Power and Particle Control

Can fusion power be handled by surrounding wall?
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Steady-state transport in the Scrape-Off-Layer (SOL)

ITER

Total Fusion Power
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Can fusion power be handled by surrounding wall?

Divertor heat flux

Geometry: field pitch,
flux expansion,

Upol 2 A 2 9 L target target plate tilting
» Peak poloidal heat flux q, ., ~ PSOL /2
" 2'0 R Iq PsoL )\q
~120 MW
= Parallel heat flux g, ~ Foor /2 B 0 — '._
' 2pRI, B,
qpol
" Targetheatflux  greq~ 2787, (B,/B), /sin@)(B,/B),
\,
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Divertor Heat Flux Challenge with Short SOL Width
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Can fusion power be handled by surrounding wall?

Increasing core radiation

Assume f,,, = 1.2 for ITER, f,,, = 1.1 for EU-DEMO,
Aq = 5 cm on the target for both

No additional radiation from
plasma core (just bremsstrahlung
and synchrotron radiation)

| ITER| EU-DEMO

R [m]
pfus [MW]

pheat [M W]
Psep [MW]
f

rad,core

Increase the radiated power fraction in the core

* radiated power limited by the need to stay in H-mode
* P,y should be expressed in P, = Py, - P
- P = fLH I:,sep,LH o ne0°7 Bt0°8 R?

rad

sep,min

In outer part of confined plasma,
additional radiation such that
Pmd,tol(core) - Pa+PAUX' fLH Psop,LH

In SOL and divertor,
i Psep,Ln 18 largely
dissipated (radiated) 5/40

AL Wm, H., Physics of divertor power exhaust beyond ITER, 10t ITER international school 2019.
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Can fusion power be handled by surrounding wall?

Divertor heat flux reduction

_ _ o Partially detached (CX-ES limited): Fully detached (radiation limited):
" |Increasing core radiation n, decreases, T,<5¢eV, p;<<p, X-point MARFE

i3 \\

» Detachment and radiation cooling \\
'>N

= Various configurations L]
* X, Super X (SX), SnowFlake (SF), Double Null (DN), ...
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‘Zohm, H., Physics of divertor power exhaust beyond ITER, 10t ITER international school 2019.




Can fusion power be handled by surrounding wall?

Liquid Lithium: Alternative (liquid) materials may lead to higher allowable P,

Liquid lithium surface NSTX iqu LI Divertor

Heater

Li source

Free flowing Li : |& | :
US, Cn ..

LA 7/40
' \m, H., Physics of divertor power exhaust beyond ITER, 10t ITER international school 2019.

,Capillary porous surface’
(= mesh wetted with Li): RF, EU




Erosion of Plasma Facing Component (PFC)
PFC sputtering and chemical erosion

Physical sputtering yield...
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Impurity Influx from Plasma Facing Component (PFC)

I Illl!lll 1 ll]llll‘

Impurity radiation in the core plasma Rl

Q=(fusion power)/(power in); goal for ITER > 10 0!
» Allowed concentration (n,,/n.) of ~ 5x10- 5

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

« Melting should be avoided ©
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Neutron Irradiation on Plasma Facing Component (PFC)

Tungsten and some 3D graphites have better nuclear damage properties
Operation at high temperature may cause ‘mending’ of neutron damage
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Tritium Retention of Plasma Facing Component (PFC)
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= Implantation is the dominant retention process for refractory metals such as W
= Radiation Damage Increases T Retention

= QOperating at higher temperatures lowers the retention further 11/40
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Dilution and Radiation for Fusion Operational Space

" 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)

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

10 100

T [keV]

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

D. Reiter et al., Nucl. Fus. 30 (1990) 2141;
T. Piitterich, EFPW Split, Dec 2014 p12 12/40



Plasma Facing Component (PFC) Material Selection
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Can fusion power be handled by surrounding wall?

Plasma Facing Component (PFC)
Material selection

= High power fluxes: steady-state and transient

= Strong erosion: sputtering and chemical erosion
- Carbon and Beryllium unusable in reactor
- High-Z tungsten PFC needs improvement

= Severe neutron irradiation

= Tritium retention
Tungsten

- Carbon unusable in reactor —  7FFT >
Carbon

WA

Operating‘ at higher temperatures may be a good solution ITER 14/40
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Table 1.9 Reduction of ITER parameters

FRT 2, (8Dt 20/9

Ignition 1998

“High-Q” 2005

Q

Py, MW
Burn, s
R/a, m

I. MA
By T

# TF coils

2 (Ignition)
1.500

1,000
8.1/2.8

21

5.7

20

10

400

400

6.2/2.0

15

53

18 — ripple problem

Courtesy of ITER Organization

TF coil

central solenoid

blanket modules

access port plug

divertor

Fig. 1.33 Main components of ITER. A person is shown for scale (in red circle). Courtesy of

ITER Organization

\\_\‘\-." | X : / |
" f

L] — |
Divertor-

Fig. 2.7 Some of the 440 ITER blanket-shield modules (rectangular boxes) and the single-nul
divertor (the W-shaped region at the botrom). Courtesy of ITER Organization
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Figure 7.16. Density profile in the SOL. [Dolan 2011]

Figure 7.17. A case where ionization is dominant near the wall,
(Serape-of - Layer ) :

LT but transport is dominant near the separatrix. [Dolan 2011]
If ionization dominant, then
N 3 e inatj 1 igai in pl hy is very high
Anlie e . - . .R combination may alsc be sigaificant in places where n is very high,
' « : such as near the target.
The curvature is'concave downwards and dn/dx is not steep at ’

the separatrix. Most of the impurities coming from the first wall are also ionized

in the SOL and _channeled_ tc the divertor so that they do not reach

If icnization negligible, then the curvature is upwards, and the core plasma.

the density decays roughly exponentiaily away from the separatrix,

n= nsexp(-(x—xs_)/ r) .
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Fig. 7.14 The upper half of
a double-null tokamak
poloidal divertor (coils not
shown). Plasma crossing the
separatrix may flow along the
B field to the target, or may
diffuse across the B field to
the walls

The approximate variations of plasma density, temperature, and neutral density
along the magnetic field from the separatrix to the divertor target are illustrated in
Fig. 7.15.

The plasma cools by radiation as it flows from the x-point (separatrix) to the
divertor target, especially if impurities like argon are injected into the SOL.

For a simplified analysis of plasma flow in the SOL, we use the following
definitions:

T = sum of time delays for flow to target or limiter
~(ambipolar flow along B) + (mirror detrapping)
+ (electrostatic potential detrapping)

T~ L/cs + F(ti,Rn, (x)),

where ¢, = [(T. + 1.7 Ti)/mi]”2 is the ion sound speed,
L Flow path length

T; Ion collision time

¢  Electrostatic potential

R, Magnetic mirror ratio along B

Fig. 7.15 Variations of radiation loss target
plasma density, electron

temperature, and neutral

density along the magnetic 8
field in the divertor channel,

showing where ionization and X point
recombination are dominant
(Based on drawing of
Asakura et al. 2010)

ionization recombination

distance alongB —
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Table 25B1. Parameters of PDX, with
diveror operating. '
minor radius a 0.47m
major radius R 1.45m
toroidal fleld ,Et 2.4 T
plasma current lp 0.5 MA
plasma temperature T
0.3 MW ohmic heating 1-2  keV
6 MW neutral beams
for 0.5 s 2-6  keV
plasma density n 0.4-3x1020
. m 3
plasma beta B 25 %
energy confinement time T 0.1 -5




Fig. 7.19 Greater closure of the JETdivertor as it was changed from the Mark I — Mark
TA/P — Mark IIGB (JET Team 1999, Fig. 1). Copyright 1999, International Atomic Energy
Agency

Baffle

Vertical
target

Dome

Figure 7.22. The ITER divertor, From T. Ihli, FZK Summer School, 2008.

=



inner Vertical Target

Quter Vertical Target

Cassette Body

Fig. 2.10 An ITER divertor cassette. The plasma-facing materials in the dome and targets will
be water-cooled tiles with tungsten surfaces. Courtesy of ITER Organization

Fig. 2.8 Armor tiles of W and C bonded to copper substrate containing stainless steel coolas
tube (Merola 2008)



CuCs7Zs _ Tungsten
£ " CuCrZr

CuCrZr ______-—f ' | P(See talk of A. Peacock)

Figure 7.20. Possible cooling water tube arrangement for ITER. Blue tubes are cool inflow and
red ate hot outflow. From T. Ihli, EZK Summer School, 2008.

- Power decay length in the SCGL is ~
0.5 cm in the midplane

+ =>60% of power flows ina 5 mm
. thick shell towards the.divertor

*  Flux expansion in the Divertor~3to 5

= B0 % of power in ~ 2.5 cim thick
layer

< Poloidal target inclination can bring
another factor 2 to 3 widening
P ‘. e ." .ll.“—“-
the power, i.e. ~ 60 MW lands
=> peak power > 20 MWmM? o

|~ 5 cm wide area on the target where 60% of
!

-..butrecyeling, radiation and partial detachment helps.

“Figure 7:23. ITER divertor power load. From T. Ihli, FZK Summer SchooI, 2008.

The heat flux at the divertor is réduc(_:d by expansion of the magnetic ﬂuxhsurféces and by“ti_lting' '
the target relative to the field lines. This divertor must be able to handle a variety of events,
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Shnowflake Divertors

Plasma Phys. Control. Fusion 54 (2012) 124050

D D Ryutov et al

ﬁﬂ...-._.______:.-.-\...____...—___.'_gﬁ‘____..

-1

Figure 1. The shape of separatrix in the vicinity of the PF null for the SF divertor (left) and standard divertor (right). Shown by a bold red
line is a separatrix: thin line represents an adjacent flux surface. The confinement region is in both cuses situated in a sector pointing
upward. Note that in the case of a SF there are four branches of the separatrix pointing away from the confinement zone. so that one can

have four strike points in the divertor.

Fig. 7.35 Comparison of the
SOL in a snowflake divertor
(lines 1, 2) with the SOL in

an X-point divertor (/ines 3,

4) (Ryutov 2007)

009
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Fig. 14, UEDGE modeling results for NSTX-U standard (black traces) and
SF-minus (red traces) divertor configurations. (a) Divertor power as a function
of electron density (n. ar the core-boundary interface). (b) Divertor heat flux
profiles at n. = 35 « 107" m™ _total (including the radiative heating,
solid lines) and without the radiative heating flux (dashed lines). {¢) Peak
divertor heat flux (total. including the radiative heat Alux) us a function of
argon concentration in 4 radiative argon-seeded diventor. [ S o ukhanovskii
(2e0/6)2
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Normal high reycling Li wall = low recycling
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Fig. 7.39 Effect of recycling on density and temperature profiles. High recycling lowers edge
temperature and requires more heating (These profiles are simplified for clarity. There will
usually be other features, such as an edge pedestal)

Fig. 7.40 Profiles of density,
temperatures, and pressure in
NSTX without Li walls
(black triangles) and with Li
walls (red squares) (Canik
2011)
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