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Overview of the ASDEX 

Upgrade shattered pellet 

injection studies
What have we learned, and what is missing?
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#41014 – pure 8 mm D2 SPI
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❖ What is SPI supposed to deliver?

❖ What is the specific goal of the ASDEX Upgrade SPI system?

❖ What did we learn from the AUG SPI project so far?

▪ Commissioning (Lab) phase

▪ AUG SPI experiments in 2022 & AUG SPI modelling

• Disruption evolution

• Radiation asymmetries

• Radiated energy fraction (frad)

• Is there an „optimal“ shatter head for all purposes?

❖ Shatter head setup for the 2025 experimental campaign
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The goals of shattered pellet injection (SPI)
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Vessel
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Runaway 

electron

generation
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Assimilate large 

amount of D2
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free electron

density

High Z material 

(neon in our case)

radiate energy

uniformly

Tailor CQ duration

minimize induced currents

98%+

D2

Neon doping increases

assimilation via 

plasmoid drift reduction
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heat loads:

max. radiation

forces:

tailor CQ rate

runaway electrons (REs):

max. assimilation (density increase)
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Phantom UHS v2012

(private communication)

https://www.phantomhighspeed.com/

How does the AUG SPI system work?
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~ 3.5 m

T. Peherstorfer 2022 – arXiv:2209.01024

https://www.phantomhighspeed.com/
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Phantom UHS v2012

(private communication)

https://www.phantomhighspeed.com/

How does the AUG SPI system work?
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~ 3.5 m

T. Peherstorfer 2022 – arXiv:2209.01024

Pellet #1314, 100% D2, D=8mm, L~6.86mm, v=560m/s, 25° circ. short, 30kFPS

https://www.phantomhighspeed.com/


What is special about the SPI system at AUG?
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~ 3.5 m

• Pellet speeds between

70 - 800 m/s (top view)

• 10 different shatter head geometries

• 12.5°, 15°, 25° and 30° angles

Phantom UHS v2012

(private communication)

https://www.phantomhighspeed.com/

3x independent freezing
cells and delivery lines!

https://www.phantomhighspeed.com/


Shatter heads at ASDEX Upgrade in 2022
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v⊥

vpellet

or vimpact

12.5°
or 25°

matching vimpact

similar fragment size distr.
Pellet #1279, 100% D2, D=8mm, L~7.95mm, 

v=570m/s, 12.5° rect., 30kFPS

Pellet #1314, 100% D2, D=8mm, L~6.86mm, 

v=560m/s, 25° circ. short, 30kFPS

larger & faster

smaller & slower



AUG radiation measurements
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• 4 channels for each foil

bolometer per sector

➢ estimation of the

radiation in that sector

via weighting factors

Top-down view (toroidal cut)side view (poloidal cut)
*Colored areas do NOT represent

the toroidal extent of the

observation volumes
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▪ AUG SPI experiments in 2022 & AUG SPI modelling

• Disruption evolution

• Radiation asymmetries

• Radiated energy fraction (frad)

• Is there an „optimal“ shatter head for all purposes?

❖ Shatter head setup for the 2025 experimental campaigns

Highly flexible system (angle and velocity)        unique for characterizing fragment size & velocity effects!

heat loads:

max. radiation

forces:

tailor CQ rate

runaway electrons (REs):

max. assimilation (density increase)
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Fragment count for experimental data
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Tobias Peherstorfer (TU Wien)

T. Peherstorfer, M.Sc. thesis (2022)

https://doi.org/10.48550/arXiv.2209.01024


Mean fragment count for Parks model prediction
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Mean fragment counts!

Parks model
1 8

Tobias Peherstorfer (TU Wien)

T. Peherstorfer, M.Sc. thesis (2022)

https://doi.org/10.48550/arXiv.2209.01024


Difference of model predictions to experimental data
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Red: 

Model under-

estimates

Blue:

Model over-

estimates

1 9

Tobias Peherstorfer (TU Wien)

T. Peherstorfer, M.Sc. thesis (2022)

https://doi.org/10.48550/arXiv.2209.01024


Statistical shatter formula1 and lab fragment detection2 
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Statistical shatter

formula
Lab results

Tobias Peherstorfer (TU Wien)

1[Parks, 2016] 2[Peherstorfer, M.Sc. thesis (2022)]

100% neon, 4mm

https://doi.org/10.2172/1344852
https://doi.org/10.48550/arXiv.2209.01024


New fragment detection based on Machine Learning
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With the help of Machine Learning (model: U-Net; EfficientNet B0 backbone) Generation of Boolean masks for fragment tracking

[Illerhaus et al., Journal of Fusion Energy 43:14 (2024)]

Lab data

Label from previous detection

method (T. Peherstorfer)

Boolean masks act

as training data

Possible to analyse all 1100 lab videos without manual parameter adjustments (Mohammad Miah)

New ML method

Johannes Illerhaus & Mohammad Miah (IPP)

Pellet #618, 95% Ne, D=4mm, L~5.36mm, v=270m/s, 25° rect., 30kFPS

https://doi.org/10.1007/s10894-024-00406-x
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❖ What is SPI supposed to deliver?

❖ What is the specific goal of the ASDEX Upgrade SPI system?

❖ What did we learn from the AUG SPI project so far?

▪ Commissioning (Lab) phase

▪ AUG SPI experiments in 2022 & AUG SPI modelling

• Disruption evolution

• Radiation asymmetries

• Radiated energy fraction (frad)

• Is there an „optimal“ shatter head for all purposes?

❖ Shatter head setup for the 2025 experimental campaigns

heat loads:

max. radiation

forces:

tailor CQ rate

runaway electrons (REs):

max. assimilation (density increase)

Highly flexible system (angle and velocity)        unique for characterizing fragment size & velocity effects!

The Parks model does not seem to fit our observed fragment distributions well
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#40739 #41014 #41006 #41003 #41002 #40679

Disruption evolution
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Radiation asymmetry
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Toroidal asymmetries
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subset: 8mm, full-length, single injections into 1.8T std. H-modes

466 m/s     25° rect.

233 m/s     12.5° rect.
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convex concave CQ shape
incr. neon

content

asym.    & S5/S9 asym.     with neon
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energy coupled

into the structure

(e.g. coils, vessel)

energy radiated

(derived from foil

bolometers)

Wmag Wth

Wcoupled Wrad Wcond

energy conducted

to the PFCs 

(mainly divertor)

Radiated energy fraction (frad)
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= + Wcond + WREWmag + Wth + Wext. heat. Wrad + Wcoupled

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

Wrad

- Wc

frad = 
Wmag + Wth + Wheat.

Wrad

Wrad
+ Wcond

=

http://dx.doi.org/10.1088/0029-5515/53/9/093007


Radiated energy fraction (frad)
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Wrad

- Wc

frad =
Wmag + Wth + Wheat

Wrad

Wrad + Wcond

=
Wrad

Wplasma

=

[Heinrich et. al., in preparation]



Radiated energy fraction (frad)

OV ER V IE W A U G SP I |  3 R D  TM  D I SR U P TIO N S 20 2 4M AX - P LA N C K- IN S T ITU T  FÜ R  P LA SM A PH Y SI K |  PA U L H EIN R IC H  |  0 4. 09 .2 0 2 4 3 1

• frad dominated by the impact of the neon amount

• frad of disruptive SPI ≥ 35%, non-disr. ≤ 20%

disruptive SPI

non-disruptive SPI

(a) (b) (c) (d)

[1] P. Halldestam et. al. REM 2024

[1]

[Heinrich et. al., in preparation]



Radiated energy fraction (frad)
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• frad dominated by the impact of the neon amount

• frad of disruptive SPI ≥ 35%, non-disr. ≤ 20%

• Change in CQ-shape reflected in discontinuity of

unscaled Δ𝑡𝐶𝑄
100%→80%

disruptive SPI

non-disruptive SPI

(a) (b) (c) (d)

[1] P. Halldestam et. al. REM 2024

[1]

[Heinrich et. al., in preparation]



Radiated energy fraction (frad)
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• frad dominated by the impact of the neon amount

• frad of disruptive SPI ≥ 35%, non-disr. ≤ 20%

• Change in CQ-shape reflected in discontinuity of

unscaled Δ𝑡𝐶𝑄
100%→80%

• Matches DREAM simulations well! (VDEs not simulated)

disruptive SPI

non-disruptive SPI

(a) (b) (c) (d)

[1] P. Halldestam et. al. REM 2024

[1]

[Heinrich et. al., in preparation]



„Optimal“     shatter head geometry
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large & fast

small & slow

Overall, the 12.5° rectangular shatter head

shows the highest values of frad

Fit function* y = 1 +

a ⋅ 1 +
b

Ninjectedneon

b

−1

with thermal heat fluxes onto the PFCs ,

,

, and 

*



Small to large

Pure D2 INDEX: Number of fragments (fragment size) scan

A. Patel, M.Sc. thesis (2023)

„Optimal“     fragment size
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large & fast

small & slow

Jachmich et al., 49th EPS (2023)

larger fragments

large small
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material 
assimilation

• Low neon doping (< 1021):

large (lower v  ) fragments (shallow angle)
┴

Experiment

fr
a
g

.

s
iz

e

https://doi.org/10.48550/arXiv.2312.03462
https://pure.mpg.de/rest/items/item_3588604/component/file_3588605/content
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„Optimal“     fragment size
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• Low neon doping (< 1021):

large (lower v ) fragments (shallow angle)

• High neon (8 mm, 10% or 2x1021):

First hints: small (larger v ) fragments (further studies needed)

• JOREK: small fragments for all neon ranges

#shards

1
0

%
 n

e
o
n 53

199

1105
0
.1

2
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 n
e

o
n
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199

1105
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Courtesy of W. Tang



Which is now the „optimal“     fragment size?
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• Depending on the goal (max. frad or D2 assimilation), 

smaller or larger fragments may be considered „optimal“

• Small fragments seem beneficial for maximising frad

(high neon)

• Large fragments seem better for pure D2 SPI assimilation

• Mismatch in neon assimilation for neon doped pellets in 

experiment (     ) and JOREK (     ) [1] A. Patel, M.Sc. thesis (2023)

[2] Jachmich et al., 49th EPS (2023)
[3] Courtesy of W. Tang

[1] [1][1]

[3] [3]

[3] [3]

[2] [2]

=
no difference

D2 assimilation for

suppression of REs

large small

Ne assimilation

only minor        Δ𝑡𝐶𝑄 change

Ne assimilationD2 assimilation

https://doi.org/10.48550/arXiv.2312.03462
https://pure.mpg.de/rest/items/item_3588604/component/file_3588605/content
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❖ What is SPI supposed to deliver?

❖ What is the specific goal of the ASDEX Upgrade SPI system?

❖ What did we learn from the AUG SPI project so far?

▪ Commissioning (Lab) phase

▪ AUG SPI experiments in 2022 & AUG SPI modelling

• Disruption evolution

• Radiation asymmetries

• Radiated energy fraction (frad)

• Is there an „optimal“ shatter head for all purposes?

❖ Shatter head setup for the 2025 experimental campaigns

Highly flexible system (angle and velocity)        unique for characterizing fragment size & velocity effects!

heat loads:

max. radiation

forces:

tailor CQ rate

runaway electrons (REs):

max. assimilation (density increase)

The Parks model does not seem to fit our observed fragment distributions well

convex concave CQ shape
incr. neon

content

strong function of neon content, 2nd order effect of geometry: 12.5° rect. 

optimal fragment size depends on neon % SPI-goal
0% ~0.17% ~1.25% 10%+

frad

asym.    & S5/S9 asym.     with neon
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Peter Halldestam

Longer ‘‘neck‘‘ 

to avoid hitting

the PSL
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Shatter head setup for the 2025 experiments

What if we miss q=2 ?
(P: head pointing upwards)

Riccardo Nocentini

25° rect., long ‘‘neck‘‘

PSL

We‘d like to thank

T. Gebhart (ORNL)            

for testing fragment impact

effects on the PSL tiles!
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❖ What is SPI supposed to deliver?

❖ What is the specific goal of the ASDEX Upgrade SPI system?

❖ What did we learn from the AUG SPI project so far?

▪ Commissioning (Lab) phase

▪ AUG SPI experiments in 2022 & AUG SPI modelling

• Disruption evolution

• Radiation asymmetries

• Radiated energy fraction (frad)

• Is there an „optimal“ shatter head for all purposes?

❖ Shatter head setup for the 2025 experimental campaigns

strong function of neon content, 2nd order effect of geometry: 12.5° rect. 

optimal fragment size depends on neon % SPI-goal
0% ~0.17% ~1.25% 10%+

convex concave CQ shape
incr. neon

content

heat loads:

max. radiation

forces:

tailor CQ rate

runaway electrons (REs):

max. assimilation (density increase)

SPI animation

The Parks model does not seem to fit our observed fragment distributions well

Highly flexible system (angle and velocity)        unique for characterizing fragment size & velocity effects!

Upside-down shatter head to study the SPI performance in case of missing the q = 2 rational surface

frad

asym.    & S5/S9 asym.     with neon
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