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OUTLINE -

e Core fuelling as part of Matter injection in EU-DEMO
e Pellet tool potential

e Initial admix investigations at AUG

e Technology used: fuelling layout only T
e EU-DEMO request: Xe admix

e Ar for efficient radiative power removal in AUG

e Amending the data set: Kr and Ne (ORNL)

BROCKHAUS Mensch+NatursTechnik

e Admixed pellets: tool deserves to step up efforts e vt i R
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Core fuelling & Matter injection in EU-DEMO \

Projected EU-DEMO fuel cycle Matter injection tasks in ITER/EU-DEMO:
Tritium Management & Control ISTFV.TMC . = TI:’:‘?;:::':"
e -] —_ « Core particle fuelling of the burning
: plasma
« ELM control (potentially)
@Eﬁu  Provide “plasma enhancement gases
T (PEG)” for radiative power dissipation
T TR (o el and/or divertor buffering and/or
in L Bl S performance enhancement
pi s o » Support ramp-up and ramp-down of the
L fE plasma
[ L ' Q « Disruption mitigation by e.g.
exucon Wt | Shattered Pellet Injector (SPI) or

Chr. Day et al., Fusion Eng. Design 179 (2022) 113139 Massive Gas Injection (MGl)
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Pellet tool potential

Core fuelling system reference solution
Space reservation in EU-DEMO CAD

J/IA

Pellet
Guiding Tube

~10m | Plasma

AV

P. T. Lang et al., Fusion Sci. Tech. 79 (2023) in print
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ASDEX
Upgrade

Pellet system in EU-DEMO (inboard injection):

« Modelling shows requested core density can
be achieved with feasible pellet flux
Moo = 7 X 10%Ys
For 2 GW DT fusion needed: 1.4 x 102%/s

=» Headroom for integration of guiding system
e.g. with respect to BB penetration

=» Smaller pellet size = less perturbation still o0.k.
« Solution for control (discrete events!) at hand

 Handling of “missed-out pellets” at hand

« Concept for multi-actuation pellet system
elaborated (JT-60SA system)



AUG pellet tool potential: H:D = 1:1 and N, admixture &

Pellets (H,,HD,D,) produced with H:D=1:1  Tested admixing of N, in D, host fuelling pellet
Applied to control core isotopic ratio N, stabilizes pedestal and enhance performance

27555 1% N, in supply gas = 0.8% N, in pellet
D gas valves Pellet request (fp x mp) Flux (102 e s") -
415 ; .
r 11 3 T T T
\ 1 Jos 1 /o, with1% N Pelet parameters:
1 —0—’ Mass 4 ’(D ) o B e = ey Sangy. 20
Total particle flux a 2 - Vi Size: 1,9x1,9x2mm* |
Divertor%pectroscopy H/(H+D) 0.8 1E-4 4 | = Mass28(N,) ' \ \ Veloagy. 258mls E
—40.6 3 2 | f f \ Repetition rate: 6 4Hz 4
i - sie o d 0.4 J | Pure D, (as Background)| ' \ \ 1
b«uv1-000]ﬂ***""”*“"‘""""“'mﬁ' R il 4 0.2 1 | —+—Mass4(D,) ‘1 f \l \\
1 1 1 1 1 0 —— Mass 28 (N7) ’ \\ \
#34690 | gas valves Pellet request (fp x mp) |_ Flux (102 e s') 42 185 E f '\\ \’ 3
1.5 = ] 0 3
d 44 8 ] Injection of R =0,8%N \ \ E
" Jos = ] 20 pellets D, / 1%N, \T\\J . ) \ ]
1 o '\
Total particle flux R | o = N
* bkl LT T LT T Y T TP Dlver‘torpspect|'Ac1‘sAcoAp‘)/u - H/I(H+D) -~ 82 § 1E-6 § ‘l '/'/4‘ e e | \
—-.00"#.0‘0'0000.0000#.00#“: 04 g : In}ec"on Of l / J o o \' H:\ *
14 - 20 pellets pure D \ \
0.2 = i A \ A \ ,.\ \ i
1 L L L L A 1 0 -E /7 \ \. \
#34691  H gas valves S 1E-7 4 \ W\ il
D gas valves Felletrequest (fp x mp) Flux (102 e s™) 2 1 Closing of f(/,/ \ \ ' E
T 1'5 x torus valves \ 1/ \ A 7
T " / B AL S ’,/-
& ' NI Y= ¥4
Total particle flux 3 @2 v "
Divertorpspectroscopy H/(H+D) 0.8 - 3
406 - | Gate valves of ASDEX Upgrade Opening of B
e i L L i i i i T 3 ‘ \ vacuum vessel pumps closed torus valves
0.2 %
1 L 1 L L | | 1 O l ' T ' T
Scan LARE 4
P.T. Lang et al., Nucl. Fusion 59 (2019) 026003 B. Ploeckl et al., Fusion Eng. Design 96-97 (2015) 155
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AUG pellet launching system (PLS): Designed for fuelling &

Stop cylinder centrifuge (precise announced arrival of pellets in plasma)
Ice produced in cold cryostat, then rod extruded into storage

Extrusion cryostat~__ £3
Extrusion nozzles

-
LLHe inlet
LLHe outlet

Storage cryostat

Reservoir:

Q Stop cylinder /),
il
fitlt

. i
Centrifuge 4

B. Ploeckl et al., Rev. Sci. Instr. 84 (2013) 103509
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System designed 1986 for short pellet trains
Operation with either pure H, or D,
Mechanics lay out for low H,/D, pellet density
(e.g. “gas transparent” stop cylinder wall)
Local LHe cooling of “copper block” cryo

Gas mixtures:
* H,/D, at any ratio possible

 Admix gases with higher specific weight p

=» Restriction of concentration — p depended
Some admixed gas gets frosted in gas supply line
“Cryodistillation” due to not yet adapted design

ISFNT15 - LAS PALMAS DE GRAN CANARIA, SPAIN - ORAL P4B3
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AUG pellet launching system (PLS): Designed for fuelling &

Guiding tube

Looping guiding system
Up to 880 m/s injection speed from inboard

Overall pellet guiding tube transfer path length 17 m |njeCti0n scheme redeSigned for
“Magnetic high field side injection”
=» Plasmoid drift favours fuelling efficiency

ASDEX Upgrade Extrusion cryostat, . . . . .
| with divertor Il storage cryostat AUG equipped with versatile diagnostics
FF/‘- and centrifuge launcher Pel I et 0 bS ervati on
d Plasma characteristics

] """_6_|;timized funnel

. Dedicated “Residual Gas Analyser”
> To main turbomolecular pumps Quadru pOI mMass SpeCtrometer
Refined calibration process

= Quantitative composition analysis

[><]

® MKS 690
® MKS HPQ3
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Test requested by EU-DEMO - Fuelling pellets with Xe

ASDEX
Upgrade

For radiative power removal EU-DEMO considers noble gases, Xe as “ultimate” challenge
Radiation potential disproportionate high for AUG = Low concentration (0.2 mol% in gas)

7

6

#37817

#37801

Total radiated power (MW)
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3.6

Xe?** radiance (10" ph/m? str nm s)

NXe =
1.5x10"7

|
38 TIME (s) 4.0 5.1

Dq pellet monitor (a.u.)

7

6

5.3 9.5

Pellets can be produced

 Sound shape and stable

e Fuelling impact preserved
 Concentration depletion in ice

e Concentration in rod inhomogeneous

Comparison Gas - Pellets

* Pellets enable much faster actuation
Both for delivery and exhaust

e Higher efficiency indicated

50% effort with 6% consumption

P. T. Lang et al., Fusion Sci. Tech. 77 (2021) 42
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First application at AUG — Actuation with Ar \

First application for research topic “ELM suppression and avoidance scenarios”:
“Ar doped pellets for fast and efficient radiative power removal in ASDEX Upgrade”

Ar gas puff + D pellets ” D pellets with Ar doping

2 o™ o Pellets with admixed Ar
12 L mw - . . a
i energy Wrhd 1 10°) gl e High radiation efficiency
> 0 o | (Modelling needed!)
g W Weeview " . -
§ gpw TET 2 emembimRven e Very fast radiation rise
0 23 bz Ee oonl i « Compatible with QCE H-Mode
g 20 elle .1n20 23 Hz
;,‘3*13 ing]| | :g =» Favourable for fast control tasks
Ej‘ 2:10% 2102} A. Kallenbach et al., Nucl. Fusion 62 (2022) 106013
< 1.10% 14107} . . C L
0 | 0 Yet insufficient radiation power
PR 10 \ Low Ar concentration in pellet (0.1 at%)
:% 34101 r14 line nm 34106 I\\ 1 ‘ I | . -
B e piot ) H.' ¥\ =» Higher Ar fraction or
o NAr16+ : i | | | . . )
T ol MN\W“\\“.\,w\,\,\p\i \ higher cooling factor using e.g. Kr
o s ol . . . . =» Technical adaptation of centrifuge
38 40 42 44 46 48 5.0 4.0 4.5 5.0 55 6.0 e
time/s time/s |n|t|ated
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pgrade

First application at AUG — Actuation with Ar G

Ar presence very well diagnosed in ASDEX Upgrade (Ari%* CXRS) E;J\Q'_'\éﬁgﬁﬂolttéggli’) 016019

Arto+ density [1/m?] lel6

1.0

> Pellets with admixed Ar

 Ar and D deposition profiles correlate
= Homogeneity within single pellet

* Highest local/temporal Ar fraction
. (Ar/e) close to 103

= Ar component fully deposited deep
Inside plasma

Ppol

Comparable Ar and D pellet particle
sustainment times (= 30 ms)

Smooth Ar level only at sufficiently
high pellet rate




Amending the noble gas scan — Kr admixed at AUG -

Kr admixed in D fueling pellets injected into AUG plasma

#41365

+a. 4 . Total auxilliary heated =15

W WW\/\"/‘A"MWWW — ‘m — 10

Total radiated Power (MW) —g
W B o S — —0.5

Plasma MHD energy (MJ)

0

n_e (1019 m-3) =111

— = 190

. 1016 -3

T

T T e T anana
19 -1y —
Gas puft Kr flux (1079 s™)
Pellet Kr flux estimation -
| | | |

3.0 4.0 5.0 TIME (s) 6.0

o N RO

Reproducing Ar behavior: highly efficient, dwindling concentration within train
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Amending the noble gas scan — Ne admixed at ORLN &

Cooperation IPP/ORNL on steady state high throughput extrusion
Comparison of H,, D, and Ne in D,
Large batch piston extruder

100 Initial liquefier stage before solidifier
RPI"2.3mm Nozzle ¢ Eutectic point 18 K for 2.3 mol% Ne in D,

015K Gas fully converted into solid

60

Increasing Ne concentration

=» Increasing extrusion force/flow rate
L.R. Baylor et al., Fusion Sci. Tech. 77 (2021) 728

S
O
@

.
O
@

Force/Flowrate (N/mms3-s)
O

0 0.5 1 1.9 2 2.9

Perce nf Ne *Repeating pneumatic Pellet Injector:
ORNL ,workhorse” extruder
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Amending the noble gas scan — Ne admixed at ORLN &

Cooperation IPP/ORNL on steady state high throughput extrusion

Comparison of H,, D, and Ne in D,

o Maximum extrusion speed [mm/s] (Performance limit)

Calculated from
80 4 Protium ice @ 9 K Piston speed
§ < 1.9 mm straight
70 - O 1.9 mm curved
60 - g [0 2.4 mm curved
e e Optical flow
@ 15-
50{ @ Deuterium ice @ 15-16 K O 2.4 mincirved
40 1
O
301 a
20+ L g
10+ °
04— T r T :
0 0.5 1.0 1.5 2.0

Neon concentration [%]
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Large batch piston extruder

Initial liquefier stage before solidifier
Eutectic point 18 K for 2.3 mol% Ne in D,
Gas fully converted into solid

Increasing Ne concentration
=» Increasing extrusion force/flow rate
=>» Decreasing max. extrusion speed

P.T. Lang et al., Fusion Eng. Design 166 (2021) 112273

Less max. throughput for admixed ice
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Compiling the collected data ([B%

H,/HD/D, and Ne/D, gas can be frosted while keeping the stoichiometry
N, in D,: about 80% of initial concentration kept during frosting

Ar [ Kr [ Xe
1
Torus vessel pressure (Pa) Open vessel pumping
0.8 / gate valves
-
o 10
e
®© 0.6
& 102 10 pellets 10 pellets 10 pellets
87 B injected injected injected
=
@ 0.4
— 103
LL
0.2

VY
—I 30 pellets TSO pellets T 30 pellets

Close vessel pumping gate valves Ar Rod 2

O 20 40 60 80 100 120 140 160 180 1075 5 10 15 20 25 30 35 40
Triple point T (K) TIME (min)
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pgrade

Compiling the collected data C

H,/HD/D, and Ne/D, gas can be frosting while keeping the stoichiometry
AUG PLS: admix fraction in ice gets reduced with e.g. increasing triple point temperature

e *Ne (ORNL)
H2D>
N, 4+ ® Ar Rod 1
° Ar Rod 2
— Kr Rod
= © 3e Xe Rod (x10)
© - e ® o
2 5 2 ® o
? b S e 802, °
o) ° '
I © 1q|-© O e
® o400
ol L 1 1111
2 4 6 8
0 20 40 60 80 100 120 140 160 180 Pellet bunch

Tr|ple point T (K)



Compiling the collected data

ASDEX
Upgrade

H,/HD/D, and Ne/D, gas can be frosting while keeping the stoichiometry

AUG PLS: admix fraction in ice gets reduced with e.g. increasing triple point temperature

Triple point
temperature
K

1.0 eexNe (ORNL) 160} Triple point T (K)
H2D>

0.8
O N2
© 06 (;2’%
g PD2 e 1 1
»
) 0.4 2%\tomic nﬁ(r]nberZ
L

0.2 Kr

Xe
| :
O 20 40 60 80 100 120 140 160 180
Triple point T (K)

0
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Atomic | Atomic
charge weight
amu

20.18
39.95
83.80

131.29
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Concentration
in D, supply
gas (mol%
1.937

+ 0.039
2.037
+0.041
1.278

+ 0.026
0.205

+ 0.004

24.6

83.8

115.8

161.4
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Outlook &

Admixing works already using “simple” fueling systems

Admixed solids composed from immiscible crystallites
but show high mechanical resilience!

Better adapted extruders to yield homogeneous admixed concentration

Multi-purpose pellet launching systems (as e.g. the JT-60SA PLS)

PLS system for JT-60SA under construction
Commercial manufacturing (SENER) under F4E
Start up configuration:

Fuelling pellet source (up to 20 Hz)

ELM pacing pellet source (up to 50 Hz)
Simultaneous fuelling & pacing

Tailored single pellet train to minimize cross-talk
Third (admixed) pellet source can be added

G. Olivella et al., “Design and development of a hydrogen pellet centrifuge
accelerator for the JT-60SA”, PS4.41, this conference (Friday)
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SUMMARY \ 55

e Fusion power plants need versatile matter injection system
e Pellets optimized for core fuelling — can be applied for PEGs too
e AUG PLS (and ORNL extruder) indicate technical potential

e Technical efforts needed to improve the performance

=» An investment likely to bear fruit!

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



ASDEX
Upgrade

Backup slides
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Pellet actuation for fuelling: \
AUG leading the EU-DEMO relevant research

Plasma fuelling and density control to maximise fusion power:
Robust model-based density real-time control algorithm
developed and tested on ASDEX Upgrade for ITER and DEMO

> Set value (1.25)
% o ®\®Central TS
c 1
QO
= #34182 Tie; ne (1020 )
...... 0.5
) Pellet request : 3
—_— %0 x Reservoir  —
© g<) gy ; “-" emptied 2
4: .
o 2 D gas valves :
[ :
al || ; 2
4§ £ e N V/\'\ /\ﬂ,cf\'\/\wj\vf*’xa T
- Div. 20 -3
> O ng (104 m™)
S I I | | | 0
= 3.0 35 20 TME(s) 45 5.0

X. Litaudon, Invited talk, SOFT 2018
“European Integrated Programme in support to ITER:
Overview Medium Size Tokamaks and JET results”
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AUG: Real-time density control

O DIFFER

ASDEX
Upgrade

Heuristic control-oriented tokamak particle transport model (AUG&TCV)
used in the Extended Kalman Filter framework to estimate the density profile

Real-time equilibrium Measurements
E Dynamic model-based state estimator i
Actuator | l Predicted l Predicted 4
commands | Physics-model | state Diagnostic | measurements !
—— : : |
: step simulation model = !
E 7y Measurement | |
i . residual :
: Time shift z~1 :
< E A b Observer Fringe jump | i
Density i Updated + el detection i
profile i state |
estimate L j

T.C. Blanken et al.,

Fusion Eng. Design 126 (2018) 87

AUG pulse #38760

@ Seoe o -n—e(1020 m-z)__
p— Tiar.gel.value i ” - _
Edoe (opot «0.9) = OGN InsHarcrisiar Validate.ddensity R/:!:DENS ’ o <4
@ Pt.ellet
L OOt o Oy e
111 \H WNHMMMHMI[ ] e
predictor (V)
e SR AR Flux (102 e 87) —
I\t (Y
@ 1 | 1 1 ne®"- (102 m3) -
35 4.0 45 TME(s) 50 55 6
P.T. Lang et al., Fusion Sci. Technology 78 (2022) 1

=>» Use n, <preselected 1D region> as parameter for core density control via pellets
=>» Use neutral gas density in divertor (pellet resilient) for edge density control via gas
Commissioning of model for MIMO control in progress

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | P.T. LANG ET AL. | SEPTEMBER 13., 2023

ISENT15 - LAS PALMAS DE GRAN CANARIA, SPAIN - ORAL P4B3 21

©c N SO = N O

2.0
1.5

0.5

(3 [=]



pgrade

Missed-out detection: Example from AUG U

AUG pulse #38479 I,= 1.0 MA qg5=4.5
worveryevawn, 198 = 0.95 . AV AWM g At NAAANY sy ggg
o —{400
Pheat = 10 MW MHD stored energy (kJ)—200
Nayw o B sadabiasa: NTE T iy b e P, 10
S mampir R g I WM. ~ .m‘u 3 i gl o
R R R T e T R A S i i o i Qe g ++++++ $H0.5
RAPDENS (pp0| <0-0.4>) cCore {(Ppol ~ 0.2} Edge (ppol ~0.98) Validated density n_e (1 020 m- ) 0.
Pellet ( 1
t Gas Flux (1022 e s1)—0.5
- — 0
ELM monitor (kA)
l | 10
.u....u.n]..u.‘....uuu‘IAA....J‘I\.A..J N .‘J.“‘..J‘.JI‘L [P L A (I e T \.L._\ .J\_\.J|M ‘{.l .4J|.”....LL‘.LIJ...l....l‘ld..4. JiL.m..J.uL.l.'l \4IA|A“.1’u‘LHALAl.LJ...ad_.l.JJ_unL MA J.ALJ...‘M A .L“.....1.1.“..L\...L..i“u_m..41.....‘.mu.u.4¢J.. 0
Pellet
Monitor (V) H0.5
Announced: 91
Missed: 5
Confirmed
1 Ll
3.5 4.0 4.5 TIME (s) 5.0 5.5 6.0 6.5

Stable high-density operation with core density derived in Real-Time
Missed-out pellets detected in RT - but causing no problem in AUG

P.T. Lang et al., Fusion Sci. Technology, in press
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Isotope ratio control: Pellet analysis

HD-Pellets: Qualifying the actuator

o] ice rod 1 H/(H+D) 3'25

.a+++++++++++¢+++¢+++++++++k35 ......
0.491 + 0.016

.,+ ..... + ..... + ..... ++ ..... ++ ...... ...+++++++¢¢¢¢++ ...... ...... 4 T $-4 :Eg:
0.501 + 0.017

Average Y 055

® * _____ + ..... + ..... + ..... + ..... + ..... + ...... $ + + + SEFETE W W | + +++++++: 2.25

| 0.496 + 0.015 | 0:4

Rod position (mm)
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ASDEX
Upgrade

Pellet injection
into AUG vessel
Gas analysis

by RGA

HD pellets with
H:D ratio very
closeto 1:1
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Radiation predictions for different elements \

! L L ! L | ' L L
,..L =~ Improvement beyond
R R N WL o\ - “simple” Z scalin
% e o NI simple” Z scaling
“E Investigation of
=, < “cooling factor” for 35
i N e AT relevant elements by
2 SO _ Cowan code via ADAS
S T ——— infrastructure
2 — = Produces good
8 1035 radiation predictions
v
_36 —
10 \ / . T. Puetterich et al., 42" EPS
Conference on Plasma Physics,
10_3? 111l L 1l 1 L1 a1l 1 L L 3 1 i 1H P4111

0.01 0.1 T keV]
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AUG: RGA system &

Composition of the gas coming from sublimated pellets measured through a calibrated differential
pumping Quadrupole Mass Spectrometer (QMS).

Sophisticated sniffer probe residual gas analysis system(s)

Calibration with reference gases and versus Baratron at RGA

Magnetical Shielding

Hiden RGA

‘I 3 Water

TMP - "W Inficon RGA

(3001/s) -
\& W ol ’
=

cooling

Pirani __;:Mﬁswo '
: '
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PEG carrier pellets — JT-60SA multi-purpose PLS o

Ne doped H, pellets in LHD from LFS
* Reducing plasmoid drift

* Enhances core density assimilation

(a) #175696 (5% Neon) (b) #175698 (Pure H,)

An (10m™3

15 — 15 — ;
b TSI(LFS) $ TSILFS)
— o] — A odel
= = Ne contrib.
10+ r? 10 -t—tu”.lmt:l.ﬁi ms
t-t_ =111 ms THE £
arrve ¥ - E
o]
=
ar \_‘U
5t S 5t
- <]
DM = L U _'-.._._.Hllh'_'lﬁ“-i"‘li‘."n".‘.'. [ LE
0.4 0. 0.8 1 0.4 0.6 0.8 1
p (normalized minor radius) p (normalized minor radius)

A. Matsuyama et al., Phys. Rev. Lett. 129 (2022) 255001

A. Matsuyama et al., Phys. Plasmas 29 (2022) 042501
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CAD:

Start up configuration:

Fuelling pellet source (Up to 20 Hz)

ELM pacing pellet source (Up to 50 Hz)
Simultaneous fuelling & pacing

Tailored single pellet train to minimize cross-talk
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Multi-purpose PLS: Control scheme

Fuelling source

[Fome o0~

flux

ASDEX
Upgrade

Extend proven AUG solution for fuelling & pacing
Solution can be extended to multi-task control
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Multi-actuating pellet system: Step-by-step approach &
Multi-tasking pellet system to cover issues beyond pure core particle fuelling
PELLET ACTUATOR development step by step:
AUG — JT-60SA — DEMO

Demonstrated: Commissioning ongoing:  Design study ongoing:
e High core density e Simultaneous density e Full pellet resilient
e ELM control & ELM control feedback control
e Pellet resilient e Pcllet resilient feedback e Simultaneously keep
measurements profile control D - T - He profiles
t<10s t<100s ~t~2h

Challenges - Complexity - Susta

I=12MA R=16m [=55MA R=29m
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