking Factor (TPF)

—— I, [FPC|IpiFP]
tFirst Light
tIP-dip ~ tTQ
t--IP—spike

tcq-end

sector (angle w.r.t. SPI)
S1 (337.5°)

S5 (247.5°)

S9 (157.5°)

S15 (22.5°)

S16 (0°)

TPF,

peak
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I:,rad

_Z I:,rad, |/5

kpeak divided by mean |
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Prad [MW]
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Convexity of the current quench (CQ)

ASDEX
Upgrade

2
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Upgrade

Convexity of the current quench (CQ)

Overview for #40787 Overview for #41194 Overview for #40735 Overview for #40670 Overview for #40679
800000 1 800000 800000 800000 800000
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400000 400000 400000 400000 400000 -
200000 4 2.5 1 200000 200000 200000 200000
04 0 0 0 0
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Y 0.51 1 2 21
tip-aip ~ trq
ol 0.0 1 0 0
— — " 2.0 T s e — ; . : : : 0T ; : tip-spike
2.315 2.320 2.325 2.330 2.335 2.360 2.365 2.370 2.375 2.380 2330 2335 2.340 2315 2.320 2.325 2.325 2.330 2335
tCQ-end

sector (angle w.r.t. SPI)
—— S1 (337.5°)
—— S5 (247.5°)
—— 59 (157.5°)

“

S15 (22.5°)

Overview for #40778 Overview for #40668

W, 55 [/ Wiaq, 50 @peak 1
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2000001 1.0___'_ _________ Xl oy L e False (9)
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Disruption evolution &

not disrupted

N

Rad

?f/

Ne/size increase

sector 5 (“perpendicular®) / sector 9 (“opposite*) asymmetry

‘lllllllIlIlIlllllllllllllllllllllllﬁ
? (not observed yet) High local S16 rad observed
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ASDEX
Upgrade

Disruption evolution

subset: 8mm , single injections into 1.8T H-mode #neon atoms
010" 10%° 10%! 10%

N_Ne_estimate !

plasma current [kA]

?f/

radiated power S16 [MW]

Ne/size increase

sector 5 (“perpendicular®) / sector 9 (“opposite*) asymmetry

@ EEEEEE R EEEEEEE R —

? (not observed yet) High local S16 rad observed
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Disruption evolution

subset: 8mm , single injections into 1.87T H-mode  #neon atoms
010" 10%° 10%! 10%

N_Ne_estimate !

| A

1 #40520

—— I, [FPC|IpiFP]

Eeirst Light
tip-gip ~ trq
tip-spike

teqend

plasma current [kA]
I, [MA]

sector (angle w.ct. SPT)
15 —— 51 (337.5°)
— S5 (247.5°)
—— S9(157.5°)
—— S15(22.5°)

—— S16 (0°)

Prad [MW]

— Wuo [PFG]
3 —— W, [TOT]

= Whag

WStored [MJ]

o-:&*h

2.‘31 2.‘32 2.‘33 2.‘34 2.‘35 24‘36 24l37
time [s]

radiated power S16 [MW]

Ne/size increase

sector 5 (“perpendicular®) / sector 9 (“opposite*) asymmetry

@ EEEEEE R EEEEEEE R —

? (not observed yet) High local S16 rad observed
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Radiated energy fraction - f,_,
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Radiated energy fraction (f..4) m &Q/

energy stored inside the plasma

Wmag + Wth

energy coupled energy radiated energy conducted
into the structure (derived by foil to the PFCs
(e.g. coils, vessel) bolometers) (mainly divertor)

Wmag + Wth T Wext. heat. — Wrad + Wcoupled + Wcond + WRE

Lehnen et. al., Nucl. Fusion 53 (2013) 093007
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8 Radiated

ma

Frac. of W

Radiated energy fraction (f,.4)

Wrad

ASDEX
Upgrade

frad =

Sheikh et. al. Nucl. Fusion 60 (2020) 126029

@AUG

T

T i T

A Highw,, Arinj.
Low Wth, Ar Inj.

Low Wth' Ne Inj.

o
A Highw,, Neinj.
|

Teq (ms)
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Wooupled / Wmag

0.8

©
IS
:

MGI / no MGl  MGI / no MGl
ILW & O A A
CFC m a A A

L ! ouls:!e pIasma i

W ppies (VESSEI)

Wmag T Wth T Wext. heat. ~ Wcoupled

W e (tOtal)

current estimate
Wcoupled =0.5- Wmag

CPS13.05-6¢

Lehnen et. al., Nucl. Fusion 53 (2013) 093007

100
t8%:20 (ms)
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Radiated energy fraction (f,.4)

Wrad

Wmag T Wth T Wext. heat. ~ Wcoupled

frad =

1e6 Wmag
—— IpiFP (FPC) L34
500000 - .
12 - current estimate
| |
04 | ! —
1 0 | LV N N W PN, VR L W R N, W N ...‘ly o wmag I !
: " —— Wth (TOT) 1.0 4 ' !
0.5 4 \ —— Wmhd (FPG) | I
—_— —— Wmhd (TOT) 0.9 l !
004 : : : : . —— Wmhd (GQH) | | !
le-5 0.8 1 | |
1.5 1 —L ' !
| 0.7 4 | !
1.0 - i i
05 4 ,' 0.6 - | |
’ T T T T T y T T T T T T T T I T T l T
2200 2.225 2.250 2.275 2.300 2.325 2.350 2.375 2.400 2.20 2.22 2.24 2.26 2.28 2.30 2.32
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Radiated energy fraction (f,.4)

Wrad

Wmag T Wth T Wext. heat. ~ Wcoupled

frad =

> Bolometer @t

frad

Energies

le7 #40942
— secl
—— sec5
— sec9
— sec15
— sec 16
1e6 Wmag
' !
1.3 A
ceic A Nd N VA N AT AAL N A N A .
12 i i current estimate
: : : | |
« _ __ Wlo. heating— __-====7=="| ... frad (TOT; heat: False; coup: False) 1.1 4 | i W I d -_ 0 n 5 ° W
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—==~ frad (TOT; heat: False; coup: True) 1
—— frad (TOT; heat: True; coup: True) 1.0 4 | |
e 1T of T ] ceeeeeeoeeees [N oo frad (FPG; heat: False; coup: False) | i
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| frad (FPG; heat: False; coup: True) 0.9 1 | |
|—— frad (FPG; heat: True; coup: True) 1
- frad (GQH; heat: False; coup: False) I |
—-~ frad (GQH; heat: True; coup: False) 0.8 | |
A —=-- frad (GQH; heat: False; coup: True) . H
vt —— frad (GQH; heat: True; coup: True) I |
— ' - -‘ ~ 07 | !
' !
0.6 | !
| |

2.20 2.22 2.24 2.26 2.28 2.30 2.32

—— W Yene - ene(ty)

— Wrad
—— Wonmic
— Wu
——nf—’_/—‘_ e
= a I R Weouping = 0.55 - Winag
2.315 2.320 2.325 2.330 2.335
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Radiated energy fraction (f,.4)

subset: 8mm, full-length, single injections into 1.8T std. H-modes matching v, — impact v;; matching v;, = impact v, matching Vi, —> impact v,/v,
1.06 n K A
\ [ ] [ ] [ ]
v
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* f..q depends strongly on the neon content T
: o Ne % 40% 0.17% | 0.085% 0%
and weakly on the shattering parameters ps _ )
(velocity & shatter head geometry) o vll high high high high
. O frag. size - small * large large *
* Increased v seems beneficial; no general 2
© angle - large * shallow shallow *

trend for optimal fragment size observed

- not enough data

*
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ASDEX
Upgrade

frad - radiation saturation level

* The curve saturates around 10% neon (8mm) or 102" neon atoms

- Radiated energy fraction dominated by the impact of the amount of neon

1.2 ) LJ T T 1 1.2 ! L} T T LJ
shatter head (#shots) shatter head (#shots)
m 25°, rect., long (17) % ° m 25°, rect., long (17) % ®
1.14 A 12.5° rect, long (43) >3 . 4 1.14 A 12.5° rect, long (43) »~3 4
® 25°, circ., short (17) J 3 ® 25°, circ., short (17) J 3
& 25°, rect., long (3) K '2 4 & 25°, rect., long (1) & é A A
v 12.5°, rect., long (6) 3 i A 4 v 12.5°, rect., long (6) >3 o
| ' ’ 8 i ] 1 ’ 4A @ i
1071 & 250, circ,, short (2) J 3 i " & H 1091 4 250, circ., short (2) J 3 A i .
; N ; N
H 5 4
0.9 1 2 t 4 0.9 A e.Y ]
A A
+ +
T ; T WY
® 0.8+ ok A Y . 8 084 ok A 1
L : A ¢ L ' A
A ‘. A
0.7 4~ e . 0.7 4~ o 1
: A * : A
o r'y
, & : o
i 5] v B b v
064 = v . 0.6 w - Hy 1
A - A A A oAy
x . Y ¥ . Y
s :
0.5 M 4 0.54® 4
i i
2 2
& il
0-4 l Illl Ll T L) I 0.4 I IIII L) Al I Ll
0 0.1 1 10 100 0 10*° 10%° 10% 107

Neon content [%] subset: single injections into 1.8T std. H-modes Neon content [#atoms]
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ASDEX
@pgrade

 Highly flexible Shattered Pellet Injection (SPI) system installed at ASDEX Upgrade [=]
I
[ =]

Summary

* In total ~240 discharges executed with a good system reliability

 Up to 4 radiation peaks visible in the foil bolometers:

SPI animation!

N Shard arrival - Mixing? - TQ/IP-spike - ~50% CQ

 Highest Toroidal Peaking Factor (TPF) observed for low Neon quantities (< 1% Neon)

e \, \
/L\ Increase in S5/S9-asymmetry /L} M

 With increasing Neon quantity: increasing S5/S9-asymmetry & convex —concave CQ

Ne/size increase

 Radiated energy fraction (f,,4) increases with parallel velocity and neon quantity;

no visible trend for fragment size and shatter geometry
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