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Why LMDs for DEMO?

o=\

A\

=

74
(1



Challenge for PFCs: /@)
avoiding component failure in DEMO

=

Importance of reliability for heat exhaust solution for
fusion economic viability

Sv/h.8 weeks after

Need to avoid reaching component failure
» Loss of coolant accident (LOCA)
« EXcessive erosion into core
« Too damaged to risk continued use

Any large unmitigated ELM or disruption could lead to
failure (melting, LOCA)
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MR = 7 —— Planned replacement will require >6 months
Courtesy Ch. Bachmann PFC failure has high risk and impact
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Challenges for DEMO divertor design &

Solid PFC

Strong limit on Py, (dictates
design)

delicate radiation balance
Need extremely good (active)
control:

<1 unmitigated disruption?

ELM free operation(?)
Erosion gives one of upper lifetime

limits divertor and neutrons
degrade properties over time

requires replacement/2fpy

Design space for
DEMO
0.75 7 50
---ITER g Peer/R
w===DEMO1 MW/m
s - G. Federici FED (2016)

Outer target
T

ELM damage for
ITER
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Replenishment removes erosion concern and
neutrons limited effect on LM and W substrate
performance

[Rindt Fusion Eng. Des. (2021); Rindt Nucl. Fusion 2019]

Longer divertor lifetime?

(P

. a . \\\ })}
Potential advantages liquid metals
LIC]UIFl PFC _ Power density limits in principle higher for LMs
* Higher P, possible due to large power e —
removal In SOL 107 - m— LD, 1(:2 m s~ supply, 0.1 mm Li surface g
[Goldston Phys. Scr 2016] N S :
. g 6| 60MJ/m? VDE Ll
More robust scenario? = : ) t/_ : -
. . ﬁl : s'u )'S f”zl %‘:;(V:m}‘)cra ure
» Negative feedback from evaporation; vapour o, —;
shielding protection of substrate + CHE
replenishment R | E
[Rindt Nucl. Fusion (2018)] s pulsed regime
S 103 =
ELMs allowed? € i steady state
[~ regime
De-risk operation as disruptions survivable? 107 ¢

101 T T T 1 A N W AT ol vl v
10741077 1072 1071 10° 10" 10* 10* 107
Pulse Length [s]

Rindt NF (2018)
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Capillary porous structures (CPSs) create ©
conduction based stabilized PFCs

* Replace solid surface with liquid

« MHD forces (jxB) destabilize liquids in
tokamaks (droplets)

« Use surface tension/capillary refilling

* Replace top region with this combined
material

Thin CPS layer W monoblock

Capillary supply Coolant pipe

to surface

Coolant
LM reservoir
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Design criteria overview: performance L

Must tolerate 10 MW m- in nominal operation 4
17-21 MW m-2 during slow transients 3-10 s 4
Heat load < 5 MW m- outside strike points v v
Withstand =1 disruption (80 GW m-2 4 ms) v v
Coolant 40% safety factor CHF v v
Tritium inventory in-vessel <7309 v x
Evaporation must not significantly reduce fusion output during normal 4

operation 1250 °C

Cannot simultaneously satisfy high heat loads and low evaporation rate for Li

Tritium inventory control with Li requires continual active removal
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Design criteria overview: compatibility @

Design requirement

High recycling divertor 4 %
Activation must be kept to limits for intermediate level waste v v
Lifetime 2 fpy v v
70 cm high vertical target v v
Need to be able to re-wet in-situ v v
Withstand atmosphere for 2 months during maintenance v %
Withstand 200 °C bake during startup v v
No major design changes to in-vessel components, diagnostics, 1stwall v “

Li would act as low recycling surface and result in significant changes to the operational
mode of DEMO

Li better suited for e.g. vapour box concept and is not further considered here

Sn chosen as candidate LM for this application
V. MoT0al \ cptember 2023 | Page 9
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Development questions

f

Can it be
compatible with
the core
scenario?

Can it better
handle transient
loads?

What steady-

How to achieve a
state power

handling can be 8 practical .
achieved? Sn-based | implementation:

divertor
for DEMO
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What steady-state power handling
can be achieved?
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Conceptual design (ENEA) &
W crs
I cucrzr
[[] EUROFER
I Tin

Water hydraulic parameters
Touk = 140°C
p=5 MPa
v=12m/s

Roccella Journal of
Fusion Energy (2020) T.W. Morgan | ISFNT | September 2023 | Page 12
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PFU thermal analysis (ENEA) =’
Heat flux = 10 MW/m?2 Heat flux = 20 MW/m?2
<500 °C v ‘”” <850 °C
[Twmono™1200 °C] [Twmone™~2400 °C]

In both cases evaporation is negligible because CPS surface

Roccella Journal of temperature is below 1000 °C
Fusion Energy (2020)
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Can it be compatible with the core
scenario?
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SOLPS-ITER modelling with self-consistent PWI %)

\=
for Sn (PoLiTo)

SOLPS-ITER modelling with additional Sn " " Heat load from
processes from ADAS database , SOLPS-ITER
2D FE model for heat conduction in each JLLLLLL oo nsaas
section “

» Specified heat transfer coefficient and coolant “

temperature &> rossar S

* Imposed heat flux from SOLPS-ITER on PFS

«  Consider evaporation, thermal sputtering i T | : i “’ : T g

+  Temperature-dependent properties 23 2 B X o oS s - A

Simplified treatment of LM-filled CPS layer on
top of substrate:

« Solid layer with averaged thermal properties
evaluated by law of mixtures
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Modelling shows with Ar seeding core Sn concentration low )

and power to target acceptable (PoLiTo)

Addition of Sn reduces heat load, but Ar addition needed to
radiate in SOL and lower core concentration level

With increasing Ar evaporation suppressed and Ar becomes

dominant radiator in SOL
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e~ pedestal

<nSn/n >

ASTRA results — Sn (PoLiTo)

DEMO scenario from SOLPS-ITER

input to ASTRA code
1072 : ; :
2
_______ ’ i _‘ I ;n_Sn‘fE>pedestal=_0'Di°f°_
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Implications for operation &

These results imply a self-stabilizing mechanism

Evaporation - T curtace > Teq .
increase - For loss of detachment get temperature increase to
) 4+ » A point where Sn erosion will increase radiation.
loses input [Decrease in heat flux will lower Sn erosion and
s [ Equilibrium target |-~ increase power to divertor surface]
/./"’ Ptarget Teq \\\\‘
Prosses ¥ Prout ¥ Lead to automatic protection of divertor component
==
no damage)?
Evaporation - ( J )
decrease """" surface < eq

Divertor also may survive disruptions: less stringent
limits for disruption mitigation? Same for ELMs?



Can it better handle transient loads?



TOKES modelling used to investigate Sn CPS @)
protection for divertor during disruptions (KIT) -

x10%°

1 GJ stored ¢/ ’ A(/

energy i
disruption in §
DEMO |

>

-
o
-
o

EEtotCore [GJ]

o
]

Sn-based PFC ,*’;_\\\
on vertical &
targets,

o
G

dEEtotCore/dt [TW]

—

total number of vaporized atoms

otherwise W

3 ) - - -
2 -
0- 00- 0.0
0 1 2 3 4
time (ms)

Courtesy Serguey Pestchanyi
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TOKES modelling also shows Sn protection for ®)
divertor during disruptions (KIT)

0.3ms 7 0.4ms

. ¥

40

30

20

Sn erosion [um]

10

Radiation 0
eIty 0 1 2 3 4 5

distance along divertor (m)

Sn plasma

From upper baffle

\/ plasma density

EESISEHn tormperature

Sn plasma density

W erosion [um]
>

W plasma

0 e
0 1 2 3 4 5

distance along divertor (m)

Courtesy Serguey Pestchanyi
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Experiments on QSPA Kh-50 explore how Sn-filled (@
CPS performs under disruption-like loading (KIPT)

Diagnostic chamber . -
QSPA Kh-50 1,0 conica —— Blibcatiod QSPA performance characteristics

chamber chamber
\ J\ /ULT Energy density max 30 MJ/m?2
! , :

—)) Pulse duration 0.25 ms

O_O;® O j Pressure 3-18 bar

| BATRN :
/-/ H , N L‘ \\.\ Electron density 0.2-5x10%2 m3
. / . .
Target position (z=2.3m) Chamber of magnetic solenoid BO 054 T
- Plasma diameter 15cm
Test conditions _
Makhlai Phys. Scr. (2021)
Energy density up to 3 MJ/m?
Number of pulses 100 3D printed W CPS cylindrical samples
of 25 mm in diameter and 17 mm in height
~ RT Rindt NF (2019)
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Comparison between Sn-CPS and W shows @)
\;

100 pulses @ 3 MJ/m? (>m.p. W)

Am/pulse = 6 mg/cm?

Makhlai NME (2019)
schenko FED (2023

=

25. Omm

T.W. Morgan | ISFNT | September 2023 | Page 23



How to achieve a practical
implementation?



! : : (PN
Development path for a liqguid metal divertor ®

L

van Eden, PhD.
Thesis, 2018

P
J }!J L,__ )
= Iter.org

Physics
basis

Heat load
testing

large-scale
testing

Rindt, NF (2019)

\‘gﬁ/ . i , ipp.cas.cz
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Stepping stone: COMPASS-U (IPP.CR) \®

« Key near term device
(late 2020s)

« High-field high current
tokamak

* High density high heat
flux divertor

* Inertially cooled PFCs
(discharge 3s)

« Hot walls (300-500 °C)

« Divertor flexibility
(install full toroidal ring)

Courtesy R. Dejarnac
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Activities towards implementation of @
development path

76, Activity

AUG experiment on Sn-CPS mock-up (DIFFER)

Magnum-PSI testing s.s. plasma loading (DIFFER)
OLMAT HHF loading (CIEMAT)

MHD flow modelling in CPS (UL)

COREDIV modelling of performance in COMPASS-U (IPPLM)

Superconducting magnet

Corrosion barrier development (ENEA PoLiMo)

Diagnostic view N~

~ To TU-I

}/ Laser beam path for diagnostic
e —

Experimental target with flowing
liquid metal on surface

Spectroscopic data thermal sputtering Sn (CIEMAT)

Pre-conceptual design COMPASS test module (CCFE/IPP.CR) e

Liquid metal out

Plasma beam 0Oil cooling out

Development optimized CPS design and prototype
(DIFFER/ENEA/CCFE)

TZM gates  Target Pre-chamber Translation/rotation

manipulator Development of new LM-dedicated linear plasma device

LiMeS-PSI (DIFFER) _ISFNT | September 2023 | Page 27



Example: corrosion barrier production (@
(PoLiMo) }

Sn corrosive for CuCrZr- may require protective
barrier layer
AlISI316

W coatings prepared by HiPIMS and exposed to .
stagnant Sn droplet at 400 °C up to 5 hours

Initial studies show light element doped
amorphous W structure most promising

CuCrZr

Failures out of 6 tests

6 -
[ 50 min 150 min 300 min
l B » 5
columnar e 41
| 3-
S
2_
1,
L B
Porous Dense  Amorphous
columnar columnar -like
\-
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Conclusions @

Sn-based CPS divertor could provide resilient alternative for DEMO

Full conceptual designs indicate power handling up to 20 MW m-2
while strongly limiting Sn evaporation

With Ar seeding operational scenarios exist over a wide range of
pedestal density compatible with core performance requirements

Natural negative feedback mechanism to stay in regime

Modelling and experiments show survival against unmitigated
disruption loads

Development of prototypes underway and new devices coming online
to develop LMDs to next level



Material options of Li, Sn both have strengths and (®)
N=
weaknesses

Choices once cost, availability, activation, material compatibility etc. taken into account

) Lowz Higher Z o)
\’) High vapour pressure Lower vapour pressure @
‘/Oio H H 1 D-o
"* High T retention Lower T retention )
1E26 : : : — : :
10—1 < Li ] ]
\ TT1E24 4 // E
é 10—2 i‘g F //' Sn e B ’l'
g'g i Sn W §1E221 ______ ;.."_________,’.IJ' r
Il C 8 1 & F
é 10-3 . &K\l\ - §1E201 : a
5 SR 7% e e e S
1074 l / T !
/ _ L Morgan Plasma Phys. Control.
1E16

Putterich NF (2019) o 20 a0 60 80 0 200 400 600 800 1000 1200 1400  Fusion (2018)

Temperature (°C)

Sn-CPS based design most promising and mature technology
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PFU thermal analysis (ENEA) &

Heat flux = 20 MW/m? Heat flux = 10 MW/m?2 Heat flux = 5 MW/m?2

349,94 Max
334,04
319,95
304,96
299,07
27408
59,08

244,99
230
204,95 Min

Roccella Journal of Tin is always liquid above 5 MW m-2
Fusion Energy (2020)
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Mock-ups being prepared for HHF testing 7
(ENEA/DIFFER)

3 cooling channels

water inlet

(3D-print will come on top)

water outlet

liquid metal outlet

DIFFER

T.W. Morgan | ISFNT | September 2023 | Page 32



LiMeS-lab being constructed as an intermediate ®
step to full development of LMDs (DIFFER) -

LiMeS-lab is a key stepping stone on this route
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What is LiMeS-lab? (DIFFER) =

Design and
manufacture
mock-up

Experiments
linear plasma

Post-mortem
analysis

3D printing Wetting liquid

onto mock-up metal .
device
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Approach Sn droplet production &)

Screening testing using Magnum-PSI (high flux H plasma)

Pre-treatment by low flux plasma to remove oxides and improve wetting on W
ENEA felt (showed promising performance)
Sintered surface 3D design
Commercially sintered W
3D printed Mo sample
Sn-Li sample

Surround targets with witness plates > RBS - determine Sn on plates
Fast image camera with Sn filter > see droplets

Optical emission spectroscopy - observe Sn emission evolution

Where possible embedded TCs, otherwise pyro IR - surface temperature

14 seth%rE,‘grSumame | Congress/event .
2023 T.W. Morgan | ISFNT | September 2023 | Page 35



OLMAT facility designed for HHF neutral beam ©
testing of LM targets (CIEMAT) B

To TI-II Performance:

= ' : 7 ‘ »  Maximum injected power: 705
-.&l!n — v | \p - kW = 50MW/m2

s :‘)-'.'_ \

»  Maximum pulse length: 150 ms
(at medium power)

»  Minimum pulse repetition rate:
every 30 s.

TZM gates  Target Pre-chamber Translation/rotation
manipulator

T.W. Morgan ii$5d31 redernfembeickRASNIR@82038lide 1



Long term: testing in COMPASS-U (IPPCR) and |- ‘®)
DTT (ENEA) B

COMPASS-U (from 2025) I-DTT (from 2027)

High field device ITER-like divertor powers

Closed high density divertor DEMO-relevant PB/R
High PB/R Divertor module exchange possible

Hot wall operation (300 °C)

Flexible exchange of divertor possible
T.W. Morgan | ISENT | September 2023 | Page 37
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Conclusions 1/2 &

 LMDs are a promising alternative to W-based PFCs
* Resilience to off-normal events
 Greater lifetime

e Sn preferred to Li
« T retention

« Safety
« Power handling

* Full conceptual designs indicate power handling up to 20
MW m- while strongly limiting Sn evaporation
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Conclusions 2/2 &

« With Ar seeding operational scenarios exist over a wide
range of pedestal density compatible with core
performance requirements

« Natural negative feedback mechanism to stay in regime

« Modelling and experiments show survival against
unmitigated disruption loads

« Testing in AUG shows good survival but that
Improvements to understanding/design of CPS
structures required

« Development of prototypes underway and new devices
coming online to develop LMDs to next level



Going from ITER to DEMO involves large jumps in (®
several parameters

Property ITER DEMO!?

Pulse length ~400 s ~7200 s
Duty cycle <2% 60-70%
Neutron load 0.05 dpalyr 1-9 dpalyr
. ITER DEMO 2 Exhaust power 150 MW 500 MW
- MO:SDE',”EX Divertor area ~4 m? ~6 m?
JET Radiated power 80% 97%

JT60-U

Resilience to neutrons and power excursions on
long timescales becomes more important

Courtesy G. Matthews

This is where LM strengths can play an important role
compared to conventional solid divertor materials

Wenninger NF (2017)
T.W. Morgan | ISFNT | September 2023 | Page 40



Several Sn-CPS based pre-conceptual designs @)

~

/=
(i

have been developed (DIFFER/ENEA/CCFE)

LM reservoir

<

refill line

CPS structure made by meshes or felt

= CPS =~2mm
“——\Vater Inlet 140°C

S Water outlet

2. DIFFER

liquid tin

cp layer

LM in open channel
below cp layer, can be
circulated with low flow

Water cooled CuCrZr conduit
(corrosion protection required)

T.W. Morgan | ISFNT | September 2023 | Page 41



ASTRA simulation strategy - overview

Initial conditions

Generic DEMO scenario
[Siccinio et al., FED 2020]
« Safety factor, T, T;, N,
profiles
* Auxiliary power

Boundary conditions

Outputs of SOLPS-ITER
° Tea Tia ne1 ni’ nDO
* [ of impurities
Interface set at separatrix (*)

(*) treatment of pedestal subject to
improvements

Nuclear Engineering

)
ASTRA
on aT
Fr'=—-D—+V-n g=X—-n

dp ap

ASTRA computes the main plasma transport equations,
evolving temperatures, densities and current, starting from initial
and boundary conditions.

The two codes implemented c tes the i it
in ASTRA, evaluate domptu €s fﬁ Impgrtlhy
turbulent and ensity profile an €

neoclassical transport radiated power
coefficients, starting from
the main plasma profiles

Meging o 1 LA BPRALI MDD tindate far Marcan’c [QERT 220 l'\IrSchNpTrLF:? |tgmbfl‘%qzi]|%6}?gf42




ASTRA simulation setup !
1002 : \ :

1 (: ¢ ¢ ¢ ]

- Starting from database of SOLPS-ITER gm L - @
simulations [G.F. Nallo et al., Nucl. Fusion i, A e
(2022)], consider one mitigated case and one e’ IS
unmitigated case for both Li and Sn (see figure) s SO S .

n] D—L\+Arj1':;7: 10%° :."
> |+ More detailed overview on ASTRA setup: PRl

3.5 3.75 4 4.25

Unmitigated

R— : * B, Iand q(p) consistent with SOLPS-ITER

Mitigated

n 19 me
N simulations (EU-DEMO 2017 [5]) o e tTTD
! ! * Boundary conditions from SOLPS-ITER imposed at i . Y
S - separatrix (p = 1) T DS '
» Profiles within pedestal (0.85 < p < 1) are not § 9 * ¢
evolved g0t A D o
* TGLF for turbulent transport includes TEM + ITG [6], <&° oo ,
NCLASS for neoclassical [7] S reos A a 0,/
- ASTRA evolved with one impurity (Ar neglected) joor| O Dol A (DY
* No resolution of individual charge states A o e 1076 ot

3.5 3.75 4 4.25 4.5
19 -3
ne=sep (107" m™)

G E Nalla | WPPRD-I MD 11indate for Moroan’c IJIE/KIJ}A?{%%T l'\IrSchNpTrLP:? |tgmer%in]|Pca}?gf43



Development path for a liquid metal divertor

e

L

van Eden, PhD.
Thesis, 2018

S

Tokamak
small-scale
testing

Heat load
testing

Physics basis conceptual

large-scale
design

testing

Rindt, NF (2019)

O



H atom/plasma flux can lead to Sn droplet formation. Can this be
suppressed?

H* dissolves in Sn Gas bubble formation Gas bubble collapse

H plasma H plasma H plasma

5000

H* ¥ To main
plasma

500 4

Sn Sn sn
H, SnH,

Ou NF 2020, Manhard NF 2020

n
o
1

10" 4 1
Grtasma MW m™?]

—-1.5
v —e=19 | L !
I 10 —-2.1
T T T
5~10 10~20 20~30 30~40 40~60 60~80 80~100 100~120 120~140 E”ar-l'\\j:/‘l

Droplet radius (um) 1073

Droplet counts (counts/cm?)

[&)]
1

o

Damaged targets

Asat/ A—

Ams,[ug]

107

|
|

Magnum-PSI experiment shows large
reduction in Sn with pore diameter

10 410!

'm" ' S 'm' ' o 10
Pore size [um] Scholte NME 2023



Test setup for Sn bubble suppression

d

Clamping ring + Casing:
*  Material: TZM
e Status: to me made

Sintered disc:

* Material: W

*  Pore radius = 1um = S.=90
*  Status: ready and filled

Course porous disc and

porous cup

* Material: ss (mottcorp), W
(DUNLEE)

*  Pore radius = 20um > S.=20

*  Status: to be made

Clamping ring

Sintered disc

Course porous disc,
TZM ring or solid TZM
disc

CaSing /

Porous cup

Witness plate

Hydrogen can escape

the box

TC




Design of the 3D-printed liquid tin module (LTM)

Design criteria:

1. Fit on the probe carrier
2. Maximum 2g Sn

3. Snliquid start discharge

3D printing:

* Freedom design

«  CPS attached to bulk

* Sintering small pore size (~50um)

Pre-testing in GLADIS
* Thermal parameters validated vs FEM
» Limited Sn droplet ejection observed
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CPS location, approach and diagnostics in ASDEX Upgrade

WIR
camera
mirror

CPS mounted on divertor manipulator
* Flush-mounted insert into TZM tile
 Quter divertor vertical target

+ Strikepoint moved down for fixed time
Local Sn gross erosion
* VIS spectroscopy lines of sight
Temperature measurement

’ » 2 thermocouples inside CPS base block
« MWIR and SWIR cameras

froscopy

Sn concentration in plasma core

* VUV spectrometer (SPRED)
* Main chamber bolometers
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Evolution of the CPS during exposure: Before plasma exposure
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Evolution of the CPS during exposure: After 2"d L-mode shot

#41272; 2" L-mode




Evolution of the CPS during exposure: After 15t H-mode shot

#41273: 15t H-mode




Evolution of the CPS during exposure: After 7t H-mode shot

#41279: 7t H-mode
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Strong Sn source observed when strike-line is on CPS

. Sn fluxdnasiydderediyae ondds rrecsiostony sxstem
Divertor spectroscopy shows strong Sn |

emission line (380.1 nm) once strike line is [gn [atm™2s7!]

moved onto the CPS in H-mode m
1 IIIIII|

* Rough estimate of Sn gross erosion based
10]8 1019 1020 1021 1022

on S/XB factor by Cremona et al.
A. Cremona et al, Nucl. Mater. Energy 17 (2018) 253-258

N Divertor plasma hotter and denser than in Ref.!
HeatLMD model underestimates Sn erosion
* Model considers sputtering & evaporation
N Thermal sputtering expected to dominate

« Discrepancy to experiment could be
explained by Sn droplet emission
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Sn core contamination beyond acceptable levels

Strikepointpesisior anckporstiaaiFT®AIYIometry/SPRED)

Total radiated power ~50% higher | ' ' ' ' u ‘
if strike line on CPS in H-mode Ce N haners ]
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Causes of droplet production and consequences

Droplet production source Sector 1.3a tile post-opening

Causes of droplet production:

Sn splash

Leakage from open edge of CPS
found

Many small droplets found
downstream

Large splash ~0.5 m away found
during scheduled opening
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»

1.5mm, CPS layer

Free surface Sn (leakage)

Too large pore size?

Poor wetting (oxides from air on bare
W)? ] B ]
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Ch1 MAG:23x HV:15kV WD: 18,8 mm

TZM tile post-experiment




Summary of PlaQ Sn experiments
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Other experiments indicate this is possible T K]

Nano-PSI exposure of CPS and free surface Sn

More technology development required
to demonstrate viability at lab/prototype
scale before it could be considered for
DEMO use



