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Fuelling and Heating: Criteria for Stationary Controlled Fusion W

1-R) N/,

removea removed by
by. cooling

pumping

particle balance: energy balance:

q)gas: (1 ) R) N/ PHeat = Prad + W/ 1:E

T, plasma energy:

number of plasma W=32nk(Te+T)V,

particles: N=nV, ohmic heating is not sufficient

(only up to 2.5 keV)

D. Naujoks 24.6.2009 ITER Summer School 2009, Aix en Provence



Ignition and Burn Criteria ()

fHe = nHe/Ne and f; = n;/n.
charge neutrality and equal densities of deuterium and tritium

Z Gg:n; = np +nr + 2NHe + Z Gin; = Ne t s Het  (14.1 Mew)
i (3.5 MeX)

Ne (1 Cof Z o f) dilution of the DT fusion fuel by helium and impurity ions
=/ He e is characterized by this additional factor

under steady state conditions, the fusion rate (equalizing the
production rate of a-particles) must balance the exhaust rate of helium

THe T — «];'olume "He dV
fSurfaCe rHe dSs

np nrt (ov)pT = — THe =

T*
He

the He exhaust itself can be parameterized by introducing the effective
confinement time

x _ __THe _ THe e = 1—R.y. is the exhaust efficiency
° 1— R € determined by the scrape-off layer (SOL) pf
' and pumping capabilities
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Ignition and Burn Criteria (lI) W

p
\Central Plasm@

Particles )
Energy 1 + Reye + Reye +
70N\ /}—\\\ * THe THe
/ \W/ \\/ .
(F t)

\Plasma Facing Componen Y

The recycling process: The energy is almost fully absorbed by the material,
whereas particles such as He can leave the central plasma region and return many times.

combining the equations gives the so-called exhaust criterion
npr = nTe (1 — 2fHe — Z qzif:i) * 4fHe
4 NeTHe = ) 2
o - (1 —2fue — 2_qifi)” (ov)pT
npnr -Z;CT v .::'DT = "
THe
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Ignition and Burn Criteria (lI1) W

the part of helium fusion power P, (E, = 3.52 MeV) which is not lost through radiation must be

confined in the central plasma long enough to replace convective and diffusive heat losses in
order to maintain the plasma temperature

Wg 3
Pct - Pbrems - R‘ad = = ; (n I‘BT
+2nprkpTpT + NnHABT He energy balance

+Zn ABT)/

2 . .
(l — 2 fHe — Z f,:.qi) (ov)pTE, helium fusion power

.| S
letv

Py = n%T (ov)pTEo =
Praa = n'ez n;Li(Te) radiation losses
Pirems = CheNle (2'?DT + dnyge + Z q?ni) \/@ = Cbrn.gZeff \/@
= Cpr N (1+ )fHe—i—Z ¢ — g; f,) \/7
161/27vc

(with gpr =1 and gge = 2) = = 3.84 x 1074 Wm*s/\/ ke
3v/3(4me )37722 263h ' _

bremsstrahlung
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Ignition and Burn Criteria (IV)

we obtain the burn criterion

netg = (3/2) kgT (2 — fue + Z fill = Qi]) /
[(1 2~ Y fig:) (ov)prEu/4
— Chx (1 +2fue + Y |07 — ai fs) VkeT - fiLi ]

the exhaust criterion and the burn criterion can be combined in order to eliminate the

electron density by defining the ratio

*
THe
e

PN —
{ —

which results in a cubic equation for a certain impurity concentration f; for

giveny, T, and f,,

fHe

SN S )

l(l — 2 fHe — Z fq,) (ov)pTEo /4 — Cbr(l + 2 fHe

—(1 — 2fHe — Z (I-z'f:')z

X (2 — fHe + Z fill — q.i]) (ov)pT kT - :
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Ignition and Burn Criteria (V) W

In the case of f, = 0 (only helium, no other impurities), this reduces to

2fue (0v)pTEo — 4 vVERT (1 + 2f1.) /(1 — 2f1e)?

—_
Ll

3 (2 — fue) (ov)pT kBT

~

Y —_

Usually, this equation has two real solutions, f,, ; and f,, ,, for a given y value and a certain
temperature in the available range of 0 < 1, < 1/2. Varying the temperature T, the obtained
solutions of can be substituted into the burn criterion. The resulting values of n.rg build the

workspace of a fusion reactor as a function of T for a certain value of y.
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Ignition and Burn Criteria (VI) W

¢ ! ey ‘ s Al ¢ : ‘ s
IVi . sze. ‘-._O-'v,.:'DTEa — 4, V ’\BT(I + 2fHe),/,(1 - sze)z - _ 'He
solving 7= — , — f = —
g 3 (2 — fHe) \ov)pT IJBT 'E
10 * 1 ]
, Y= *
[ = y=4 1 : :
| e =8 | ory =16, there is no solution at all.
A Y= 12 |
« =16 *\*\
. assuming linked transport
OF 3 mechanisms for particle and
i ] energy transport, i.e., Ty =T,
” * the exhaust efficiency should
be larger than > 1/16=0.06
107"} ]
: ; + _ THe _ THe
- - ' e - -
4 1 - RC}"C 6
(\_? Ly Al N " i PPPETTTTTRTTTITITe | P N N FPTTeTY rereet | " PETreTTITIT . . . “
W e o 02 this is the helium ,ash“ problem

T. (keV)

operation space of a fusion reactor considering only helium

as an impurity
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Path to Ignition

magnetic confinement

n-T-t [M3keV s]

PTe~

22 , !
1 e I s
+ thermonuclear bur 'ng\'\gniM - density =~ 1020 m=
. Break-even JT60-U . pressure = 2-3 bar
1021+ low energy density < secure operation
QTFTF‘ but large volume!
fvee ]
i TFTR@ Orm
102k JiTN' fm l
- . cator 1 -
. Aloator C-mod @ ASDEX Upgrade - Tokamaks Helical systems
_ Tore Supra @ @ T 60 T‘(O) [keV] 44 4
1019 LHD O @ ASDEX T.(0) [keV] 15 7
i 1 [n(0)[10"m’] 10 7
@ ASDEX 5
e z, [s] 1 0.13
N Owrss ENE 120 90
07 @pusag Orsar 1 (=B > %] 123 2.9
- - - fiicion [M“Z] ]'7 -
L T3@
1077k Table 1 Maximal plasma parameters achieved in tokamalks
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Fusion Conditions - Confinement

Confinement by
gravitation: stars

magnetic confinement

inertial confinement

fuel density, ion temperature, energy confinement time

scattering between two nucleons is significantly more probable than
fusion fusion for economic energy fusion must be realised in a
thermalized plasma T =10 ... 100 keV (108 ... 10° K)
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The Tokamak Way W

ASDEX Upgrade | KX JET
w—ng

1T i |

|

| |
|
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geometry similar to ITER, linear dimensions scale 1:2:4
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Towards a Reactor W

increase in nTt achievable by
- size
- optimization of stability and confinement

ASDEX-Upgrade

JET
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Fusion Triple Product W

——$e—1 Tr—— —_—

g — Limit
= f\ strong limitation due to B-limit 3 (p)

" B2/(2u)

allows for a presentation in terms of the density using
P = 2nekBTe (ne = ni’ Te = T|)

1
4ﬂokB];

multiplying with the energy confinement time
e =a%/4x ,, we obtain

Ne - TR i Bcrlt

B'2

Ne <_i Bcrlt

1 B?a?
dpokpTe 4x 1

qerit P2 2
and ' G B2 a;
Ne - L-BTe "TE =

16p6 X1

results in restriction of operation space fora y
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Problem of Plasma Density Control W

In order to maintain a constant plasma density, a fueling flux is required to compensate
the losses due to burn up. deposition into wall components and pumping. The global

balance equations for the plasma fuel ions (D and T) are

d Np Np Np Np Nt
— - 1 — fwan — fpump) — «
dt QD Tp " Tp ( f ! fl I ) V;)lasma <0?)>DT
d Ny Ny Ny Np Nt
s - I — fwan — fpump) — :
dt QT Tp N Tp ( f al fl : ) Vplasma <0?’>DT

The reservoir in the surface layer with a thickness of about 0.1 um (taking graphite with
its atomic density ne and a ratio of hydrogen to carbon of ¢ = 0.4 amounts to

Nurface = €N Sdivertor d
~ 04-11.3x10*m > -100m?-10 " m =4.5 x 10*

0, -3 3 2
M)lasma — thplasma‘/plasma ~ 102 m - 800m” = 8 x 102

efficient control of the plasma density is only possible by establishing a strong sink using a
pump system and having a source of fuel gas (gas puff, injection of pellets of frozen hydrogen)

D. Naujoks 24.6.2009 ITER Summer School 2009, Aix en Provence



Problem of Plasma Density Control W

Assuming zero recycling, i.e. fyan + foump = 1, the required inflow rate is (remember the
denotation np = nt = npr = Nbr/Vilasma)

npr
QDT = QD + QT =2 — + n2DT <0"U>DT ‘/plasma
D

The inflow rate by pellet injection can be estimated [5] as

pel __ .
QDT = Ne¢ pl(at — 71)(31)/7-1)01
with the pellet deposition radius r,, &~ 0.8a; and the pellet retention time 7, ~ 0.2 73,
a; being the minor radius. Even with large pellets (d,. = 5 mm with 6 x 10%! atoms),
: . : 3
the required pellet frequency (in the range of several Hz) in order to ensure Q}r = Qpt
will be much larger than the pellet retention time.

besides the plasma density control, the control of plasma composition according
to the burning requirements in the main plasma is an additional problem
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Limiter and Divertor Configuration

Separatrix

X-Point

Private Flux
Region

cross-field flux into the SOL Divertor
1n nLc
D Loi~D, MECEST
dr o ASOL
LCFS plasma decay length
article fl t th |
particle flux at the wa DI
wall ASOL = . = \/ 2D TsoL
[ ne(r)cs(r)dr = 0.5nL0rs ¢s AsoL { ®

LCFS
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Power Handling W

If half of the helium fusion power is transfered into radiation, then
the power load onto the wall is given by (see Eq.(10))

2
, e
Pl‘;?ln = O.SR%T<0"U>DTEQ‘/1)1 ~ §<0-?-’>DTE(I‘/[)1
1
= (2 107) x 1.1 x 107%*12% x 3,52 x 10° x 1.6 x 107" x 490

= 220MW

The resulting heat load is given by P¥3!/S, = P¥al/(4x%a, R,) =
220/490 = 0.45 MW /m?.

Due to transport processes, a part of the generated power, namely (Wg/mg)V,, crosses
the separatrix into the scrape-off-layer (SOL) (see (9), Vi1 = 272 a? R;). In this relatively
thin layer around the core plasma, most of this power should be radiated in order to
protect the divertor (or limiter) elements against excessive heat loads

SOL __ 5
rad  — eTlimp LimDVSOL = nenimpLimDQﬂ' Ry /\q()\q + 201)
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Radiation in the SOL W

Taking the mentioned 10 MW /m? as the ultimate (technical) limit, the required radiation
losses in the SOL can be estimated as

PSOL — WE‘/I)I

rad B

— 10MWm % X 2 X fo X Aq X 27 R

with the wetted divertor area Sy, = 2freAq 2T Ry ; fee is the flux expansion factor f.

let us take a fusion triple product of
nekpTprme = 1.4x10° kg/(m s) (ITER parameters, see above), and a energy confinement
time of about 7 ~ a? /4y, =2%/(4 x 0.2) = 5s.

3/2)2 x 1.4 x 10° X x V,,
Poit = (3/2)2 (,.X) ms Pl 1 0MWm™2 x 2 x 10 x 0.004m x 27 6.2m
5s

= 82.3-312~50MW

since Wi ~ (3/2)2n.ksTor = (3/2)2neksTorme /™ and Vi = 272 a? R, = 27°22 6.2 =
490m?. The corresponding heat load onto the wall is P39% /S, = 50/490 = 0.1 MW /m?.

rad
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Radiation in the SOL W

With an average radiation function of Ly, ~ 107°* Wm?, a density n, ~ 5x 10" m~?, and
a volume of the SOL of about Vsor, = 2m2 Ry Aq(Aq +2a¢) = 27%6.2 x 0.004(0.004+2 x 2) =

2m?® we obtain a required impurity concentration in the SOL of

SOL SOL 6
Ne n2LinpVsoL (5 x 109 m—3)2 x 10-32Wm® x 2m?3 |

which is too high. By extending the radiation zone at least to some centimeters, e.g.

Aq & 4 cm, this ratio decreases to a tolerable level of nlslfl)g“ /n. = 0.1 in the SOL.
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Power Removal and Thermal Stress W

change of surface temperature q' heating

P. = keg(Ty — Thuik) + 205sRT + Toubi Baubl

heat conduction equation

o
PPt T div(k gradl’) + Qg thermal stress criterion
o at Evy Pd
'A"CT —— — T b ¢ < 1
' Ty (]. — I./p)k' Ty
d TO T(l)nax — . A
/Pdl’ = /A’(T)CIT — Pn]ax i l / L,(T)C]T _ x‘l(TO )1_ J’l(Td)
. . a | (
0 Ta Ty

the heat removal capacity is limited by the thermal conductivity of the

material <0 .
[P — —_— OFHC !
M cre| § crc 2 cre 97 cre_ 2 M

i v [EonnnnnT L v v
y N N NN N I Y 7. é SN NSRS
\S SEEEil 7 7 2 2 ol .
TZM 221 g OO TZM o 1 T 10 MW/m? is a challenge
m SWIr
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Impurity Problem W

radiation losses by recombination, bremsstrahlung, cyclotron radiation, and line radiation

Pv = Z [Precomb == Pbrems == Pcycl == Pq] i
i *x  y=0
q I . y=2
I o =06
g . . . _~ A =1 ':)
critical impurity concentration as a 1077} < ;=o Approximation 3
function of atomic number Z,; for
kT =12 keV and different y as .
indicated 1073t ]
For given
+* /
Y =THe/TE 107%E ;
and temperature
1.3_5 . N 2 5 I L N 2
0 20 40 60 80
7'm:>
approximation maximum allowable impurity concentration (for 12 keV)

(ov)prEu(l — 2fue)? — deneVEBT (1 + 2 fue)
20’1‘ DTEu(l - 2fHe)(]imp -1- ‘—'1Cbr \-"/‘A"BT((]ii)mp - (Iimp) + 4Limp

fc.rit =
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Erosion Flux into the Plasma

For particle balance, the radial outflux of plasma ions should be equal to
the influx of neutrals from the surfaces of the wall, including limiter and

divertor plates
rious.out- - Fneutrals.in
N+ ‘-‘131 1
—_— = 5 NH,VH, = N'H VH

Molecules H, emitted with thermal energies (< 0.05 eV) from surfaces or
injected through gas valves undergo predominantly Franck—Condon
dissociation processes producing atoms with energies of 3 eV.

Less than half of the produced atoms become ionized by electron impact
ionization, while the majority transfers their electrons to the plasma ions in
charge-exchange processes.

The flux density of particles sputtered from the wall can be estimated as

I ero — - } He f cx

Tp ‘Spl
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Impurity Density in the Plasma Core

diffusion equation for a certain ionization stage

q
mp

ot

on

q \
= div(D | grad Winp)

+1e [ Ls | +npitt gyl — nl?mp (Sy+ay)]=0

mp 49 mmp

The influx of neutral impurities at a velocity v penetrating into the plasma
Is reduced by ionization, and enhanced by recombination

=2
a1

s q=0 . -
div(ni="v) = —nen 81 + Ne nlmp

imp mmp

The sum for all ionization stages gives the steady state condition that the influx of
neutrals should be balanced by diffusion losses

Jmax ]

/ .._~. ' ",. P ) (]—0 _ . .
D_L ( (-)n'llllp," Or ) nlmp v = -re.ro Mimp = qg=1 nunp
v r
Integration yields  n4.¢(7) = D—L /o n ;‘mp dr + nimp(0)
with 724mp(ay) = 0. the central impurity density becomes simply
. 4= =0
n: (U) v ' nd= =0 dp ~ v nnnp /\12 rero )‘iz . P° /\iz
. Dl imp - DL DL 'S'plD_L
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Impurity Criterion W

The impurity concentration is related to the influx of impurities emitted from the wall

I oro Ais _ Ne ‘;)l YHe fox Az

n‘imp(r = 0) = fimp Ne =

D_J_ Di p Sp]
. . — —~ 2 / . _ ' . .
and substituting 7 =~ a; /(4D 1) gives Vy = 27262 R,
-~ _ 2
'ZAIZ bpl — ‘-lﬂ' (l.t Rt

f imp — }h° f cx
(y

For a burning fusion plasma, the ratio  finp/ ferit

2,
= )"'HO flcx ———
fcrit. (i
| 2'::0.“::'DTEC((1 - 2fHe)(]imp + dep, \"/kBT((I?mp - (Iimp) + 4Limp

(ov)pTEe(l — 2fHe)2 —dep VEpT (1 + 2f1e)

. _ flmp
imp

should be kept well below unity
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Impurity Criterion — Edge Radiation W

The resulting impurity concentration in the core

SOL
Aiz Mimp VsoL

4 »
D SOI ) imp —wall
Spl L 7 imp

Nimp ( O) >~

could be to high to fulfil the criterion nyy,,(r = 0)/ne < feic. especially with high impurity
concentration in the SOL 'nlslﬁ)l? high sputtering yield (for example Yi, .w), and short

retention times of the impurity ions in the edge plasma *rlﬁfl))L

SOL
n. ( 0) " /\iz 131 rad VS OL Y- 1l
“1IMp [ S OL 1mp —wa

Spl D_L Ne LuanSOL imp

S pl D 1L TE Ne LimpT

SOL Yimp —wall

imp

B (3/2)2n.kgT; (a/2) ! Vi

T DL afax)) neLpgyroOr el
B I\IBTi 6)\iz}/imp—nvall

B (Lt ,?18)1' Lunp
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Impurity Release and Transport W

 impurity release and plasma contamination
» distribution of particle emission

* ionization

» prompt redeposition

« transport and collision in the edge plasma
* deposition and redeposition

P - external

?ﬁergg%lf B » sticking
1™ source/ &gy
/
J p]asma (transport |
X Diveror (erosion ] | deposition |

material

cycle of erosion, transport and deposition
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Impurity Cycle in Fusion Experiments

Central Plasma

Accumulation (high plasma temperature,
low impurity concentration)

Particle Confinement

Separatrix

— — — — — — — — — — — — — — — — e — — — — — —

Screening in SOL and Divertor Edge Plasma
(low plasma temperature,
high impurity concentration)

Prompt Redeposition

Impurity
Generation N

Qj%deposntlon
A
Qj)e;&smon

CPIasma Facing ComponenD

the net effects are orders of magnitude smaller than the gross ones
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Impurity Transport

force on an impurity ion along the magnetic field (in the SOL)

Ftota.l =

1 0p
L.] 4+ m

n os

1.0

o © o
RS o Co

o
)

Probability of Prompt Redeposition

o
o
o

V] — U T IT; »
(p1 — v) )+qu+a-e —° 45— prompt redeposition
Ts s s
Analytical Mode
ERQO Calculation Point of
Approximation Olrl o
lonization T
Magnetic
Field @
Surface
V>t f Point of
oint o Redeposition
Emission
Tp = /\iz/p
- 1
4 6 8 10 P,=——
lonisation Length / Gyroradius p 1+ .A'.g
probability of prompt redeposition 1 ‘ p
P, = 5 [exp(—z'jfp) + exp (—?)]
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Modelling — ERO code W

simulation region and background plasma

calculation of yields and emission of neutrals

transport of neutrals — reaction control

. transport of impurity ions

. deposition of ions

change of surface composition choice of reaction

RND < P =1 —exp(—Aty/7)
1

. Py
ne 3, (V)i

OB wWh =

T =

dv | _dv
J\»[E =F=Q(F+vxB)+M 5

collisions
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The Lifetime of Wall Elements W

Plasma

redep (Yseir+1-8)

LA A

r Y Predeps edep Yse|f+1 S

Material

égrl:ss F Z ) fz ( + I:)redep D;elf +1- S] Fredep = S-Fepredep Z );fz (1 + Predep [y’self +1-— S]

+(Predep[Yaatt + 1 — s])% + ) +(Preacp[Veett + 1= ) + ..
. I e Zz )’: fz _ s1, = P, redep Z-é )’z f-z'
1 - -Predep Dfself +1 - S] 1— R’edep[};elf +1- S] ’
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The Lifetime of Wall Elements W

Fegrrc?ss = Fe Z }’zfz (1 + -F)redep [y’self +1-— S] Fredep =S Fepredep Z },zfz (1 + Predep [y’self +1-— S]

+(Predep[y’self +1- 3])2 + ) +(Predep[y,self +1-— S])Q -1- )
. I Z, Y; fz _ sI.P, redep E Yifi
1 Predep|Yselt +1 — 5] 1 — Predep[Yeelf +1 — 5]’

the redeposited material impurities stick to the surface with the probability s

net ross
I =15 — I redep

ero ero

(1—s redep) Zi }’:fz

et — Fe !
1 — Predep[yself +1— S]

ero

=T, o y:sff
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Criterion for Zero - Net — Erosion (I)

Graphite tile

magnetic flux
surface

point i

Ay = Ayg + Aypxp — 0

for zero erosion

deposition
2
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Criterion for Zero - Net — Erosion (1) W

Graphite tile

rero,.-"’dep(y) = rero(y) + Fdep(y)

ratrix

o

Sepa

(&]
o

Net Deposition

o
QO

(]
i

Net Erosion

o

wn

sample erosion/deposition profile across the divertor plate
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Criterion for Zero - Net — Erosion (llI) W

Graphite tile

Ay = Ayg + Aypxp — 0 for zero erosion

N Ay  Ayp+ Aypxp
Yare — —
o |)‘n.l| I)‘n.l

texp L pl Yp1 (1 — s Py,
AS:\C/)GI tor __ xp 4 pl pl’( S P ) t-a-nh(C" A"ero)
Ng (1 - Ppr [yself +1-— 3])
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Thickness Change W

at the wall erosion due to cx-neutrals

Upper
re
} FHO tdischarge

Awall _ . Y,Hone Vpl tdischa,rge
‘ "—‘ero — - ’v f cx
Ncarbon 7-p bpln'carbon
| ‘ 2D
l’ First Wall ‘ = Y’H° Ne tdischarge f cx
(Beryllium) A Necarbon 9t
-g \ Equatorial
o | Port
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ignition and burn criteria

particle handling

power handling

critical impurity concentration
lifetime of wall and divertor elements
choice of material

outlook
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Choice of Material (Solid Plates)

* high heat conductivity and capacity

* high melting point

» large thermal shock resistance

 good handling with respect to machining

» little degradation of the thermonphysical properties

 and low activation and transmutations due to the 14 MeV neutron flux
 Jlow permanent tritium retention

* low erosion due to bombardment with plasma i1ons and neutrals

* low self-sputtering

* low erosion due to ,local® effects (electric arcs, hot spots)

* low energy loss by radiation if the impurity atoms enter the central plasma

Where are the ,candidates’?
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Choice of Material in ITER W

Be: 700 m?, low Z, large getter capability of oxygen
and strong hydrogenic pumping
(easy density control), but low melting
temperature and high sputtering yields

= w100 m?, high Z, negligible erosion at low
plasma temperatures, but reduced heat load
capability (melting), poor thermal shock
behavior, blistering, accumulation?

C: 50 m?, low Z, excellent thermophysical
properties, shows no melting, has high thermal
shock resistance, but large chemical erosion,
codeposition with tritium, flakes and dust

CFC Problem: Material Mixing

cross-section of ITER with plasma-facing components including the first wall,
the V-shaped divertor slots with the divertor targets, baffles, and the divertor dome

D. Naujoks 24.6.2009 ITER Summer School 2009, Aix en Provence



ignition and burn criteria

particle handling

power handling

critical impurity concentration
lifetime of wall and divertor elements
choice of material

outlook

D. Naujoks 24.6.2009 ITER Summer School 2009, Aix en Provence



Innovative PMI Concepts ()

moving-belt PFC concept liquid metal wall/curtain
(Hirooka et al. 1997) (Badger et al. 1974, T-3M tokamalk,
Troitsk, 1984-1988)

Tokamak T-3Y (Skatura 1585)

Fusion device Envirenment

Droplet stream limiter

e :'.;.

, { ts.p)
X)X X X _

—

b
=
=
=
-

Moving direction

Pumping
system

. . Film Cimiter
Moving-surface plasma-facing component system B
_.-"-‘"-’ T
After Y. Hirooka et al. , 17th SOFE, in San Diego 1997 o

wafé
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Innovative PMI Concepts (lIl) W

Pebble New Pcbblcs
/!.umug.[lﬂ.us I'cbblc Replacement Stagc
@ Eroded Pebbles

: free falling
. pebble curtain

conlant
inlet

«*

y

Heat Exchanger

coolant
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Divertor Pebble

_ Graphite Degassing Zone
vacuum
— i pump
siCar Regeneration (desorption) process
Graphite

After M. Nishikawa, J. Plasma and Fusion Res. 78(2002)129.
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Innovative PMI Concepts W

porous capillary divertor plates (Schorn et al. 1989, Mirnov et al. 2001)

Li - Liquid Metal Divertor Alternative Design

/’

Li-radiation ™ - -0 .. e =
B_a_m_g__m___'; Ny ; - Baffle

+  scheme of “Radiative Li Divertor”

6 \./ H H H
Condenser pipes Cecling Li system Supply Li System ¥(\;|:rllTpE0I;0|llllfecatgil(”aar:]yai2/ertOr plates

@WSS=_ Capillary-Pore System

Gallium droplet limiter (experiments were done on T-3M tokamak in Shatura, in1984-85.
Gallium film (gravity driven) limiter (experiments were done on T-3M in Shatura, in 1986-88)
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Innovative PMI Concepts: CFC/Li

development of new material systems, for example:

Lithium is continuously pressed through a CFC material with a rather
loose composite of fibers (i.e., with reduced matrix material)

Large thermal loads caused by disruptions or ELMs have to be absorbed by

the Li vapor cloud formed immediately after impact of the plasma particles
from the disrupted plasma.

The CFC material should efficiently conduct the heat along the fibers toward the
heat sink of the cooling system installed beneath the targets. The chemical
erosion of graphite would be significantly reduced.

Lithium would assist in effective wall pumping (means low recycling ).
Both materials, as low-Z elements, radiate almost completely in the plasma edge.

it may be possible to use the outstanding properties of
both materials, while compensating for their handicaps
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Outlook

There are still major gaps in our present understanding.
Among them are:

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

the lack of material data and rate coefficients,

the carbon—tritium cycle, T retention due to damage induced by neutrons, gaps
the tritium/carbon layer removal (by oxygen, lasers, scavenger techniques),
the dust problem (radioactive content (T, W), reactivity, explosion hazard),

the behavior of mixed materials (chemical composition, change of properties),
contribution of arcing to the erosion processes,

melting of tile edges (hot spot mitigation), crack formation (macrobrush)

ELM mitigation, disruption suppression,

the effects of neutron irradiation.

In general, a reliable solution of the material problem can only be found
in the joint development of new materials and suitable plasma scenarios.

Despite all experience in plasma control that will be gathered during the
next few years, one concern remains — the high flux of neutrons.
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for more details ... W

ATOMIC, OPTICAL,
AND PLASMA PHYSICS

D. Naujoks

Plasma-Material Plasma-Material Interaction in Controlled Fusion
Interaction Series: Springer Series on Atomic, Optical and Plasma Physics

in Controlled Vol. 39
Fusion Dirk Naujoks

2006, XIl, 280 p., 54 illus., Hardcover
ISBN: 978-3-540-32148-4

N LA @ Séringe’r

About this book

Plasma-Material Interaction in Controlled Fusion deals with the specific contact between the fourth state

of matter, i.e. plasma, and the first state of matter, i.e. a solid wall, in controlled fusion experiments.

A comprehensive analysis of the main processes of plasma-surface interaction is given together with an
assessment of the most critical questions within the context of general criteria and operation limits. It is
shown that the choice of plasma-facing materials is reduced to a very limited list of possible candidates.
Plasma-Material Interaction in Controlled Fusion emphasizes that a reliable solution of the material problem
can only be found by adjusting the materials to suitable plasma scenarios and vice versa.
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Material Mixing: Structure and Surface Changes During Exposure W
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advanced erosion model for multi-component targets
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Dust Problem: Chemical Erosion of Carbon

production at main chamber walls
] via sputtering by CX-neutrals

* *

e u,
agas®
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Graphite tile
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pumping "'7 : T \ lpump
stable species L o a7 gere
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4 Mo CH, C,H, C;H, CH,, CH,, C,H, C,H,, C;H,
re-deposition re-deposition = ~
species with species with high ion energy  low ion energy
low sticking coeff.

large sticking coeff.

thick deposits (‘flakes”) found in remote areas of JET
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Additional Erosion Phenomena

in addition to the elementary erosion processes, phenomena

observed in present fusion experiments such as plasma disruptions, ELMs, hot
spots, dust production, and erosion due to runaway electrons, alpha particle,
and charge-exchanae neutrals can aenerate larae influxes of impurities into

the plasma ~ Plasma lons and Electrons
( Plasma )
* ‘e g Liquid
('Vapor Cloud ) ° o Droplets

Bubble

Liquid Layer

(" Solid Material )

o)

different interaction zones during large heat loads onto the material, for
example, during plasma disruptions or ELMs
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Material Modifications W

The main processes are defect production and agglomeration,
compositional changes of alloys by preferential sputtering, Gibbsian
segregation, displacement mixing, bombardment-induced decomposition,
radiation-enhanced diffusion, and phase transformation.

Plasma c
Chemisorbed Tritium ./ T
©®08ce 0 o8 Codeposition
™~ e .o' ‘5)‘33'0’1 of T with C
o

Implanted
Tritium

Implanted
Carbon

Transgranular °
Diffusion — =~ ©

schematic of different retention
and diffusion channels of tritium
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The End
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Electric Coupling: The Electric Sheath

ion flux density
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Bohm criterion with the = sign !

according to a energy minimum argument
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Sheath with Magnetic Field

Magnetic
Field Line

Presheath

Magnetic
Sheath

Electrostatic
Sheath

(Surface)

schematic of the different plasma zones in the near-surface region
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