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BASIC FUSION BOUNDARY PLASMA PHYSICS

Plasma Surface Interactions

JANUARY 2019 D. REITER

10" ITER international school 2019
The physics and technology of power flux handling in tokamaks. January 215t to 25" KAIST, Daejeon, South Korea
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Fusion boundary plasma physics:

Like in any applied science: Three questions
l.) WHAT: ...happens? Plasma flows, chemistry, wall interaction processes,...
II.) HOW: ...can we make the application work? - build ITER

l1l.)  WHY: understanding the “WHAT" (boundary plasma),
based on theory, simple modelling, and

computational bookkeeping (complex codes) of many “basic processes”

Today: we know enough about “What” happens to proceed to “the
“How” question (build ITER). Very little still on the “Why” question.
Todays lecture: land Il, in a nutshell

l) JULICH
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Reading...
R. Clark / D. Reiter (eds)
P.C. Stangeby IAEA decennial reviews |
_ (the last one so far: 2014, Daejeon
(loP, 2000): (Springer series: chemical physics, 2005):

THE PLASMA
BOUNDARY

OF MAGNETIC
FUSION DEVICES

Golden standard text book, specialized topics,
boundary plasma science review articles by experts 9 JULICH
Mitglied der Helmholtz-Gemeinschaft

Forschungszentrum



Listening...

3.5 hours DETAILED podcast interview with Richard Pitts (ITER-10):

“ITER and Fusion: explained in context”
http://omegataupodcast.net/download-archive/
episode 157-fusion-at-iter

PES>T

Home

jissenschaft & technik im kopfhorer
cience & engineering in your headphones

Uber/About Feedback/Community Tours Themen/Topics

By MaNo

Mitglied der Helmholtz-Gemeinschaft

Google+: g4 13

Facebook: 41 people like this. Sign Up to see what your friends like.

Rate: (average: 4.81)

¢t ITER, the international profyct to build an experimental = 31

fusion plant in southerm~ance While on ation in that area, | had the

- o Tweet
opportunity to visit the site and talk to Richard Pitts about many aspects of
the project. We focus mostly on the physics and the engineering challenges, but also
address some of the organizational aspects of this huge scientific project. Note that

this episode is essentially a continuation of omega tau 022 — Nuclear Fusion at MPI

yet.

ITER — the way to new energy
ITER (WP)

Q Value (WP)

Stats

Archive Impressum

Episodes
Web: all| de| enlus
RSS: all| de| enfus

iTunes: all| de| enfus
bittorrent: all| de | enfus
== Show English episodes only!

Social

86U

Search/Suchen

Spenden/Donate

PayPal
Donate

(T=]

251

a wishlist
Markus

S—T

/.
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http://omegataepisode/

BASIC FUSION BOUNDARY PLASMA PHYSICS

This lecture is built upon a tutorial by THE UNIVERSITY 0f JO7K
Bruce Lipschultz, University of York, UK | |

+ some lecturing material, talks, ... from

e.g. S. Brezinsek, R. Pitts, W. Fundamensky, and many more

&) JULICH
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Basic fusion boundary plasma physics and plasma-surface interactions

= Review tokamak geometry

= Heat exhaust challenge in a tokamak: the divertor
How divertor physics helps reduce/spread the heat flux

= Reactor requirements for erosion rates
Role of divertor physics in reducing that erosion

= Trititum retention inside the tokamak (...if time permits...)
Processes and how to control it

= Summary

IJ JULICH
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Tokamak terminology and topology

" Two primary directions

e Toroidal (¢p) — also direction of plasma current
which makes a poloidal field

e Poloidal (0) /
" Total field, B, dominated by B, loops helically

around the plasma (poloidally and toroidally)
" B,/B ~ 0.1 in tokamaks

® Surfaces of constant poloidal field flux are formed

" The boundary plasma is that region, in which the

plasma (dynamics, composition, etc..) and the
vessel components are directly and strongly
mutually affected

® Today tokamaks are big enough to have a well
separated core plasma region <= mutual boundary
conditions to boundary plasma.

Mitglied der Helmholtz-Gemeinschaft
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Tokamak terminology and topology, “core”, “boundary”

" Two primary directions

e Toroidal (¢p) — also direction of plasma current which
makes a poloidal field

e Poloidal (6)

Vacuum
vessel wall

" Total field, dominated by B, loops helically around the Far SOL &
plasma (poloidally and toroidally) vactum
® Surfaces of constant poloidal field flux are formed
* Inside the separatrix field lines do not intersect Foundafy
ayer

material surfaces — the hot core plasma

« QOutside the separatrix — the Scrape-off layer (SOL)
where field lines are routed to the divertor target

74
« The poloidal field goes to zero at the x-point , {(’@

= Divertorleg

Divertor
target plateg

 (far SOL) plasma chemistry, vacuum region .
Private flux

IJ JULICH

Forschungszentrum
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ITER burning plasma power exhaust

Power balance

9 JULICH
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ITER burning plasma power exhaust
Power balance
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ITER burning plasma power exhaust
Power balance
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ITER burning plasma power exhaust

Power balance
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ITER burning plasma power exhaust
Power balance

and
divertor

(ot
g

s through II/’/’.
I

TN e | i “ |/ edge
, A\ S | . -
‘E_&\ il Ayt ¥ / | d

0
I
1

| plasma
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Divertor vs Limiter geometry

® Until ~ 1980 -1985 the heat flux handling structure was a limiter — an aperture that

limits plasma size

e Erosion rate high due to sputtering and evaporation

e Impurities immediately go inside the separatrix (confined plasma) — cooling that
plasma through excitation radiation (high Z), and diluting the fuel (low Z)

Mitglied der Helmholtz-Gemeinschaft

20

10

Vertical height {m)
[=]

Limiter Operation

Belt limiters

RF Antenna
\

10

20 3.0
Major radius (m)

40

~ Vertical height (m)

/.
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Limiter tokamak: example: TEXTOR, FZ Julich 1983 - 2013

Inner bumper

Areas of dominant
Ilmlter/dlvertor

“recycling”

RMP colls

' L — ALT-I

A toroid. pump-limiter
Hidden behind:
8 pumping stations

@) JULICH
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Divertor vs Limiter geometry

® Until ~ 1980 - 1985 the heat flux handling structure was a limiter — aperture limits plasma size
e Erosion rate high due to sputtering and evaporation
e Impurities immediately go inside the separatrix (confined plasma) — cooling that plasma

® Divertor geometry - plasma-material interaction moved away from the confined plasma

® Still limiters in a divertor-based tokamak to protect the walls and components

Limiter Operation Divertor Operation
20 Belt limiters 20 Poloidal
JET \]ET —— limiter
i 1993-now [/
1.0 10 J
£ g | (various
-t = 1 f
= £ | divertor || (@ mn
20 £ o—designs) =7
s g ‘
> > \ x
ool 20 N 2/ 4
J 2l
Target plates — o
oL ool 3 e
RF Antenna RF Antenna - oo
I | \ | I | I | \ ! | ! \ ! | ! \ & l J U L I C H
0 10 20 3.0 4.0 0 10 20 3.0 4.0
Mitglied der Helmholtz-Gemeinschaft Maijor radius (m) Maijor radius (m) Forschungszentrum
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JET (Joint European Torus)
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JET Furnace chamber:

@85m 25mhigh B=34T 48MA 1min

. Poloidal Divertor (1993 - )

o »>
st
AR

Recycling,

| visible light: H,

/.

Dominant
- ] plasma -
surface
interaction
localized
In divertor
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Limiter vs divertor recycling

o SOL
Limiter \
e =
‘e D21 DO C01 CXDy
D,, DY Impurities,
eg. C% C,D,
Apo ~ few cm, Ao ~ 1 cm, Ag,p, ~ fEw mm Divertor target
Intimate contact with edge plasma PFCs removed from edge plasma
Little recycling/cooling in the SOL Colder, denser SOL plasma, due to
results in a hot, tenous SOL plasma local recycling / cooling
High erosion yields, poor pumping Lower erosion yields, improved pumping
Strong influx of both fuel and impurity neutrals Fuel and impurity sources screened
Impure edge & core, i.e. high Z Improved plasma purity, i.e. lower Z

9 JULICH
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Fusion energy production puts severe demands on the surfaces and

materials surrounding the plasma

What are the challenges and goals associated
with the interaction of the plasma with
surrounding material surfaces?

A. Reduce power flow to surfaces to below
engineering limits through spreading the power

« Gigawatts/m? flowing along the field, but ~10
MW/m? engineering limit onto the surface

Mitglied der Helmholtz-Gemeinschaft

Vacuum
vessel wall

Far SOL &
Vacuum

Boundary
layer

SOL

Separatrix
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Fusion energy production puts severe demands on the surfaces and

materials surrounding the plasma

What are the challenges and goals associated
with the interaction of the plasma with
surrounding material surfaces?

B. Lifetime of surfaces: Plasma Facing
Components (PFCs)

e Erode at a rate consistent with reasonable
maintenance and economics

e The material should not fail due to
degradation of properties (neutrons,
thermal...)

Mitglied der Helmholtz-Gemeinschaft

Vacuum
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Fusion energy production puts severe demands on the surfaces and

materials surrounding the plasma

What are the challenges and goals associated
with the interaction of the plasma with
surrounding material surfaces?

C. Compatibility — Atoms eroded from the
material interface should not lead to degradation
of the fusion process occurring in the core
plasma

e Dilution due to the material atoms going into
the plasma, displacing fusion reactions

e Radiation losses due to surface-eroded
Impurity atom excitation and ionization —
cooling the plasma and lowering the fusion
reaction rate

Mitglied der Helmholtz-Gemeinschaft

Vacuum
vessel wall

Far SOL &
Vacuum

Boundary
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Fusion energy production puts severe demands on the surfaces and
materials surrounding the plasma

What are the challenges and goals associated
with the interaction of the plasma with
surrounding material surfaces?

Vacuum
vessel wall

D. Tritium retention — only a small fraction of the

fusion ‘fuel’ can get stuck in the ‘engine’ Far SOL &
_ _ _ Vacuum
e T can be implanted or buried in surfaces
e He ‘ash’ from fusion reaction needs to be
removed efficiently Boundary
layer
SOL
Separatrix
X-point
Divertorleg

Divertor Private flug J U L | C H

Mitglied der Helmholtz-Gemeinschaft target plates Forschungszentrum



Properly handling the heat exhaust is a primary hurdle in the
guest for magnetic fusion energy

Fusion reaction: D+T— n (14.1 MeV)

® 1/5 of the fusion power (alphas) goes back
Into heating the plasma — ‘burning plasma’.

" That power has to be exhausted safely

e “Areliable solution to the problem of heat
exhaust is probably the main challenge
towards the realization of magnetic
confinement fusion™

*EU -EFDA report "Fusion Electricity —
A roadmap to the realisation of fusion energy’, Nov. 2012

JULICH

Forschungszentrum
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The 4 challenges (mutually related)

A. Reduce power flow to surfaces to below engineering limits through spreading the power
B. Lifetime of surfaces (Plasma Facing Components, or PFCs)

C. Compatibility — Atoms eroded from the material interface should not lead to degradation of
the fusion process occurring in the core plasma

D. Tritium retention — only a small fraction of the fusion ‘fuel’ can get stuck in the ‘engine’

l) JULICH
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A. Power flow to surrounding material surfaces
Sunny day

The largest fusion reactor today:
JET (Joint Europ. Torus) :
Planetary space re-entry @ 85m, 25m high, 3.4 T, 7 MA, 1 min

f i > S
TN S 4 v-‘r“ \L/ T “' s
g T\ e . X
-4y || SIEEESiG o e
- | JT
=
— & ' =

| Temporarily:
g~ 1 MW/m?
a few minutes

Maintain particle exhaust and
g <10 MW/m?
steadily

Mitglied der Helmholtz-Gemeinschaft

Arc-welding

[http://wvww.youtube.com/watch?v=Ng-
urnWhBR8&hd=1]

g ~ 40-100 MW/m?

l) JULICH
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A. How much will the heat flux spread as it flows along the

magnetic field?

®" The transport of particles and energy across and along the field determines
where the particles/power go — the peak heat flux and the ‘footprint’ on surfaces

e Sets the requirements for high heat flux components and where they need to be
located

" The conductivity along the B field is much higher than across the field
e The good confinement across B is wanted in the core but not in the SOL

As for particles, parallel-to-B heat flux width %, is determined by the ratio of L to
|| heat transport (e.g. cross-field ion conduction and parallel electron
conduction: i.e. o« (y /)2 ), where y, is anomalous.

Scalings for A, can be derived from theory and experiments.

" Analysis of data from existing tokamaks leads to the conclusion that for ITER

* The parallel-to-B heat flux width*, 4, is ~ 1mm, ~ 0.03% of the minor radius
of the ITER plasmal!

 The smaller 4, is, the higher the peak heat flux along the field, q;

*M. Makowski, et al, Phys. Plasmas 19, 056122 (2012);
B. LaBombard et al, Phys. Plasmas 18, 056104 (2011);
Mitglied der Helmholtz-Gemeinschaft Eich, T. et al., Plasma Phys. & Contr. Fus., 2005, 47, 815;
D. Whyte et al, J. Nucl. Mat. 438 (2013) S435-S439
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A. How much will the heat flux spread as it flows along the magnetic
field?

®* multi-machine scaling indicates: 7\qu ~ constant

* Stored energy scales strongly with tokamak major radius, W o« R#
But power deposition area in the divertor A o«c RA, only (~3.0 m?in ITER)

* WI/A: Bottom line is that despite its increased physical size,
ITER will concentrate more power into a narrower channel
at the plasma edge than today’s devices.

IJ JULICH
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From now on... ... a bit more schematic

Core Plasma

P so; ~100MW

9 JULICH
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A. The power flow across the separatrix in ITER may not
seem large but the resultant q, Is very large

®For ITER: Pgo, ~ 100MW crossing the separatrix

m The power primarily enters the SOL at the outer
edge, or low-field side

m Roughly P, /2 flows poloidally toward the outer
divertor through a horizontal planar annulus of :
area 2mRA, — *— "|Pso1~100M T

Core Plasma

m 1, scrape off layer (heat flux) width: a decisive
parameter. Best guesses: a few mm (?).

Great battlefield in boundary plasma theory.

A.;;N)LFNHTH”DL, A'TN)LGN'\/THTZL-

LH 1
O =

C anomalous
Lﬁ }
m* — classical collisional

’L'”;_r%

l) JULICH
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Aside:

Indicate: nature might help ?

XGC1 gyrokinetic simulations consistently
show that A, «c /1, (up to B\ ~0.8 T), but
also that thls emplrlcal + |on drift scaling is
broken at the ITER scale: B, yp~1.2T

o Attributed to domination of electron
turbulence
Recent attempt to model JET 4.5 MA

discharge gave A, as expected from empirical
scaling (very |nd|rect ‘evidence” so far)

* But no direct experimental A, values are
available jet for these dlscharges

Well diagnosed, high power, highest | JET
discharges with divertor IR are needed to
verify this result

Mitglied der Helmholtz-Gemeinschaft

recent ab initio boundary plasma turbulence simulations

() Experimental data points, from an older version
EFIT, correspondmg to XGC1 simulations

XGC1
O DII-D
O C-Mod
V NSTX

% JET

¢ MAST

Whattis-happenin

between JET and |TER?
oo A/
- N
0.4 06 0.8 1.0 1.2
Booimp [T] 1, By g5 o Lt
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A. The width of the SOL power flow, 4,, Is very small

" For ITER: Py ~ 100MW crossing the separatrix Aq

: : = t -—
* The power primarily enters the SOL at the outer U = upstream —
edge, or low-field side

* Roughly P4y, /2 flows poloidally toward the outer
divertor through a horizontal planar annulus of
area 2mRA,

* Peak poloidal heat flux can be written:

Psor,/2
2T R,

Core
Plasma

dpol ™~

t = target

IJ JULICH
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A. The parallel-to-B heat flow is considerably higher

Geometry: field pitch, B/Bg
flux expansion,
target plate tilting, a wrt. B,

dpol — 4| —7 qL,T

_Psor/2
ol 2T R,
g ~ Psor/2 B yaries along poloidal
| 2rR)\; Bg direction
~ Psor/2) B Be sin(a)
41,7 27TR)\q B(_.) U B T

@ ) JULICH
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A. The high parallel heat flux leads to high SOL temperatures
and plasma conductivity

k= ke T3 The thermal conductivity
- Increases rapidly with temperature
2 dT7/2
q,=k,VT,=ky———— ITER: g~ 2 GW/m?
°7 ds

2/7
T, « T, allows us to solve for the

7 9, 6 sep
Tsep [EK I } ~150eV~1.5x10°K separatrix temperature
0|

K ~5x1o4ﬂ~100 K

sep m-K copper

e Even at ~150 eV the plasma just outside the separatrix in the SOL is a
very low resistance thermal conductor .
@) JULICH
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A. Ultimately q, must be reduced by at least 100-fold to reduce
the surface heat flux below 10MW/m?

A
u = upstream _>q<_ Q. ~1.8 GW/m?(ITER), and ~ 5-10 larger in a Demo

" Physical limits for steady state heat removal by
conduction through a surface < 10 MW/m?, ~ 200 X less
than q|

Core
Plasma

q”,t - 22 GW/m2

7

t = target

IJ JULICH
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A. Ultimately q, must be reduced by at least 100-fold to
reduce the surface heat flux below 10MW/m?2

Area ~2mRA, ~0.04m? 7\‘q =1-2 mm
~100 |\/|W> I

~ Oy~ 1.8 GW/m2(ITER), and ~ 5 - 10 times larger in a Demo
CORE PLASMA

Magnetic flux expansion
~ (By/B),/ (B¢/B); ~ 4 for ITER
outer divertor = low field line
o _ If no radiative (or other) dissipation
/ Target tilting in poloidal plane
(o ~ 25° for ITER outer target)

Area ~2mRA4(Bg/B)y/ sin(a)(Bg/B); ~0.5m*  per target

IJ JULICH
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A. Ultimately q, must be reduced by at least 100-fold to reduce
the surface heat flux below 10MW/m?

A
u = upstream _>q<_ Q. ~1.8 GW/m?(ITER), and ~ 5 -10 x larger in a Demo

Core

Plasma Bottom line — geometry is not enough to reduce the heat

loads to below engineering limits; Need another factor of
10-50dropin q

Oyt ~ 2.2 GW/m? | What can be done to bring g, down
| substantially?

/ q,,~ 100 MW/m? Plasma Physics!

t = target

l) JULICH
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A. Power flow to surrounding material surfaces

" First review electrostatic ‘sheath’ at surfaces — a concept central to plasmas

e At any interface between a plasma and a conducting surface a sheath is formed — a
potential barrier to slow the electron flow to the surface to the same level as ions

u(x) Us |

- -

>

VPIasma
Y

o

: e —
arbitrary zero B

— — — — — — — — — — -

Sheath Presheath Plasma

IJ JULICH
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A. Review of the sheath

" lon thermal velocity, vy, ;, Is

M;

e

smaller than electron thermal velocity, vy, ..

e Electrons flow to surfaces much faster than ions

(unless tilting angle of surface against B field is made too small: “near parallel targets”)

® Allow the surface to be floating (not drawing an electr. current)

e Wall charges up negative and repels electrons such that ion (J;,) and electron (J,)
currents are equal (3, = J)).

e Plasma flow at sound speed, u.=C, =

v

k
u(x)
e

o

Us

——

?\;Ire’ entering the sheath

Vplasma X

Wall

Vwall

Sheath

Mitglied der Helmholtz-Gemeinschaft
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|
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|
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A. Review of the sheath (with 2 2° inclination against B field)

" lon thermal velocity, v, Is Aﬂ? smaller than electron thermal velocity, vy, ..
o Electrons flow to surfaces much faster than ions (are more “mobile’)

® Allow the surface to be floating (not drawing current)

e Wall charges negative and rejects electrons such that ion (J;) and electron
(J.) currents are equal (J, = J,). Also accelerates ions towards the surface

2T :
e Plasma flow at sound speed, C_ = =, entering the sheath

M. ’
2 — [ 1 Non-Maxwellian
o Lo Sheath edge —, B ion distribution
_ rd at sheath entrance
s | v s Surface
O & — ]
s c vy,
2 o upstream
© t; —
cC C
o7

2 — —
/ ZA T TN :
_ v IJ JULICH

Forschungszentrum
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Aside: Langmuir probes

® Electrons are in a repelling potential, the (truncated) Maxwellian form at sheath
entrance in maintained up to target (at same T.), just more truncated there.

" AS VIS varied (Jq tace VS Viias ), ONE Obtains a measure of the electron
distributions function — that is how Langmuir probes measure T..

A Loof
Jsurface : a ~a'°“,\?fcé-$»»--"

] surface - ] i,sat + ] e,sat eXp|:e(Vbias B Vplasma) / kTe i|

ion saturation region

IJ JULICH
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A. Review of the sheath: heat flux through sheath

" Heat flux to the surface:
qy = 7T/} = 0.5/Tn,Cs @ surface;
y~7-8 (the ‘sheath transmission coefficient’)
C, ion acoustic speed ~ 2T, (for T,=T))

® Components of the sheath transmission coefficient y :
e ~2-2.5T, thermalion energy (for T, =T,)

~ 2T, due to the electron thermal energy through the sheath

~ 2.5 - 3T, due to the sheath potential (accelerated flow of ions)
~ 1T, directed flow energy (sound speed: 0.5 T+ 0.5T,, then assume T, = T,)

l) JULICH
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Sheath —target heat transfer factor
q, = 7T/} = 0.5/T,n.C; @ surface;

y ~7- 8 (‘sheath transmission coefficient’), is often taken as constant.

But even for T, = O: Further contributions: g, =13.6 eV x /; electron-ion recombination at surface
Qaar = 2-2 €V x 7} (1-R;y) atom-atom recombination

-~ Removing just power may not be enough. Below T,=5 eV: Must also reduce 7},

I (i) ions
I (ii) electrons
I (iii) ion surface recombination

- 51(:;) atonow-aéon;;e/combination Even for 17” 9 O
4 ' Further target heating sources:
e cX —neutrals from divertor volume
y~10 @ Te~5¢eV  Localized divertor radiation
y~7-8 @ Te > 10 eV

102 4

Heat transmission factor (-)

1071 100 101 102
Electron temperature (eV)

l) JULICH
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A. Power flow to surrounding material surfaces

®" Reduce the power reaching the divertor surfaces (PFCs) through divertor
physics: q, = T/} = 0.5/T,n,Cs plasma heat flux @ surface;

®* Step 1: increase plasma collisionality (density) - parallel gradients

® Step 2: remove power by (impurity) radiation = low T, , T, at target

* Step 3: remove momentum (break plasma pressure balance) 2 low Iy e
* Step 4: turn plasma ions/electrons into neutrals (recombination)

l) JULICH
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Step 1 —form gradients in ne, Te along flux tube from core edge
to divertor (pressure constant)

® Raise density (n) such that the mean free path for collisions < flux tube
length, L (not free-streaming electrons): collisionality, v* ~ n L/T_?

€ L >
; Divertor
9)|u > B-> qll,target—>; Target plate
Upstream 1q

u = upstream —p <€—

Core
Plasma

IJ JULICH

Forschungszentrum

o . t = target
Mitglied der Helmholtz-Gemeinschaft



Step 1 — form gradients in ne, Te along flux tube from core edge
to divertor (pressure remains constant along such flux tubes)

® Raise density (n) such that the mean free path for collisions < flux tube
length, L (not free-streaming electrons): collisionality, v* ~ n L/T.?

€ L 5
; Divertor
Upstream
Aq
Ne=1.0x1020 u = upstream —)», <€—

_a)<>nTé - Upstream
¢ 2nTe - Divertor Core

Plasma

® O target = 0-57TeNCyg & P i Trar?

0 5 1I0 1I5 t = target ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum
p (mm)



Step 1 — form gradients in ne, Te along flux tube from core edge
to divertor (pressure constant)

® Raise density (n) such that the mean free path for collisions < flux tube
length, L (not free-streaming electrons): collisionality, v* ~ n,L/T,2 _ fe =15x10%
« Would allow gradients along flux tube & lower T, (highern,) 4} i{|onTe - Upstream
. . [|l®2nTe - Divertor
at the divertor target :

* Pressure (n.T, + nT, + 0.5M.v;?) constant along B
B. Lipschultz et al., Fusion Science Tech., 51, (2007) 369

«Upstream
— L | | 50 A [aTe - Upstream
% 3 20l  h[ATe - Divertor
=10 prtarget e S X :
= ‘ 030 =

I 20 %_

- 10} ©

1 | | | | '----l----n---n---:
0O 5 10 15

0.5 1 1.5 2 . 2.5 3 aBombard et a " r' mm (X
Core plasma average density [1020/m3] Piasma, 2, (995 3043 ( )‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Step 1 — decrease thermal conductivity of flux tube (with
pressure constant along B)

" Raise density (n) such that the mean free path for collisions < flux tube
length, L (not free-streaming electrons): collisionality, v* ~ n L/T.?

- Would allow gradients along flux tube & lower T, (higher n,)
at the divertor target
- Pressure (n.T, + nT; + 0.5M.v?) constant along B

A .
-
IR
€
upstream

Adapted from C.S. Pitcher & Stangeby, Plasma Phys. Contr. Fusion 39 (1997) 779

Mitglied der Helmholtz-Gemeinschaft
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Step 2 —remove power from the plasma in the flux tube
through impurity radiation

SN g
q I 5S> )\ target —Y/ ivertor
| \ : L Ltarge '/ Target plate
Upstream Y hv Y hv Yhv Y hv
High Recycling MW/nm3
|>< 40
8 [ 3
- :
T \l_\ e 30
- Sl = 25
_________ F-- %)

n ik 20
Radﬂign P 15
cooling

] E-* 10
~€ L > S
upstream t

J. A. Goetz, B. Lipschultz et al., Phys

5
Plasmas, 3 (1996) 1908, | ‘J JULlCH
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Step 2 —remove power from the plasma in the flux tube
through impurity radiation

/Ahv/hv/hv/hv Y
’ —— ' / Divertor
Tl [ B : : \qH’m’"g\et _>; Target plate
Upstream Y hv > hv\V hv ~ hv
* Spreads the power over larger area, reduces T, High Recycling MW/m3
®* Bohm sheath condition at target gives 40
| r”’target o O.Sne’tCS X Pe’t/Te,tllz 35
"0 target = VTe,trll,target X Pe,tTe,tllz 30
25
| %
. 20

- b ™ 10
|Radiation 5
coolin
. J J. A. Goetz, B. Lipschultz et al., Phys.

upstream '« L >t S Plasmas, 3 (1996) 1908. ‘ J U LICH
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Step 2 —remove power from the plasma in the flux tube
through impurity radiation

hv  hv ,hv  hv
,/A ,/A /A /A ; Divertor
q)|,u -> B> qll target _); Target plate
Upstream \V \Vh \th\vhv
10 pressure constant [5 eV, 8e */m?|
" Radiation power density « n n,<sv>(T,) 10 R B
» For constant pressure (n_T,) and 10]9\[ i
impurity fraction one can solve for the OE 108}
radiation density > > 107l
« The slope of the curve gives rise to a § 3
‘radiation condensation instability’ % 10°T
whereby as the plasma cools it AT 105}
radiates more and is cooled more 1041
(MARFE). ,
* Low-Z, ‘Seeded’ impurities, such as 10 1

Ne and N,, are used Te [eV] ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Step 2 —remove power from the plasma in the flux tube
through impurity radiation

hv ,hv ,hv  hv
AT,
> B> Q|| target ——>

Upstream \V \th\v hv \th

" Radiation power density « n_n,<ov>(T,)

* For constant pressure (n_T.) and impurity
fraction one can solve for the radiation density

* The slope of the curve gives rise to a ‘radiation
condensation instability’ whereby as the plasma
cools it radiates more and is cooled more.

®"  This ‘instability’ plays a central role in
divertor physics as well as other aspects of
tokamaks and solar phenomena (e.g.
prominences?!, coronal rain?)

Divertor
Target plate

QH,u

AN

le,g. A. De Groof, et al, A&A 443, 319-328 (2005)
%e.g. P. Antolin et al, 280 (2012) 457.

Mitglied der Helmholtz-Gemeinschaft
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Step 3 — “Detachment” Remove momentum from the plasma flow
In a given flux tube (pressure is not constant)

D°  hv
- //A //A //A ; Divertor
qu —> B> Q|| target —>; Target plate
Upstream \V DO\V hv\V DO\V hv
" Charge exchange reactions 10—
» DO(cold)+ D*(hot) -> D*(cold) + D°(hot) 1044%%
* neutrals exchange momentum and <10-19F +/ lonization
energy with the plasma — pressure can «i’E’ o )
drop i
: 10-17F -
« Charge exchange must dominate over § 0
jonization (T, < 5 eV) so that hot cx- 1019 -
neutrals can escape the plasma and 1019 -
deposit momentum/energy on surfaces 10-20 »
0.1 100

T, (eV)
*The plasma can become so cold that the ionization region (around 5 eV) .
‘detaches’ from the divertor plate, moving some distance upstream. " 4 ’ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Step 3 — “Detachment”: remove Momentum from the plasma flow
In a given flux tube (pressure is not constant)

q||’” > B-> ‘ ‘qH,mrget —
Upstream \v Do\v hv\v Do\v hy

" Charge exchange reactions
« DOcold)+ D*(hot) -> D*(cold) + D°(hot)
* neutrals exchange momentum and

energy with the plasma — pressure can
drop

« Charge exchange must dominate over
lonization (T, < 5 eV) so that hot cx-
neutrals can escape the plasma and
deposit momentum/energy on surfaces

« Both p,;and T, drop leading to much
larger drops in g (xPg T, %)

e Reduces r” (OC pe/Te]./Z) as well as q”

Mitglied der Helmholtz-Gemeinschaft

S
S
2
M
2
ANANN

Divertor
Target plate

10

B. LaBombard et al., Phys.

Plasmas, 2, (1995) 2242

Y

_separatrix _ ®

. detached_

<>'r'1'Té' B} Ubsfream

¢2nTe - Divertor

ATe - Upétream
ATe - Divertor

0

5 10 15
r (mm)
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Step 3 — “Detachment”: remove Momentum from the plasma flow
In a given flux tube (pressure is not constant)

S D

> B>

Q||,u

Divertor

4|\ target > ; Target plate

Upstream > DO\V hv DO\V hv

" Charge exchange reactions

DO(cold)+ D*(hot) -> D*(cold) + D%hot)
neutrals remove momentum and energy
from the plasma — pressure can drop

Charge exchange must dominate over
lonization (T, < 5 eV) so that neutrals
can escape the plasma and deposit
momentum/energy on surfaces

Both p,; and T, drop leading to much
larger drops in q;; (« Pe Te?)

Reduces I ( p,/T,*?) as well as q

Mitglied der Helmholtz-Gemeinschaft

A

,Detached

100.1e|

upstream

3
S

t
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Transition of divertor from high-recycling to detached regimes leads
to large changes in divertor conditions

B. Lipschultz et al., Fusion Science Tech., 51, (2007) 369

[
3 1
2 3 f
o
S
§ % %ﬁ High-recyclin
—_— I0h-
B 3 g1k g ycling
| («}) -
QO - ;
& o r=1mm
N o r=2mm
A r=4mm
0.01 - L r=omn
' 1 10
Te,plate(eV)

®| oss of pressure on a flux surface can reach x 100
* Pressure loss averaged over plate ~x 4 —x 10

High Recycling

" Detachment drawback — Cold
region can expand to reach hot
core

® Cools the core plasma and easier for
impurities to reach the hot core

plasma

shot 950509020 0.85, .99 seconds

Mitglied der Helmholtz-Gemeinschaft
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Step 4 — Convert plasma to neutrals (occurs with step 3)

D° hv ,D°  hv
P
—> B> Q|| target —

Upstream \V DO\V hv\V DO\V hv

" Three body recombination - neutrals
remove momentum, energy and

2 Divertor
/

9| Target plate

_ 1013 p————————— Smgege
particles 10140 Charge Exchange T
° + _ o* /// : : |
e+te+D"->D" +e 1015 ,2/” lonization
* g, andl, drop even more S 21m37
. €10 ’ ]
« Requires temperatures < 1 eV for Yo ”
recombination to dominate over §10 \7,' i
. . . _ -18 N _
lonization (for ny; =n,) 10 N
" Note that 3-body recombination can 1019 ) o3 y
I = -
also be a thermally-unstable process, 10'26’1 — Ne™ ‘muilo — 0
If its associated radiation cools ' T, (eV)

electrons left behind ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Step 4 — Convert plasma to neutrals (occurs with step 3)

D°  hv ,D°  hv
e,
—> B> Q|| target — 2|

Upstream \V DO\V hv\v DO\v hv

Divertor

q)).u Target plate

AN

S. Togo et al.,Plasma Fus. Res. 8 (2013) 2403096 .

®\Mach number for plasma flow goes 'Heat 1!| ) BN
to ~1 at detachment front (‘virtual 108F =% 4106
target’)
. : : jon
" arge density gradient driven by 1021 o 110
i ati w lonization source 1 =
recombination. | = 12on =t - S
* |Is a shock forming? = . [ x
- Double layer? S 10 g 100%
®"Recombination energy heats g % : _ZI
electrons, associated radiation 1017 recorgbination a ¢ 710
cools them. Net effect ? - _Sink 1104
sl 111 LI @) JULICH
Mitglied der Helmholtz-Gemeinschaft 16 17 18 19 20 21 22 Forschungszentrum
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Full detachment is a problem

e Detachment which is too “strong” | =
(particle flux reduced across the | z.
whole target) is often associated |
with zones of high radiation in

t=55.58
n,=2.2x10""m3

1=55.88

n.=2.4x10"m3

1.3

the X-point region and confined

plasma (MARFE) <o H |
e MARFE formation can drive a B B ol B Wi _n000°m:
transition from H to L-mode (H- e
mode density limit) or disruption | ::.l A= =
e MARFE phyS|CS St|” Nnot We” :: 1=56.75 ] 1=56.85 X ;"o 1=56.855 EO
2 n_=3'.1 81 0‘? m3 i 2 2 n_=3.'37x1 0‘9'm“ : : n,=3:47x1 0‘9' m3 g
u n d e r Sto O d 24 26 2.8 3.0 3.2 2.4 26 2.8 3.0 3.2 2.4 26 28 3.0 32

R (m) R (m) R (m)

JET, A. Huber, et al.

Limit detachment to regions of highest power flux (where it is needed most).
Maintain remainder of SOL in high recycling (attached)
A few ways to arrange that this happens more readily:

4 1 1l

h

Divertor closure Target orientation Impurity seeding

IJ JULICH
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Full detachment vs. partial detachement

N

N

plate

~— Ly—

0 L L

r

Important now:

CX: resonant charge exchange
ES: elastic scattering

Less important:

El. electron impact ionization

Partially detached (CX-ES limited):
n,decreases, T,<5eV, p,<<p,

Fully detached (radiation limited):
X-point MARFE

t w3 E
bﬁ | _;<

Mitglied der Helmholtz-Gemeinschaft
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Aside: Not just charge exchange: “Battle field” of hydrogen molecule:
Two-electronic, strongly coupled potential-surfaces of Hj*

H*+H, is the most fundamental ion-molecule system
We should know all aboutit  p. krstic, orNL, US

Proton impact of molecule Processes with molecular ion

p+H,(V)>p+H,(v) H+Hj(w) - H+Hj@)
p+H,(vy—> H+H,(v') Charge transfer H+ H; (v) > p+ Hy(v')
. H+Hi(w)->p+H+H
p+H,V>H+H +H
+ + Di
p+H,(W—>H+H +H +e go0o¢ .

p+H,(v)—> p+H,(n,v) Exc. elec. vib.

Numerous other processes with molecules Creation of H;*

H +H,(v)>H+H,(v)+e Hy W)+ H,(v) > Hf (v")+ H
n+o,v)y—»>H+H,m"
H+H V) >H+H+H
o,ovHY+H,0v"y > H,0v"y+H,v"")
h,+H,vy—-H,+H+H

Hi Series of interesting reactions:
DE, DR, branching ratios with electrons
D, DCT with H

« “Interplay” of transport and inelastic processes |
* Rotational analysis is missing ' J U LICH

Mitglied der Helmholtz-Gemeinschaft . . . L. .
« Isotopic constitution: D,,T,, HD, HT and DT, sensitive on vib. energy levels

Forschungszentrum



A. Summary: Divertor plasma physics plays an important role in
reducing the divertor heat load

— 1/2 = 20
r|I target — 0. 5ne Cs X Pe t/Te,t n: T1 0)1(110t
Q) target = Y Te r|| target X Pe R ’t1/2 L a)onTe - Upstream

¢ 2nTe - Divertor
" There are three regimes for flux tubes that connect '
the main plasma edge to the divertor target:

®* No gradients along B — ‘sheath-limited’ flow of heat
and particles

0 5 10 15
p (mm)

IJ JULICH
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A. Summary: Divertor plasma physics plays
reducing the divertor heat load

— 1/2
r|| target — 0. 5netC X I:)e t/Te,t
1/2
q||target T t|_||targetOC I:)e tT e,t
" There are three regimes for flux tubes that connect

the main plasma edge to the divertor target:

® No gradients along B — ‘sheath-limited’ flow of heat
and particles

® Gradients along B which allows higher density and
lower temperature at the divertor — the so called
‘conduction-limited’ or high-recycling condition
® Pressure is constant along B

® T target INCreases

Mitglied der Helmholtz-Gemeinschaft

an important role in

Mg =1. 5x102°

4t <>nTe Upstream
3  fl®2nTe - Divertor
c 3F ]
>
O 2
N
21}

0 !
S50} ATe - Upstream
401 ATe - Diverftor

=30
20+
0 5 10 15
p (mm)

Forschungszentrum
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A. Summary: Divertor plasma physics plays

reducing the divertor heat load

— 1/2

r|| target — 0. 5netC OCPe t/ et
1/2

C1||target T r||targetocP Te,t

" There are three regimes for flux tubes that connect
the main plasma edge to the divertor target:

®* No gradients along B — ‘sheath-limited’ flow of heat
and particles

® Gradients along B which allows higher density and
lower temperature at the divertor — the so called
‘conduction-limited’ or high-recycling condition

— Pressure is constant along B

Alisuap JaybiH

— [ target INCreases

® Detached regime — pressure loss

— Low ne,target’ Te,target’ q||,target’ r||,target

Mitglied der Helmholtz-Gemeinschaft

an important role in

_separatrix__»

0 5 10 15

'OnTe
o2nTe -

Upstream

Divertor

ATe -
ATe -

Upstream

Divertor

p (mm)

/.
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A. Summary: Divertor plasma physics plays an important role in
reducing the divertor heat load

" At detachment
® Plasma pressure can drop by up to a factor of 100 within a flux tube.
® Local T, drops by a factor of ~10

q1 [W/mZ] = DionsVsnTeleV] neTg/z P. T1/2

® Total drop In q 45r4e ~ factor of ~100 — in theory,
roughly that needed for DEMO after the g, reduction achieved through geometry!

®* New variations of divertor geometry are being studied to determine if power
dissipation, He exhaust and core compatibility can be improved further.

IJ JULICH
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A. Geometry, and how it compresses neutrals, will make it easier or
harder to achieve detachment

Vertical plate divertor

® Neutrals recycling from the divertor
plate go TOWARDS the separatrix -
more likely to ionize - raise density
and lower temperature there - easier
to detach

Mitglied der Helmholtz-Gemeinschaft

%
/
%
/

Open, or flat-plate divertor

* Neutrals recycling from the divertor
plate go AWAY from the separatrix -
less likely to ionize - don't raise

ne,sep

l) JULICH
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A. Geometry, and how it compresses neutrals, will make it easier or

harder to achieve detachment AUG. A. Kallenbach. et al.

. 100 -
o 1 7.5 MW NI; ELM averaged
e Parallel heat fluxes =2
significantly reduced for S 90 a N\
vertical cf. horizontal = @ N
targets x 60 ) \
_ _ 3 2|
e Underlying effect is = 3\ .
: . = )
preferential reflection of o 407 o~ \/
recycled deuterium = v -
neutrals towards the 2 2 f,f,/ /| .
separatrix s 1 L= S .
G‘_ [:]__ J-"I l A .
0995 1000 1005 1010 1015
normalized poloidal flux
O\« Neutrals into Increased ionisation near sep.
%Q . cooler, less
/é,;‘ de\ns plasma Higher n,, lower T,
A N
Mo Neutrals into Higher CX losses

hotter plasma
near separatrix

Pressureloss-)q||¢ I@‘J JULICH
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A. Geometry, and how it compresses neutrals, will make it easier or
harder to achieve detachment 40—

| —= Low ne

W
a

— Medium ne DIII-D-

— High ne horizontal target

)
Q

* Flat-plate divertor leads to temperature peaked
on the separatrix - higher erosion.

N
ol

Divertor Te (eV)
=N
o O

10;

probes, SAPP

|

|

|

! T T T T T T
096 1 1.041.08 1.12
Yn

IJ JULICH
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A. Geometry, and how it compresses neutrals, will make it easier or

harder to achieve detachment T T T lowne
35;
. — Medi
* Flat-plate divertor leads to temperature peaked < 30 H_eh'um ne BIILD:
. . . —— Ml n -U.
on the separatrix - higher erosion. <25 onhe horizontal target
~ 20
=
o 15
2
C-Mod: vertical target 0101 4 A
50+ ATe Divertor ] IS g
' ATe’UpStream: 0 T !ml T T T T T a
40F ] 096 1 1.04 1.08 1.12
i Yn
30F _ . o
2 i = Vertical-plate divertor: Enhanced ionization of
20 i neutrals on the separatrix leads to higher densities
10t _ e Higher radiation « n2
0 0 5 10 15 e Lower T, -> lower g (x P+T%5)
r(mm) ¢ => access to T, < 5eV and detachment

at lower core n.. ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



A. Geometry makes it easier to achieve detachment

‘Vertical plate' 'Flat plate'

-0.20
-0.30 ] . . -
_ ® Compare different geometries in one tokamak
£-0.40}
-0.50 ¢
060l » . ] AT-up strearil
05 06 07 = ‘ | :
2 { ? ‘
: e 210 TN N
* Vertical plate geometry, with its sVF o
effect on neutrals, is the cause of 5 - vertical-plate B o
the lower detachment threshold " Detached ——> @ o
| o | @

1 1
10.5 1 1.5 2 2.5 3
fie (1020 m-3)
B. Lipschultz et al., Fusion Science Tech., 51, (2007) 369

l) JULICH
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A. Divertore closure: intuition, guided by experiment
and modelling, keep flexibility

3.5 Mark 1IGB

Mark | Mark lla

Cryo-pump

Divertor neutral pressure (107> mbar)

Mark 11GB
Genealogy
of JET MARK o ‘ | | I
Divertors, 1994-1999 20 25 3.0 35 40
ET. R. D. Monk. et al. Line averaged density (10"°m~)

e Increased closure significantly improves divertor neutral pressure -
iIncreased neutral density (n,), promoting earlier detachment

e Closing “bypass” leaks important for increasing n,
e Divertor closure also promotes helium compression and exhaust — very

important for ITER and reactors ‘J JULICH
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A. The MAST-U tokamak provides another study of how geometry
can be used to optimize the divertor and detachment

04 06 08 1 12 14 16

R [m]

" The outer divertor target is moved to larger major radius, R
®* Maximizes target area lowering peak heat fluxes
* Difficult for neutrals and impurities to escape the divertor
® Toroidal (and total) field drops — B « 1/R

l) JULICH
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A. Variations in the total magnetic field lead to variations in q, the
power flow along a flux tube

F = BXAﬂuxtube = const

BxR~ const (tokamak)
|:) Afluxtube I"l R

@ Flux tube area increases as total B drops

fluxtube = const

1
pqn”ﬁ

g *A

q, also drops as total B drops and R increases
=> Easier to lower target T, and access

detachment 3
IJ JULICH
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Summary

" Through divertor geometry and plasma physics the divertor power load can be
reduced below 10 MW/m?, compatible with ITER operation

e Not yet clear whether the process of detachment is enough to reduce power loads
below engineering limits for a reactor

® Our current understanding shows that divertor surface erosion rate can be kept low
enough to achieve < Imm/yr for tungsten in the divertor

e If one can keep the plasma temperature < 5 eV, compatible with detachment

® Operation of a reactor at high temperature (800-1000K) has positive effects on
e Reduction of T retention
 ‘mending’ of neutron damage
e Reactor engine efficiency of conversion of heat to electricity
 Note we don’t yet have a demonstrated coolant that works at those temperatures

l) JULICH
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B & C challenges: Net erosion of the plasma facing
components must be kept at extremely low levels

Understanding the physics of plasma surface interactions under
reactor-like conditions

B. Net erosion of the tile (plasma-facing component: PFC) material must be
kept at low values for PFC lifetime reasons

m Only a fraction of the PFC thickness can be eroded per year - ~ 1mm
mEven at that low rate the amount of material can be large

C. Net erosion of the PFC surface must be minimized for the effect on the core
plasma

m Radiation of energy, reducing the core temperature and the fusion reaction
rate

m Dilution of the core fuel

l) JULICH
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B. Heat exhaust, T,
tile thickness (and erosion rate)
(lifetime, availability of reactor)

! - Coolant coolant
plasma d | substrate R
d — K (Tmax surface Tcool ant )

tile plate
qtarget

» Plasma facing surfaces must be thin to get
the heat out without high front surface
temperatures

 But also allowing 2-3 mm erosion before
replacement. This forces the erosion rate
to be very low ~ Imm/year

Mitglied der Helmholtz-Gemeinschaft

material stress and heat conductivity set

« Material choices of refractory
metals (W, Mo) or graphite.

Qtarget:2 MW/ m2

AT ~ 1000K CFC carbon
K (W/m/K) 300
T et subli

melt,suolime 3900
(K)
dire <2cm

/.

JULICH
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B & C challenges: The surface must be kept uniformly
smooth and no ‘edges’ as one source of melting

Field line angle to surface ~ 2.5 degrees

Field lines (B)

< < / B¢
Smooth divertor surface B OE/
) 2 mR g B, q||
(B ) MW .

= Field | B

O garger = Oy | = @ g, 0.05~10—; ield lines (B)
B r divertor m « &

Distorted divertor surface

" BUT - surface distortion leads to
perpendicular edge. This can receive q,, ~
100 MW/m? = melting
- Effect on PFC lifetime
* Also can lead to boiling coolant . : :

" Cannot allow for such prObIemS: JET tiles, prior to first divertor installation

just: DO NOT MELT IJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum

melting




B & C challenges: Evaporation is the next concern for eroding the
surface

® Common example rubber (butadene)

e 270 K leads to atmospheric (Bar) vapour pressure — large erosion rate of atoms
(Causesthesmell) 180 170 183 =0 200 210 mrmmmsﬁamzmm:mammmmamamam:mmmmamml

g

o
" Tl 80
w0 - ]
W — 50
a R 40
| N N N N N S N N N N N ) N N N N T i (N 3
RS N N = N Y A "
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B & C challenges: Refractory materials have very low vapour
pressure
® Metals such as tungsten (W) have much lower vapour

pressure — not reaching atmospheric pressure till > 4000K =>
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Figure Al(b). Vapor pressure curves for the more common elements (cont.). After Honig (Ref. 5:14). »
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B & C challenges: Evaporation is not a concern at reasonable
surface temperatures

= The vapor pressure of tungsten, P[Torr] ~ 5.6 x 101 0x 10-145385/TIK}

= The resultant rate of tungsten atom loss is dN,,/dt ~ 1 x 1024 x P[Torr]

o5 Tungsten evaporation rate
® Staying well below ~ 2700K (as W=
planned) will keep the gross tungsten
loss rate insignificant 109 - i
® Given active Coo”ng of all g [ (ross erosion Immiyear._ 7 .. .....]
components this should not be an £
. 1015 F -
Issue L
From the materials point of view, E
operated W above the DBTT (700C) % 1010 F i
and below the recrystallisation %
temperature (1200-1400C) - good T
to minimize evaporation 105 F .
100_.. | [ B

L L PR B T S T SR ]
1000 1500 2000 2500 3000 3500 |
Temperature [K] ‘J J U L I C H
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B & C challenges: ‘Physical sputtering’ is the main concern for
steady state erosion

® An ion, incident on the surface with enough energy and mass, will lead to
ejection of a surface atom

Rainer Behrisch
Wolfgang Eckstein
Editors

Computer
Simulation of
lon-Solid

Suttermg y
Particle

Bombardment

Interactions

Experiments and Computer Calculations
from Threshold to MeV Energies

@ Springer

by W. Eckstein.

. . . . State of the art, advanced
The classical monograph on physical sputtering, Springer 1991

Softcover reprint of the original 1st ed. 1991 edition tOpICS’ Sprlnger 2007 .
(November 22, 2011) U A ’ JULICH
Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



‘Physical sputtering’ is the main concern for steady state erosion

® An ion, incident on the surface with enough energy and mass, will lead to
ejection of a surface atom
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‘Physical sputtering’ is the main concern for steady state erosion

® An ion, incident on the surface with enough energy and mass, will lead to
ejection of a surface atom
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‘Physical sputtering’ is the main concern for steady state erosion

®" An ion, incident on the surface with enough energy and mass, will lead to
ejection of a surface atom
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‘Physical sputtering’ is the main concern for steady state erosion

" Anion, incident on the surface with enough energy and mass, will lead to
ejection of a surface atom

A lattice atom can leave the surface if it has more energy than the
surface binding energy
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‘Physical sputtering’ is the main concern for steady state erosion

®" Anion, incident on the surface with enough energy and mass, will lead to ejection of a
surface atom

A lattice atom can leave the surface if it has more energy than the surface binding
energy

Operation of a detached divertor, discussed earlier, lowers the incident ion energy,
lowering the ion (D*, T*, Z*) energy below the sputtering threshold -> no erosion!

That increases lifetime of the surfaces and reduces ‘pollution’ of the core plasma

Carbon has an additional “chemical sputtering” channel => it is essentially impossible
to eliminate Carbon sputtering

Sputtering Yields for D

—
o
-

E Cchem SOOK)

So00
20000

Cchem (R-T)
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00° @000
0200000
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Physical vs chemical erosion

Physical sputtering yield... Chemical erosion yield (D on C)...
10F ffAr 2 W . A . .
- Eckstein et al. - CW
- /,’/ #FJH#J;__,._ 107" 4 .
107F __.--———{He —_
1 A=< :
—— e T —_
S D>Be =
Zo2p Dow L) , S
L=, i B 1077 4 jon Beams |PP(6) ¢ alll E
2 | @ 1= PSI(17,19) y
> v/ o f Ly - How e JT-60U outer div (25) ’
103 e 1 ™ ToreS 1999 (22) A T
- )/ 10 ToreS 2002 (24) o 1
: / { A TEXTOR (27)
_ i 0° g 5&?’02%3‘;:1[%} Roth et al., NF 44 (2004) L21
I | ||||I|I| ] L 11l 1- AL LR | oo T T L | T
1 0_41 0 100 E (eV 1u|uu 10000 10" 10% 10% 102 10% 10*
(eV) lon flux (m-2s-1)
iIncreases with projectile energy and decreases with D ion flux and is
mass, while decreasing with target sensitive to C target temperature
(PFC) material atomic mass
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A more realistic picture:
- complex bookkeeping tools, aka: “edge codes” (SOLPS-ITER)

Simplified Surface Picture 4 Realistic Surface Picture .
lon impact Material Recycli Fuel Recycli Long-range
on impac aterial Recycling uel Recycling materialtransport .
charge- =7
- |on|zat|on exchange g
chemica | nization =
aiil Qé) removal secondary .\00 ° at 2 \ \ g
-« O electron O’@ S
reflection emission Q’*. d|550C|at|on S
® implantation @ O ©) g
©) fsput'Fered ) 4 ©) \ m redeposmon -
@ Imurity atom surface f sputterlng recomblnatlon OOO OO
@ o e O ooo
00000000 1 OOV OOQ0 OQOOOOO Co OOOOOOOOO o©\1© O
00000000 eToxexe @%o ocg)ocbooooo QOO 0.0 QOOO%Q)Q fuel
O Jemmianall” ° | GOS0 0000800 0B BBE 000 é%o codeposition
nmooooooébooo®>oo 0000000000 P O
OOOOOOOOOOOO&OOOK%)OOOOOOO COQ O
surface fuel saturation fuel diffusion & . vacancy/void defects bubbles & amorphous
J permeation ::ﬂ:::&?ng :::.,Tt‘rt’: .::]?ation b:ste:: film growth
® Electron @& H/D/T fuel ion @ PFC material ion (O H/D/T fuel neutral atom (O PFC material atom (O Redeposited PFC material atom
Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum



B. Also of importance is to understand and take into account
‘orompt redeposition’ of the sputtered surface atoms

. | D, Tion Gross Iy,
" We have been talking about the gross erosion I';

rate through physical sputtering ED+
.WO Sputtered atom

‘ Divertor Surface: M, Epinding, T

1 Sputtering Yields for D*
107 F— — T
; Cchem |800K)
2 C
1072
+ E
A C
L‘ L
> 3
. 10 7%
g Cchem (R.T)
4|
10 JULICH
Mitglied der Helmholtz-Gemeinschaft 10 100 1000 10000 Forschungszentrum
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B. Also of importance is to understand and take into account
‘prompt redeposition’ of the sputtered surface atoms

" We have been talking about the gross erosion
rate through physical sputtering B

" Some fraction of those eroded atoms are
lonized at a distance within a Larmor radius, }\MFP
piw. Of the surface — they then rotate around B.

e They can then return to the surface (and stick) ‘ Divertor Surface

while orbiting the magnetic field line — ‘Prompt
redeposition’

o At typical magnetic fields and densities in a
tokamak fusion reactor divertor the prompt
redeposition rate for W should be in the range
of 90-99% - lowering net erosion.

IJ JULICH
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B. Also of importance is to understand and take into account
‘prompt redeposition’ of the sputtered surface atoms

" We have been talking about the gross erosion
rate through physical sputtering B

® Some fraction of those eroded atoms are
lonized at a distance within a Larmor radius, N
piw, Of the surface — they then rotate around B. Mre

e They can then return to the surface (and ‘ Divertor Surface
stick) while orbiting the magnetic field line —

‘Prompt redeposition’ N
Note - prompt redeposition moves PFC atoms away

* At typical magnetic fields and densitiesina  from the incident — potentially making valleys and
tokamak fusion reactor divertor the prompt hills — not good
redeposition rate for W should be in the What are the thermal/mechanical properties of the

range of 90-99% - lowering net erosion. re-deposited material?

l) JULICH
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B. Even with knowledge of the sputtering process and re-
deposition it is complicated to estimate the net erosion rate
® The net effect of low gross erosion rate, together with o Sputtering Yields for b~
prompt redeposition, could potentially bring the net " Cehem [800K)
erosion, I',/T; |, below the required 10° (Imm/yr

erosion).

e Hydrogenic ion sputtering is easy to eliminate as the
sputtering threshold is high

e Impurity ions with charge 2-3 will likely be the limiting

Y [Atoms/lon]

Cchem (R-T)

factor R N S AN
10 100 1000 10000
— High energy due to their Z (sheath!) and mass Energy [eV]

— Such impurities used to enhance radiative losses in
the divertor
e Rather complex multi-physics models are required for
an accurate divertor solution consistent for D+, T+ and
impurities, 2 see: SOLPS-ITER suite of codes. ‘ l JULlCH
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B. The tokamak environment can lead to changes in
the PFC surface material characteristics

High ion fluxes disturb/damage the material lattice

: i 5 nNm —|-—-|
® Jons travel into the surface (range < 5 nm) picking /
up an electron - D% atoms

IJ JULICH
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B. The equilibrium between incoming ion flux and recombining
molecules determines the near surface hydrogen density

" lons travel into the surface (range < 5 nm) picking
up an electron - D% atoms

® Atoms diffuse to the surface where they must
combine with other atoms into a molecule to leave
the surface (otherwise: energetically unfavorable)

® The rate of D, leaving the surface is determined
by the local density, np, and the atom-atom
recombination coefficient, Rec

" nprises such that 0.5 X ', oyt ~ Mpsn

®* ny/ny, can reach 10% >> normal D solute level
—ng/n,, (solute) ~ 10" — 10°

IJ JULICH
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B. Implanted hydrogen leads to high pressures within the lattice and

leads to lattice distortions

e High nj leads to stresses in the lattice

e Stresses are relieved through deformation of

the lattice and the creation of vacancies,
interstitials or voids -> ‘traps’ -7 with deep
potential wells

© 0 06,0000

.;%Q

®
ey
200000 @

Such deformations/traps are a rich area of study
« They can store T which is hard to remove
« The traps diffuse, and can be annihilated

Mitglied der Helmholtz-Gemeinschaft
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B. Combined particle and heat fluxes lead to synergistic effects
on the material

Both plasma fluxes and surface heating modify material surfaces
« Combination of the two brings additional changes to the surfaces
* Probably related to changes in atom mobility at higher temperatures

i AR
. 5 % S
b »ﬂ) i R >

o, .

| :', ;"Pkla;sm «Qnl

3 : - |

AccV, 'Spr;t Mégn 0y [—-—-—} ‘:')),m\ Y e ;
" -$00M30 5000x <129 C O T R RN
Tt s i

[1] T. W. Morgan et al J. Nucl. Mater 438
S784-S787 (2013)
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B. Combined particle and heat fluxes lead to synergistic effects

on the material

Both plasma fluxes and surface heating modify material surfaces
« Combination of the two brings additional changes to the surfaces
* Probably related to changes in atom mobility at higher temperatures

’\.-. R PE B8 Ll

Plasma=Q Laser heating onl

ﬂ2 5x10 ~ (20MJ.m"2s1/2)

Acc.V, Spot Mg WD[—{“);nu“‘ S ;
,30031&0 5000x “129 ‘

[1] T. W. Morgan et al J. Nucl. Mater 438
S784-S787 (2013)
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B. Combined particle and heat fluxes lead to synergistic effects

on the material

Both plasma fluxes and surface heating modify material surfaces
« Combination of the two brings additional changes to the surfaces
* Probably related to changes in atom mobility at higher temperatures

q.a .
’S

- Plasm nl

Laser heating onl
(20MJ.m2s1/2)

o A2.5x40%m TN

£

\ ylo b
AceV  Spot Magn -~ WD f—————y 5 /
500kV30- 5000x 112 =

Ao Al SpotMagn s W — o= SN et T s
-~ % 4 .
* 500830 5000x ‘j29 a8 s

S Sead : A

[1] T. W. Morgan et al J. Nucl. Mater 438
S784-S787 (2013)
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B. He* fluxes to surfaces at the right surface temperature lead to
another synergistic effect — the growth of tungsten ‘fuzz’

®* Adding a few % of He ions (He ash from fusion reactions) to the ion fluxes
Incident on the right temperature W surfaces (~800-1000C) leads to accretion
of the W at spots & the growth of tungsten ‘fuzz’ — tendrils ~ 100nm in
diameter — and up to microns in length

RN02062007 RN06182007 RN01222007 RN09272005 RNO06152007

=aku I3, BEEA D Hm Uz FPISCES

[1] S. Kajita et al. Nucl. Fusion 49
(2009) 095005
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B. Tungsten nano-tendril “fuzz” clearly demonstrates how the
reactor plasma + thermal environment “re-makes” materials

* Adding a few % of He ions (He ash from fusion reactions) to the ion fluxes
incident on the right temperature W surfaces (~800-1000C) leads to accretion
of the W at spots & the growth of tungsten fuzz’ — tendrils ~ 100nm in

diameter — and up to microns in length

® The question of whether W fuzz growth is good or bad may depend on how

one looks at the issue
m Reduced sputtering yield,
mincreased resistance to thermal cycling,
mpossible increase in dust production,
m higher likelihood of arc generation & melting
at fuzz tips

Mitglied der Helmholtz-Gemeinschaft

Sputtering yield

Fuzzy layer thickness ~ 1 um
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B. Developing neutron tolerant materials will probably be last
problem solved for fusion

Example of graphite

KIIK.niu 1.2 } v v r+ _— wfv—rv-v-%

maio | ® niform material bombardment by 14

FMI 222

graphite
MeV neutrons

e ~ 1m thick blanket to thermalize,
shield neutrons & breed Tritium

® Displacements per atom in wall
~10 - 20 per year for 1 GW

e | eads to serious thermal
degradation of materials.

e Internal p, He production by nuclear
reactions is also an issue

Normalized Thermal Conductivity °

0.001 0.01 0.1
Damage Level (dpa)

L. Snead, J of Nucl. Materials 224 (1995) 222-229

l) JULICH
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B. Developing neutron tolerant materials will probably be last

problem solved for fusion

0v+———F————t—t—t— 2
s 9 graphite
;Thennal —_— 1 1.9
~ 30 L Control | '
s . ! o
o I !
£ 25 T | L 2
= j | 18 ;
Fos -
- | Q,
E 15 L | T17 §
= I \ N
o C \
i \ T 1.6
5 \
\
! ]
L .. e E—— ———t 1.5
0 10 20 30 40
Dose (DPA)

L. Snead, J of Nucl. Materials 417 (2011) 629-632

» Tungsten and some 3D graphites have
better nuclear damage properties

Mitglied der Helmholtz-Gemeinschaft

Example of graphite

" Uniform material bombardment by 14
MeV neutrons

e ~ 1m thick blanket to thermalize,
shield neutrons & breed Tritium

" Displacements per atom in wall
~10-20 per year for 1 GW

e | eads to serious thermal
degradation of materials.

e Internal p, He production by nuclear
reactions Is also an issue

® Solution will require dedicated
experimental & modeling, probably
exploiting self-annealing at high
material temperatures

l) JULICH
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C. Impurity radiation in the core plasma is a constant power loss

" As the impurity travels through the core
plasma it loses more and more electrons.

®* The excitation of orbital electrons
before each electron is lost
(lonization) leads to radiative losses

13.59

W a3z

12

HY 434.0 nm
" Most light impurities are ‘fully stripped’ of 10 s H, 4861 nm
electrons -> they no longer radiate in an 3 H, 6562nm
ITER plasma g °
® On the other hand, heavy impurities such g ¢
as tungsten are never fully stripped > £
68}

continuously radiating, loss of energy - 4
very little tungsten allowed in the plasma

l) JULICH
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C. Impurity radiation in the core plasma is a constant power loss
(reactor plasma operation) s

" Q=(fusion power)/(power in); goal for ITER: Q > 10
» Allowed concentration (n,,/n,) of ~ 5x10->

* An injection of a mm diameter droplet of W
would lead to radiative collapse in ITER

« Melting must be avoided ©

— Q=10

MAXIMUM PERMITTED IMPURITY CONCENTRATION,f,,

0.1% D05

c L
2 001+ 1073 =
(&) E - -
© F - y
- r 5 | y
@ 0.001 i ]

[ c
Y i 2 -. ~

0.0001 "

10 " — 3
0 20 40 60 80 - 3
Impurity atomic number s |- 3
B Tungsten 7

bl @) JiLIcH

itgli - i F h t
Mitglied der Helmholtz-Gemeinschaft Jensen PPPL report #1350, 1977 orschungszentrum



C & D: Criteria for material choice

=  Wall erosion, tritium retention:
= Impact on plasma (dilution, radiation):

10°;

[
c
[N

)

=
(@]

SPUTTERING YIELD (at/ion)
=
o

10*

—— physical sputtering

Wall erosion best with high Z

0.01 0.1 1

ENERGY (keV)

(but no melting of carbon!)

Mitglied der Helmholtz-Gemeinschaft
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Tritium retention -
an issue for carbon!
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B&C: Summary

Net erosion of the plasma facing components must be kept at
extremely low levels, both for reactor lifetime and plasma operation

" Must avoid melting, by all means
" Evaporation can probably be controlled (active cooling)

" Sputtering: rather well understood:
® properties of redeposited layers?
®* complex transport pathways

IJ JULICH
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B&C: Summary

" Through divertor geometry and plasma physics the divertor power load can be
reduced below 10 MW/m?, compatible with ITER operation

e Not yet clear whether the process of detachment is enough to reduce power loads
below engineering limits for a reactor

® Our current understanding shows that divertor surface erosion rate can be kept low
enough to achieve < Imm/yr for tungsten in the divertor

e If one can keep the plasma temperature < 5 eV, compatible with detachment

® Operation of a reactor at high temperature (800-1000K) has positive effects on
e Reduction of T retention
 ‘mending’ of neutron damage
e Reactor engine efficiency of conversion of heat to electricity
 Note we don’t yet have a demonstrated coolant that works at those temperatures

l) JULICH
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D. Tritium retention — Control of Tritium & He ash within the
vessel plays a crucial role in optimizing fusion reactors

® The He ash cannot build up in the plasma, or else the fusion reactivity drops
« Constraint on the allowed fraction of He in the plasma
poses lower limit on pumping and hence on plasma surfaces fluxes
®" The T retained in vessel surfaces has to be very low

« Constraint on the fraction of T ions incident on the surface that stay in the
surface (retained) poses upper limit on plasma surfaces fluxes.

" |n a fusion power plant a compromise between the two must be found

l) JULICH
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The vision of nuclear fusion research:
A miniature star in a solid container. He ash control

The sun as a role model: no He ash control there

Hydrogen burn - Helium accumulation - Collaps

Life Cycle

Of the Sun Now Red Giant Planetary Nebula
Gradual Warming

White Dwarf ...

Birth 1 2 K] 4 5 6 7 8 9 10 1 12 13 14

In Billions of Years (approx.) Sizes not drawn to scale

Science Learning Hub ©2007-2014 The University of Waikato

Sun = 10 Billion years

9 JULICH
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The vision of nuclear fusion research:
A miniature star in a solid container. He ash control

The sun as a role model: no He ash control there

Hydrogen burn - Helium accumulation - Collaps

Science Learning Hub ©2007-2014 The University of Waikato

Sun = 10 Billion years

Fusion flame on earth = 100-200s

9 JULICH
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D. He ‘ash’ reduces the number of D/T ions in the plasma and
thus the fusion reactivity

" Plasma local quasi-neutrality (#Z of positive charged ions = # of electrons)
means that any impurities in the plasma dilutes the number of fusion reactions
between D* & T+

e For every impurity atom entering the plasma with N electrons — N fewer D, T
lons are allowed in the plasma — dilution of the fuel

n.=nNy+N.+ ZHenHe Note: n, is limited by B (plasma B)

N, Ny +N. Z,=2 almosteverywhere in
— plasma
N, N,

1- ZHe 1:He

1- ZHe

®* Want to keep f,, low to not lower the fusion rate too much («x ngn+).
® Other low- to mid-Z impurities can also dilute the fuel before their radiation

becomes too large ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



D. He ‘ash’ reduces the number of D/T ions in the plasma and
thus the fusion reactivity

Power balance of a steadily burning fusion plasma, = burn condition (aka: “Lawson criterion”)
nTrte=9g(T)

Core plasma physics, energy confinement Tg

But the same process that releases fusion energy also produces He particles

Additional: Particle balance for helium ash:

1 Nye n n

12 — — R .
n<(ov) fHe T fhe 0 Tg

7 - Boundary plasma physics,

particle confinement Tp

T - Energy confinement time, ,given by nature....",

T, : Particle confinement time: recycling, pumping,
plasma surface interaction, A&M processes

. ~ A boundary plasma parameter p
pP— Tp/ T nT1e=9(T,p) explicitly appears in the burn condition

@) JULICH
Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum




D. Both dilution and radiation play a role in the ‘operational
space’ for fusion

" Both dilution and radiation can be taken into account in determining the size of
operational space for fusion burn through the “Lawson criterion” (burn criterion)

@ 105 He+W][3E-5]
'c
>
2 He+W/[1.9E-4]
LU 10°% -
|_
C

10 100

T [keV]

" Higher nTtg and higher T are needed as the He and other impurity
concentrations increase.

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft D. Reiter et al., Nucl. Fus. 30 (]_990) 2141; Forschungszentrum

T. Putterich, EFPW Split, Dec 2014 p112



D. Tritium burn fraction in a fusion reactor will likely be low

" Most predictions for the fraction of injected T that is burned are of order a few %

® The burn fraction is lower than one
would like — there is more T in the
exhaust gas that needs to be extracted

" However, the fusion power density is
still impressive

®* ITER fusion power density ~
10MW/m3

® Sun fusion power density ~
100W/m3

®* Human body power density ~ 100W
or ~ 1IKW/m3.

®" The fusion power density can be
Increased through higher plasma
pressure (5, B)

l) JULICH
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D. Two processes lead to T retention in plasma facing components (PFCs)

® Two processes lead to the fusion fuel getting ‘stuck’ in the fusion engine

e Co-deposition of the fuel with those PFC atoms that return to the surface —
‘burying’ the tritium

e Implantation of the fuel into the surface material lattice

® Both are dependent on the incident tritium flux. The divertor is where the flux
and fluence are the largest.

l) JULICH
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D. Retention of T in surfaces is related to ion fluxes to those
surfaces which we relate back to heat flux

® Jon flux I, leads to both surface and bulk retention of tritium in the plasma
facing component

® We can relate back to the maximum allowed heat flux - 10MW/m?2

/m2] :[1 /(m?s)|ysnTe[eV] x 1.6 x 1071[J/eV] = 10MW/m?2

® Where y4, is the sheath transmission coefficient which specifies the ion and
electron contributions to the heat flux at the target - y, ~ 7- 8

" Also assume T, e < 5 €V and: 50% reactor operation/availability:

J/(m?s)
Lions|1 ° — QJ_[
1/ (m”s) YshTeleV] x 1.6 x 1019 J/eV]
_ 107[J/(m?s)] __, Yearly ion fluence
7 x5[eV] x1.6 x10719][J/eV] of ~ 2 7x103/m?

= 1.8 x 10**D/Tions/m?/s ‘J JULICH
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D. Use the in-vessel T safety limit to determine the maximum
tolerabe T retention rate R+

Retention in PFC: RT+ = Fretained T+/Fincident T+

Assuming fusion operation half the year,

Fincident,D+—|—T+ 2.7 X 1031/m2/yr

Fincident,T+ ~ 1.3 X 1031/m2/y’r

« Assuming an area, S, ~ 10m?, the incident mass of T* is

~ 5 _
Uincident, 7+ Sdiv = 2 x 10°|kg, T /yr| = 200 tons 1T'/yr
e In-vessel tritium safety limit I y,ineq 7+ = 6404, forcing R+ ~10° to reach
limit after 3 years of operation ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



D. Use the T breeding ratio and fusion rate to determine the
maximum T retention rate R4+
T breeding ratio B+ is the ratio of the T produced in blanket S; to the fusion rate: B = S/ I,

eutrons

= Assume 2.5GW reactor and B; = 1.02 (2% additional T breeding over the fusion rate)

Shield

Lithium 6 i
i% 3% |»B|anket<| / Vacuum vessel

Rad 7

) o 3
Neutron Tritium

* Normally we think of this surplus T produced, (Bt - 1) X I o ytrons: @\ p—
as being used to start the next reactor. But here we assume Neutr s —
it replaces the T retained in tiles, Ry X ' cigent 7+ y o //
First Wall oolant for ener agnets
(BT — 1) X Fneutrons — RT X Fincident,T+ gon\ller;ifon ¥ agnet

Tritium breeding zone

(Br — 1) X I'jeutrons . 0.02x0.4 kg/day
Fincident,T+ - 1260 kg/day

- Again, we need the retention R+ to be very low ‘J JULICH

Forschungszentrum
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D. Dependence of Tritium co-deposition on tile material

Co-deposition:
= Rough estimate: total net erosion rate X co-deposition concentration
= Detailed evaluation: impurity transport including re-erosion,
co-deposition concentration depending on final deposition conditions

10° 5
Tritium inventory due to co- :
deposition
« much smaller for high-Z
« The erosion rate varies as well
« Example — compare Be to W
40 (erosion) x 20 (co-deposition)
= 800 more co-deposition

[N
S,
-
1

[EE
S
N
1

Tritium concentration (T/X)

Even larger difference for C to W: 10°4| =
. W
o BeC
O BeO
" w I
1048 WC m}

160 260 | 3(30 | 4(|)0 | 5c|)0 | 660 .o
Temperature (°C) ‘J JULICH

Forschungszentrum
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D. Implantation is the dominant retention process for refractory

metals such as W

« Retention high at low fluence,
decreasing with increasing
fluence

» Retention scaling roughly as
(fluence)%-% => dominated by
diffusion

* Retention in surfaces <1 in 10°

at high fluence and near room
temperature

Mitglied der Helmholtz-Gemeinschaft

1E23

1E22

=
m
N
[y

1E20

Retained (D/m2)

1E19

1E18

Laboratory studies show that the
retention is very low in tungsten
when there is no nuclear damage

[ Ava AV sl B N NoRsR N |

HStQ Olga
Toronto
DIONISOS

TPE Causey
JAERI

PISCES Doerner
FTU Loarte
Magnetron Alimov
PISCES Wampler
Cmod

PSI2Loarte
TEXTOR

ASDEX Up

TPE Kolasniski

*

y = 1.2e22 * (x"0.55/(7€14+x"0.55)) | »

poly-W _
' o ' "| D energ 38-200 eV
TDS
> 400K
poly Mo (B)
gas balance -

All data near room

\

1 ITER pulse

temperature | LA

B 7.3517E1

0.55 #

+5.7186E21
+5.1867E14

il
1E22

T
1E23

bR L L
1E24 1E25 1E26

Fluence (D/m2)
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D. Operating at higher temperatures lowers the retention even
further

® Drop in retention with g
Increasing material temperature - 10721 g §
® At higher PFC temperature < .
the T atoms have more = - -
thermal energy and can o)
escape normal potential wells Tc 104, A |
. - \
In the lattice g
.E A A\\
"q',' — | A Causey et al. AR .
oc A~ .
Q B Wilson and Pontau A
10°6 | i e .
200 400 600 800

Temperature (K)

l) JULICH

Forschungszentrum

|deally operate PFCs at high T
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D. Retention increased by neutron damage to material, some
results show a saturation of trapping sites

Add neutron damage > 1% tritium storage capacity at defects

| " Neutron damage leads to

: Exposure to D neutrals at 403 K
deeper potential wells in the

_ lattice

;j 10° 3 e B ' ] ® Harder to get the T out of

E‘; c§ ____________________________ ] potential wells and diffuse out
bi ? ] of the PFC

® Still = higher temperature

B damaged at 300 K _
lowers the retention

O damaged at 573 K

_]- M M M | M M PR | 2 2 PR R
0.1 1 10 100

Damage level (dpa) ‘J J U L I C H

Mitglied der Helmholtz-Gemeinschaft Y Hatano PSI 2012 Forschungszentrum
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D. Tritium control, thermal efficiency and annealing of neutron damage
addressed through high material temperature

100000 Main wall —
- —_— Dome
80% < — 2 e Baffle
E" E 10000 - Strikepoint
S . "E —l— Total
< S d&\(}a ©
& S ae @ 1000
£ g 0‘&"‘1 o \ ~ regulatory
% 0% Cﬁ“ < limit
E . - 100
: i 2
= 20% = o o
& i 10 . . . -
E | - 400 600 800 1000 1200
10° | Thermally-activated Ambient Temperature (K)
3 - reaction rates E ) D. Whyte PSI 2008
[ Rates ccexp| - ——
s 10° T
c material
2
G E,=0.5eV o inA’ - ;
g 1010 o0 triviam diffusion *‘Mending of neutron damage: neutron
g C sey : induced potential wells diffuse and can
3 - e.g-tritium detrapping | £ ‘recombine’ with displaced atoms

300 ::500 700 900” 1100 ‘J JULICH

Mitglied der Helmholtz-Gemeinschaft Wall temperature (K) Forschungszentrum



Summary:
Tungsten appears to be the reactor PFC material choice

® Graphite has disadvantages with respect to tungsten

e Erosion rate is much higher at optimal divertor conditions of detachment and low
Te

e Lifetime and dust (safety) issues

e Carbon has a high rate of T being retained in the surface due to co-deposition
e T hard to remove without removing more C

e Structural strength of graphite reduces more with nuclear damage

e Other materials (e.g. liquid metals) are being considered as well

® Tungsten still has questions
e \Want high operating temperature to reduce T retention and repair DPA damage

e Too high a temperature, above the ductile to brittle transition (DBTT) reduces
ductility and makes it more likely to fail structurally. ' ' JULlCH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Summary:
Power plant costs drive fusion reactor design towards more
difficult PFC challenges

ITER example
=700 m* Cost~20GS$ T

W

arca

Assume: cost of electricity: 0.1 $/kWh
Assume: conversion efficiency: n,,= 0.25

&) JULICH
Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum



Summary:
Power plant costs drive fusion reactor design towards more
difficult PFC challenges

ITER example
=700 m? Cost~20GS$S T

wall

Pfusion =500 MW Sarea

Assume: cost of electricity: 0.1 $/kwh
Assume: conversion efficiency: ng= 0.25

$cost 20 x 10”$
= » 1300 yr
Setectric/Yr  Prnwn(fon) (8760 hr/year)0.15/kW h

After 1800 yr operation ITER becomes a profitable power plant

~450 K f~ 0.1 (duty factor)

&) JULICH
Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum



Summary
Power plant costs drive fusion reactor design towards more
difficult PFC challenges

ITER example
=700 m?> Cost~20G$ T

wall

P...=500 MW S
Assume: cost of electricity: 0.1 $/kwh

$cost 20 x 10°%
Screctric/yr  Pinen(fon) (8760 hr/year)0.1$/kWh Y

P.x 5> 2500 MW reduces operation time until pay off to 360 years

~450 K f ~ 0.1 (duty factor)

arca

&) JULICH
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Summary
Power plant costs drive fusion reactor design towards more
difficult PFC challenges

ITER example
=700 m?> Cost~20G$ T

wall

Pfusion =500 MW S ~450 K fon~ 0.1 (duty factor)

arca

$cost 20 x 109$ \
$egectric/yr Penen (for ) (8760 hr/year)0.1$/ kW h ' J

P, x 5> 2500 MW X2 2 0.5
T Tsmk

&) JULICH
Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum
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Summary
Power plant costs drive fusion reactor design towards more
difficult PFC challenges

ITER example
=700 m? Cost~20GS$ T

\%%

Piion= 200 MW S a~450K £ ~ 0.1 (duty factor)

arca

$cost 20 x 10°$ \
Sercctric/yr  Prnen(fon) (8760 hr/year)0.1$/kWh Y

P.x 5 = 2500 MW Mg, X2 2 0.5 f . x10->1

&) JULICH
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Summary
Power plant costs drive fusion reactor design towards both:
more difficult plasma boundary physics and PFC challenges

ITER example
=700 m?> Cost~20G$ T

wall

Pision= 200 MW S ~450 K f, ~0.1 (duty factor)

arca

$cost _ 20 x 107% >
Scicctric/yr  Prmn(fon) (8760 hr/year)0.1$/kW h
l/ \¥ -
P.x5-> 2500 MW 1, x2 - 0.5 £ x10> 1

| | |

P./S ~4 MW m™ T,.;> 1000 K > yr-long fluence

W

All these differences to ITER make the plasma
boundary physics more demanding and the PFCs more

risky in a power plant 9 JULICH
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Summary

" Through divertor geometry and plasma physics the divertor power load can be
reduced below 10 MW/m?, compatible with ITER reactor operation

e Not yet clear whether the process of detachment is enough to reduce power loads
below engineering limits for a power plant

® Our current understanding shows that divertor surface erosion rate can be kept low
enough to achieve < Imm/yr for tungsten in the divertor

e If one can keep the plasma temperature < 5 eV, this is compatible with detachment

" Operation of a reactor at high temperature (800-1000K) has positive effects on
e Reduction of T retention
e ‘mending’ of neutron damage
e Reactor engine efficiency of conversion of heat to electricity
* Note we don'’t yet have a demonstrated coolant that works at those temperatures

l) JULICH
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A. ITER: Next step towards a magnetic fusion energy reactor

= International Thermonuclear Experimental Reactor*
= ITER is being built in Cadarache France by
7 international partners — Goals are to
e Produce 500 MW of fusion power
e Achieve Q=(fusion power)/(power in) > 10 d
e Study alpha particle physics )
e Test exhaust physics/technology
= > 8 years till first plasma f =

R d o
| ITER | Reactor 2.5 GW) | ~a_ |-

B toroidal field [T] 5.3 ~5 (ITER value) |
R [m] | .
|
a[m] 2 2 P 7S
9 LS
P MW] =P & 2 ]
SOL [ ] heat 100 500 \ ¢ D\ [ 4 T Ry
+ P, —P ! - .
a ~Frad & s ULICH
Mitglied der Helmholtz-Gemeinschaft *EU -EFDA report "Fusion EleCtrlClty - QL rschungszentrum

A roadmap to the realisation of fusion energy’



Summary: Impact of PFCs on fusion gain

Mitglied der Helmholtz-Gemeinschaft

Plasma Pressure

1

i) Advanced Operating Modes

Internal Transport Barrier
(ITB)

Sawteeth

/ (ELMs)
L-mode
........................... ‘ Edge Transport
Barrier (ETB)
Pedestal (H-mode)
0 1

Mormalised radius r/a

ME03A52Te

/.
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Summary: Impact of PFCs on fusion gain

QDT = I:)fus / I:)heat“' pDT Te 1:(Zeff)

Critical
- : DT fuel
stFi)frfcr)mzlses temperature core plasma LIy dilution
- radient DT pressure accumulation ,
T0)/T(@a) | P with Zg;
~ const Turbulent MHD equilibrium Collisional
transport & stability transport
- | : T
. eed cool, or active ELM Edge plasma rad|at|_ve need cool,
ense edge size control: DT pressure impurity dense edge
plasma pellets, RMPs P seeding plasma
: Edge localised Edge & SOL transport: :
SoEL modes (ELMs) collisional and turbulent partially
decreases detached
with edge Transient loads Steady loads divertor
collisionality on PECs on PECs operation
must not exceed: Erosion, ablation, must not exceed:

~ 0.5 MJ/m2 in 250 us melting, cracking ~10 MW/m2; ~10 eV " JULICH
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Achieving fusion burn vs. exhaust criteria: a complex system

-

= I:)fus / I:)heat

pellets

b

eams He ash Intrinsic Z

Extrinsic Z

alpha neutron

equilibrium \

stability

'

photon

plasma

!

mechanical

|

A

+ current drive,

thermal

4

transport
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disruptions, tritium, dust,...
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