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Part I — Plasma-wall interaction

Requirements for reactor first wall
Limiters and divertors

The plasma scrape off layer
Advantages of divertor concept
Plasma facing materials for ITER
Further challenges for divertors
Innovative divertor configurations



cPrL Power on a tokamak reactor first wall

I:>neutron
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cPrL Power on a tokamak reactor first wall

" Wall heat flux < 10MW/m?; Tjjasma < @ few eV
— Heat exhaust challenge
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=PFL  Requirements for reactor first wall

Withstand very large heat fluxes
on the material

Limit erosion, melting

~80MW/m?

Y~ 10MW/m2 4
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cPrL Requirements for reactor first wall

Keep the plasma pure
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cPrL Requirements for reactor first wall

Minimise retention of Tritium
(co-deposition with Carbon)
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Requirements for reactor first wall

Exhaust fusion & external heating power,
withstanding large heat fluxes

Keep the plasma pure

Minimise retention of Tritium
Minimise dust production
Provide vacuum containment
Remove Helium ashes (pumping)



L Limiter and divertor configurations

Direct contact of plasma with vessel wall must be limited to well-defined areas,
which take the power carried by particles and not radiated by plasma
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cPrL The divertor concept

magnetic flux surfaces

separatrix (LCFS)
f edge reglon
The Scrape-Oft-Layer scrape-off \| T/
. layer /
(SOL) is the outer layer Z
of plasma in direct ' 1/
first wall

contact with the plasma core
material wall

1'/

separatrix (LCFS)

The SOL thickness
results from balance
between cross-field and \‘\‘\

parallel dynami s '
&
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nm

PrL  Advantages of divertor concept -1-

Long connection length parallel to B (= length of field line before
it touches the wall, e.g. in ITER ~150m) reduces parallel power
flux arriving to target

Parallel gradient of T allows low T 1n divertor chamber (~5¢V)

Scrape-off
Layer

Separatrix (last closed
flux surface)
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Advantages of divertor concept -2-

Because of lower plasma temperature, reduction in
erosion and impurity production by

H" 70
Physical sputtering by ions =‘
H+
Chemical sputtering by ions =
H* (fast)

Neutral impact (charge exchange collisions) H" (slow)

HO
(slow) HY (fast)
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cPrL  Advantages of divertor concept -3-

Reduction 1n impurity transport back to core plasma
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cPFL  Advantages of divertor concept -4-

Easier access to high Transport barrier

confinement regimes

Heat source
INncreases

Turbulence
decreases

Confinement
Improves
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cPrL  Advantages of divertor concept -5-

Pumping (particle exhaust)
Higher neutral gas pressure

Cryopumps
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cPrL Advantages of divertor -6- detachment

At ~5eV o; <o

onisation charge exchange

Energy 1s transferred from ions to
neutrals, which spread power
deposition (neutral cushion)

T 1s further reduced and e-1
volumetric recombination occurs
close to the targets

Low energy flux to the target as
most of power 1s dissipated in
radiation

Neutralsi

[
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cPrFL Advantages of divertor -6- detachment

BO1 81486 13.000000 KW m?

At ~5eV o; <o

onisation charge exchange 2.0

-400.0

Energy 1s transferred from 1ons to
neutrals, which spread power
deposition (neutral cushion)

-300.0

1.0

-

T 1s further reduced and e-1
volumetric recombination occurs oo
close to the targets

Low energy flux to the target as
most of power 1s dissipated in
radiation
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=PrL Advantages of divertor -6- detachment

Core plasma \l., |
T~108 °C 'R
B dion ~2 GW

Center

Divertor detachment

Volumetric
radiation

Plasma-neutral interaction,
plasma partly extinguished

Can radiate up to
~95% of the
SOL power!

-

»

Heat flux to plate
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cPrL Plasma detachment on TCV
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Internal baffles creating a
divertor chamber of variable
closure for plasma and heat
exhaust control

MANTIS CIIl (465nm) emission
<ng>=8x10"m’® <ne>=8x10"m

The results show higher
neutral and plasma
pressure in the divertor,
as expected, and easier
plasma detachment
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cPrL First wall materials for ITER

ITER divertor will be made of W

Low T-retention, high threshold for sputtering

Walls will be made of beryllium

Low-Z, low T-retention, good oxygen getter

Materials chosen also to minimise
deterioration of thermo-mechanical
properties under neutron irradiation
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cPFL  Further challenges for divertors
Transients

Edge Localised Modes, ELMs

Large edge gradients give rise to
instabilities that generate outwards
bursts of energy and particles = large
thermal loads

Ex. ELMs 1in ITER
15M1J in 0.2ms over 6m?
- 10GW/m?
- surface temperature ~ 6000° C
- melting
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cPFL  Further challenges for divertors

Transients

: . Disruption in JET
Disruptions

Sudden loss of plasma leading to large
deposition of energy on walls

thépnographﬁl

Ex. ITER full energy disruptions: peak energy
densities on divertor of 5-20 MJ/m2 over 3ms
W divertor lifetime exceeded in ~300 disruptions

We don’t have materials that
withstand for sufficiently long time
these thermal loads, therefore we need
to act on plasma to avoid or mitigate
these violent transient events
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cPFL  Innovative divertor configurations

New divertor configurations are explored for DEMO and reactors
Limit material erosion, increase radiated power with detached plasma, keep plasma pure

Ex. of alternative concepts: liquid metal, super-X, snowflake, ...

Liquid metal walls Super-X divertor Snowflake divertor
Compass (CZ) MAST-U (UK) TCV (CH)
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Summary of part I

Reactor first wall must satisfy a number of
stringent requirements

Divertor concept 1s adopted as 1t has several
advantages

New divertor configurations are explored for
DEMO and reactors

Plasma wall interaction results from integration of
plasma, atomic and materials physics
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cPrL ,
From the plasma to the material walls

fusion edge plasma divertor/mainchamber wall cooling structure

/

distorted surface

neutron damage
)1

Be, O,
N,, Ar, Ne, Kr

DT
® He

14 MeV
neutrons

He production
T. Schwarz-Selinger

Tungsten
1500 K>T > 500 K

10%m32st >® > 10*m2s!
eV <E<keV
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Part 11 — Structural materials

Requirements for fusion materials
Fusion vs. fission

Effects of 14 MeV neutrons
Evolution of materials properties
Candidate structural materials

How to test fusion materials



cPrL Part 11 — Structural materials

Main 1rradiated components

TF coils

upper ports
(modules & coolant)

blanket
modules

central ports
(modules)

vacuum vessel

- lower ports
M Swiss (drvertor)
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=PrL Requirements for structural materials

Withstand very large fluxes of 14.1MeV

neutrons

Ex. DEMO

flux ~ 10'°-10%° neutrons m2s-
fluence ~ SMW y m™

(fluence 1s the integral of flux)

1

As low activation as possible
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cPrL Requirements for structural materials

Operate at the highest possible temperatures to optimise
thermal efficiency of power plant

MNcarnot — 1 - Tcold/ Thot
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=PrL Fusion vs. fission

Fission Reactor Fusion Reactor

transients:
P/a ~ 1 p_(_)_(!__!\llWIm2

steady state:
P/a ~ 10 MW/m?

DT-plasma

P/a ~ 1 MW/m?

Courtesy of
R.Kamendje
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=PrL Fusion vs. fission

Fission Reactor

Fusion Reactor

additional structures
behing FW:
breeding blanket etc.

first wall

DT-plasma

\

<E,> =2 MeV E,=14.1 MeV

W Swiss @ Material activation and degradation
Plasma -
Center 1AEA ... by energetic neutrons @

A

Courtesy of
R.Kamendje



cPrL Effects of 14MeV neutrons

The 14MeV neutrons produce
atomic displacement cascades

transmutation nuclear reactions
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=PrL Atomic displacement

Mechanical effect of neutron of energy E_ hitting atom of mass M
at rest 1n lattice

m >
v,=(2E,/m )2

Im, M 4m
Max enerev transfer E = F T _~F —F
gy max Nt M)?2 n "

Ex. iron M = 56 amu, E, = 14.1MeV : Epqy, = 14.1x— MeV~1MeV
Note: Eax >> Ewigner (~25€V) (threshold energy for displacement)

—> iron atom is displaced and ejected from lattice
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cPrL Atomic displacement

Point structure defects
The ejected atom leaves behind a vacancy and goes to an interstitial location (Frenkel pair)
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cPrL Atomic displacement cascades

AS E,.x >> Ewigners the primary knock-on atom initiates a series of
other knock-on events, leading to an atomic displacement cascade
Vacancies and interstitials form clusters (swelling)

The strength of the material 1s affected

Damage 1s quantified in average number of displacements per atom
(dpa) during the working life of a material

dpa 1s proportional to neutron fluence (time integrated flux)

I Swiss
Plasma
Center



cPrL
Neutron induced dpa in fission and fusion

Advanced React Future Systems

| ,

First Reactors

1950 1970 1990 2010 2030 2050

ITER IFMIF DEMO Power Plant
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=Pi-L Transmutation nuclear reactions

Nuclear reactions between fusion neutrons and lattice atoms

Generation of radioactive atoms and of He and H
%Fe +n 23Cr + o
(n energy threshold 2.9MeV)

*Fe + n >°°Mn + p
(n energy threshold 0.9MeV)

Individual He and H atoms tend to coalesce, forming gas bubbles
that weaken the material
Effect 1s quantified in atomic parts per million (appm) of He or H

in fusion the appm/dpa ratio is much higher than 1n fission:
~10-15 appm He/dpa and ~40-50 appm H/dpa
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cPrL The two effects together

@® Energetic projectile
(for example neutron)

®_0
.'.

b |

(110)

) J.Knaster et al., Nature Phys.
Dynamic DOI: 10.1038/NPHYS3735

crowdion

Replacement Core of small
collisions cascade

The modifications of the microstructure degrade the
® Pasma macroscopic chemical, physical and mechanical properties

Center



cPrL Irradiation time and length scales

A
DEMOnstration
reactor concept
m —
Irradiation-assisted
microstructural,
changes, erosion,
stress corrosion cracking,
swelling, creep and b AR
mm fatigue crack growth 5m
@
©
% Long-range diffusion
- and segregation of
) solutes, precipitate
QC) incubation
d H, He diffusion
um and trapping Long-range
defect
Point defect transmrt and
recombination, diffusion annihilation
and clustering at sinks
Primary defect
production and short-
NM — term annihilation J.Knaster et al., Nature Phys.
Abrcas DOI: 10.1038/NPHYS3735
vibrations
| | | | | | | |
>
fs ps ns us ms S ks 10 yr
W Swiss Timescale
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=PFL  Evolution of materials properties

Change 1n the chemical composition

Physical properties — important for functional materials
Decrease of electrical conductivity and of thermal conductivity
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=PFL  Evolution of materials properties

Mechanical properties — important for structural materials
Loss of creep strength, change in ductile to brittle transition temperature
Embrittlement (hardening, loss of ductility, loss of fracture toughness)
Change in mechanical dimensions (swelling)

stress

loss of ductility
Iy <

hardening

unirradiated

strain

s —
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cPFL  QOverview of radiation effects in fusion

Displacements

Sputtering
Increase in resistivity
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Transmutations

Radioactivity
Change in chemistry
Afterheat




cPrL Structural materials for fusion

Candidate structural materials must have a chemical composition
based on low activation elements: Fe, Cr, V, T1, W, S1, C

Based on safety, waste disposal, and performance, the leading

candidate structural materials are
Reduced activation ferritic/martensitic steels (ex. EUROFER 97)
Vanadium alloys
Tungsten alloys
S1C/S1C composites
(but dpa/fluence is 3 times
larger in S1C than 1n steel)

8

Nuclear Fission Light
Water Reactor

Fusion
Vanadium
Alloys

Level of Coal Ash

Fusion
Silicon
— Carbide

Composites

Curies/Watt (Thermal Power)

[
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—
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=PFL  Fusion needs large amounts of steel

Ex. present version of European DEMO

Components Steel Quantity
needed / tons

Blanket EUROFER ~ 2,180
Divertor Cassette Body EUROFER ~1,170
Vacuum Vessel SS (ITER grade) > 10,000
Superconducting Coils SS (ITER grade) ~ 29,300
Cryostat SS (ITER grade) ~ 15,300
BoP SS ~ 4,500

> 3,300 tons EUROFER
> > 62,450 tons SS cf ~ 406 MC
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cPrL The need to test materials for fusion

Experimental knowledge
of materials behavior in
fusion reactor conditions
1s very limited
Extrapolations from current
conditions to fusion regime is

much larger for fusion materials
than for core plasma parameters

M Swiss J.Knaster et al., Nature Phys.

Plasma DOI: 10.1038/NPHYS3735
Center
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Figure 4 | Graph showing the correlation of dpangT versus appm of He
generated for the different possibilities of testing materials (alternative
and IFMIF) compared with fusion reactor conditions. MTS, Materials Test
Station spallation source at Los Alamos National Laboratory; RTNS-II,
Rotating Target Neutron Source-I|, previously at Lawrence Livermore
National Laboratory; SINQ, Swiss Spallation Source at Paul Scherrer
Laboratory; SNS, Spallation Neutron Source at Oak Ridge National
Laboratory; FNS, Fusion Neutron Source at Japan Atomic Energy Agency.
Figure modified from ref. 31, © 2014 Annual Reviews.



nm

PFL The need to test materials for fusion

Urgency of fusion materials tests 1s universally recognized

But how can we produce the relevant spectrum of neutrons ?

Volumetric neutron sources, €.g. low fusion gain tokamak producing DT neutrons
Accelerator based irradiation facilities (e.g IFMIF), producing neutrons from

Li+d—> Be+n
Neutron spectra Relevant for damage
and transmutations
— In steels
% 116 [ —— = o ]
= 1E15 :%jj;j%‘\
‘Tw ? i
‘e 1E14} S |
O, C
> TE13}
2
S 1E12F
© - _
X  1E11 — MTS sample can #3
..5_5 ——— MTS sample can #7 \
S 1E10L DEMO first wall
e IFMIF back plate
o 1E9L [——IFMIFHFTM
c 3
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cPFLIFMIF-DONES irradiation test facility

LITHIUM
ACCELERATOR LOOP
IRRADIATION
The accelerated TESTS
deuterons hit on
a liquid lithium MODULE
jet which flows
Specimens

Nuclear reactions
in the lithium will
produce neutrons
that irradiate the
materials
specimens

Must extrapolate results obtained in small volume (0.51 at *
® Pasma 20dpaly) to large reactor: small specimen test technology

Center



cPFLIFMIF-DONES irradiation test facility

Site at Escuzar, close to Granada, Spain
Operation expected in ~2034
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* On the basis of
miniaturized specimens,
0.5 liter (high flux test
module) is sufficient to get
within 15-20 years a
representative test matrix
up to about 150 dpa for
a variety of materials.

1cm
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Small specimen test technology

H. Matsui et al.,

SOFT Conference,
2004
Specimen Present Comments
type geometry

Tensile
Fatigue
Bend/Charpy

DFET
Creep

—
e
—

Crack growth

Fracture
toughness

developed

developed

Standard achieved
R&D ongoing

Miniaturization
needs verification

International R&D
ongoing

International R&D
ongoing




cPrL EU irradiation test facility

DONES - Demo Oriented Neutron Source in Grenada (Spain)
Under development to start material tests for DEMO

Based on IFMF concept — just one accelerator instead of two,
half size of irradiated volume

https://youtu.be/gupecxxcZTQ
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https://ugr.us11.list-manage.com/track/click?u=e6e18105f0238ff9aed2e192c&id=40701c9dc1&e=07b5daaaed

cPrlL Summary of part I1

Fusion structural materials must satisfy stringent
requirements

Material properties affected by n-irradiation, but
exp. knowledge of effects 1s incomplete

Need tests of candidate materials

Material science plays a crucial role in fusion
energy research
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