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Abstract

This paper proposes a possible development approach that may satisfy most of the
ten requirements for plasma facing materials (PFM) in a fusion power plant. If the
materials selected for ITER were to be used in an advanced DT device, C tiles and Be
coatings would suffer radiation damage, and W could also suffer damage from
nevutfrons and helium ions. Li has been proposed as a possible PFM option. However,
due to vaporization and subsequent transport into the plasma core, modeling results
indicate that Li will have very limited heat flux capability at the chamber wall for
power reactor. Another innovative approach based on the use of low-Z loaded W
surface is proposed with the loading of Si into an array of small indentations or
toroidal grooves in the W to represent over 10 micron equivalent thickness, such that
the thin Si-loaded W-surface can withstand an occasional disruption without melting.
At the same time it is necessary to control and mitigate rapid transient events like
disruptions, type-l ELMs and runaway charged particles in order to reduce the
frequency of thermal dump to the chamber wall. Additional efforts will be needed to
assure the uniformity of heat and particle flux distributions to the chamber wall and
to maintain in real time replenishment of low-Z material onto the chamber surface
for steady state operation.
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Surface Material is a Key Item for Fusion Development

Surface material is critically important to next generation tokamak devices:
* Plasma performance is affected by transport of impurities

» Surface heat removal, fritium co-deposition and inventory will have impacts on
material selection for devices beyond ITER

* Radiation effects from neutrons and edge alphas, material design limits and
component lifetimes will have to be taken into consideration

LI
o
JET-ILW EAST - ‘_‘qmw CTF/FNSF/FDF
C W Be/W/C C/W Be/W/C ? ?
(High neutron and edge alpha fluence)
< Surface material options >

C and Be will not be suitable for the next generation devices and DEMO
due to surface erosion and radiation damage. Presently W is the
preferred choice, but feasibility issues have been identified
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Significant Issues Projected for W-surface Operation

ITER disruption loading:
SEM cross-sections of W targets exposed to PISCES-B pure He c_mm_jmw
RN02062007 (@) INDG 182007 ©_ ) ND1222007 T3] IN0S272005 (d R .— clwo ;A—\BN .“o—. o..— *o w 3“

disruption Be disruption W

increasing power density

umrcxu,mmmmra cnnumnmm ; &
, - R k formati I-d
Consistent He plasma exposures: 7= 1120 K, T,.,= 4-6 x102 m-2s-1, E__ ~ 60 eV ormaton ::m coordonn

= S ey ey

Ejmj ®XUOM®Q ._.O _I_m Q._. —\i@j ._.m—\jbmw.o._.C—\mx </\ cracking homogeneous melt ejection boiling and
roughenin,; meltin, droplet formation

surface showed growth of W nano-structure from - :

._.jm UO._.._.03~ ._._)_m ._._\iO_AD@mm :JO—.@Qm@w <<_._._J U_ngQ ELMs vertical displacement events / plasma disruptions

exposure time
Baldwin and Doerner, Nuclear Fusion 48 (2008) 1-5 |rreversible surface material damage

M. Rodig, Int. HHFC workshop, UCSD Dec. 2009

We cannot eliminate un-predicted
disruptions even if disruption detection
and mitigation work perfectly
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Damage to W First Wall has also been Projected

Low energy He* irradiation in plasma simulator NAGDIS
H bubble and hole formation on W surface at >10 eV

Fluence Time 3.5x10% /mz 3600 s 1.8%X10% /m2 1800 s 1.7x10%8 /m2 660 s
lon flux Temp| 1.0X 102 /m2s ~20 eV 1.0X10% /m2s ~25eV| 26X102 /mis ~25eV
‘W6 1300K |l w7 W8
SEM
Bubbles
TEM
" | s 200nm
mmww_o <5nm <200 nm

Fig. 3. Temperature dependence of bubble and hole formations on PM-W surfaces at different temperatures; W6: 1300 K, W7: 1650 K,
W8: 1950 K. Bubbles or holes clearly appear, and the size of bubble becomes drastically larger with the temperature above the
recrystallization temperature of W (14001500 K).

D. Nishijima, Journal of Nuclear Materials 329 (2007) 1029-1033
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He* Irradiation of W Sample can Simulate DEMO

Parameters; DEMO and ITER He* Flux are Comparable

Simulating Simulating
DEMO first wall DEMO Divertor
Flux, #/m2.s 10'8-1077 ~5x1022
Fluence, #/m? 1021-1022 3.5x10%7- 2x10%8
He* energy 200 eV to 8 KeV 10 eV to 80 eV
Temperature 100-1000° C ~1000° C

Results from ion beam, plasma devices, TRIAM-1M and LHD discharges

D IM PFF OMP B T D o
— 102 S S A N W N First wall: Flux 10'7-10'8 #/m?2.s
.S ‘_O NN i | . ...m_ ._ 1 M
£ 107 bt H-1-- Divertor: Flux ~102' #/m2.s
> 107 b m | : S AN

Flux densit

| I A S SR | §
0 4 8 12 16 20 24
Reference distance [m]

Kukushkin, ITER D 27TKCé, 14/04/08

IAEA Fusion Energy Conf/2010/C.P.C Wong 0“0 GENERAL ATOMICS

6 271-10/CPCWI/jy



Carbon Plasma Impurity can Inhibit W Morphology

Change with D,-He with Carbon Discharges

PISCES =

E,=15eV, T, =1100 K, Fluence = 1025 He+/m2,
Nue/Ne ~ 10 %, Ng, /. < 0.1 % At =3600 s
D,-He with C Similar results were obtained
with Be and could be
projected for B and Si

AtE=15 eV, C deposited on W
has not been sputtered away

imm 8147 UC PISCES

* AtE =15 eV, C deposited on W are not sputtered away.
=) W-C layers inhibit He induced morphology.

|4 FEeES UCSD Center for Energy Research

Baldwin and Doerner, PISCES, UCSD
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How about Li-wall? A Very Optimistic Estimate of First Wall

Heat Removal Shows the Heat Flux Limit of Li Surface

Li surface facing the plasma

e Assumptions
— Structural material — ferritic steel, k;,, at 20 W/m.k \
- Im__c.g coolant at 8 Mpa A ferritic steel first wall
— He Tin at 340°C , square He channel
— Coolant velocity at 100 m/s \\ unit cell
— Square channel geometry, width =2 cm He coolant
— Wall thickness = 4 mm 420 ST oc
— Channellength=1m o MMM maxt
— Film drop enhancement = 1.8 via twisted tape oo,. 390
— Li thickness = 0.0 £ 380
_A_Iv 370
e Limitations 360

FS Trin."C
— Ferritic steel T;,,> 350°C, 350 A
340 _ _ _ T _

limited by radiation hardening 0 005 01 015 02 025

— Li surface T,,,< 400°C , limited by 5
vaporization into the plasma core Heat flux, MW/m

T. Rognlien et al., J. of Nuclear Mater. 290-293 (2001) 312-316

Result:
- Li surface at the first wall is limited to <0.2 MW/m?2, due to the vaporization of Li unless
it is demonstrated experimentally that Li will not fransport into the plasma core
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Plasma Facing Material Design and Selection

Requirements for Next Generation Devices

1. Withstand damage from DT generated He
2. Withstand transient events like ELMs and disruption
Additional critical requirements

Physics performance

3. Material suitable for high performance plasma operation

4. Svuitable for edge radiation to reduce maximum heat flux at the divertor

5. Low physical and chemical erosion rate

Engineering performance

6. Transmit high heat flux for high thermal efficiency conversion

7. Minimum fritium inventory

8. Minimum negative effect to tritium breeding performance

9. Low activation materials

10. Replenish damaged surface material suitable for steady state
operation and long lifetime

11. Match materials temperature design requirements

12. Withstand high neutron fluence at high temperature
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A Possible PFM Concept that could Satisfy all Requirements

The concept: Si-filled W-surface (3,4,9)

* Protect the W surface from He damage with
the presence of Si (1)

 Exposed W will have a low erosion rate (5)

* Transmit high heat flux, e.g. The W-disc can be about 2 mm
thick and with indentations, thus retaining high effective x;, of W-buttons
W layer, necessary for DEMO (4,8,11) filled with Si

* Should provide enough Si to withstand ELMs and a few disruptions
(modeling showed vaporized Si ~10 um/disruption including vapor
shielding effect) “W-T; at 3410°C, Si-T,,.; at 1412°C, Si-T,; at 2480°C" (2)

e Should be able to control tritium inventory at temperature ~1000°C (7)
* Suitable real time siliconization can be used to replenish Si when and

where needed (10)
(Satisfying requirements from the last VG, #12 TBD)
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Vapor Shielding Effect

Selected Literature

V. Litunovsky, et al., Experimental Study of Shielding Layer Plasma Radiation At High
Power-Material Interaction, J. Plasma Fusion Res. Series 2 (1999) 324-327

V. Safronov et al., Material Erosion and Erosion Products under Plasma Heat Loads Typical
for ITER Hard Disruptions, J. of Nucl. Mater. 290-293 (2001) 1052-1058
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Modeling Geometry

Impact
intensity

Xy

=9 DieforPlale -
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Tungsten Divertor Erosion & Surface Fluxes

Energy density E =25 MJ/m?2
Impact duration t =0.1 ms
Magnetic field B=5.0T
Incline angle o = 5.0 deg

X distance, cm
0 5 10 1 20

1 1 L 1

h

15 10 -

-tn

| = Plasma Impact
== Radiation 5500

&
®

5000

&
=
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&
=

4000

e
Power, MW/cm
&
(3]

3500

/

3000

=

2500

Temperature, K

2000

1500

1000

Z distance, um

500

-15 -10 -5 0 5 10
X distance, cm
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Boron Atomic Data and Plasma Properties

Self-consistent Hartree-Fock-Slater (HFS) method is used to calculate
atomic data

Collisional-radiative equilibrium (CRE) model is used to calculate the
populations of atomic levels and ion and eleciron plasma concenirations

Total absorption and emission coefficients are the sum of contributions from
bound-bound, bound-free and free-free transitions

Calculated absorption and emission spectra represent the detailed spectra
with 99,998 spectral points in the range of vapor cloud temperatures

Detailed specira including all 99,998 speciral points as well as spectral group
averaging (~4,000 groups) were used in the Monte Carlo calculations of the
radiation fransport

Absorption and emission coefficients of the boron plasma were calculated

over a wide density and temperature range: from 10'4 up to 102! cm-3 and
from 0.05 up to 250 eV
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Plasma Temperature Evolution

40
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Boron Plasma Shielding

X distance, cm

-15 -10 -3 0 5 10 15 20
- _ | —— Plasma Impact
2m 2.3 | = Radiation E S500
M 2 | 5000
~ . -
o T T | S e e [ 4500
~SJ [ O YT SR Y N SO S S— L - 4000
z =
a 0.5 = [ 3300
> B
0 = 3000
- 0 m 2500
E =
l.r 2000
= 1 1500
.”t.h
o= 1000
=
N 500

-15 -10 -5 0 5 10 15 20
X distance, cm

IAEA Fusion Energy Conf/2010/C.P.C Wong 0“0 GENERAL ATOMICS

17 271-10/CPCW/jy



Divertor Surface Erosion

Boron layer thickness, um

m . 1 M 1 M 1 " 1 M 1 M I M 1 M
e
6 - e
O
4 - oﬁd\mo./...
m fL@O ; S
- - O@/OA/ .
c 24 LR
=
@ . . B
0O 0 i s O Tungsten surface
b
W
. »
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Depth of Tungsten Melting under Boron Layer

Boron layer thickness, um

Tungsten surface
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Summary

* Low-Z coatings, if replenishable, may protect tungsten divertor plate
from disruption and ELMs

* Coating thicknesses in the range of several microns are adequate to
mitigate the damage from disruption effects

* Need to optimize coating thickness, coating material (e.g. boron vs
silicon, etc), ways to recoat, etc before this concept becomes realistic

e Similar analysis could be performed for ELMing and radial transport
heat flux (blobs) to the first wall

* Si could be more effective than B in protecting the W surface, but melt
layer losses and splashing from hydrodynamic instabilities and
overheating could result in higher erosion of the coated layer
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Actively helium cooled first wall and divertor design
of next generation ftokamak devices



Conceptual He-Cooled Blanket Design

has been Assessed for DEMO

DCLL concept
o . 2
Neutron wall loading: 3 MW/m?, =

FW Surface Loading: 0.5-1 MW/m?

He Inlet'Cutiet
Pipe

Return He Flow from
Top & Bottom Plates
This Side Only

PoLi Inlet Qutiet
Pipe

Pbli Invet
Manifold

Module size in m size€ s

& Bottom Plates, ~30%
This Side Only

i s
[ TopPiate |

Grid Plate He
Manfow

Grid Plate x 9
Vertical He /O
anifold

Ferritic steel is the structural material: (B P |

PbLi Outlet
Manifold

Nuclear performance, FW helium cooling, waste
disposal, structural design, safety impacts including o

LOCA, power conversion with CCGT have been S (]
assessed.

PbLi Inlet/Outlet
Pipe
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Projected DEMO PFC FW and Divertor

Design Approaches
First Wall

Temperatures & limits
one-sided

Tokamak coatfing?
roughened
channel W-layer >700°C

ES
Joint (TBD)

S ODFS <700°C
S Joint (TBD)

RAFM >350°C
<550°C

8 MPa at ~350°C

Tile (W) — * ARIES CS design
W/WL10

brazed joint

DEMO module

Plasma side

Divertor

Thimble

- (W-alloy) “Jet holes Armor Layer (W)
&\ , concept
< P J Conic sleeve Cartridge (W-Alloy)
\/\ (steel) WL10/ St joint 2 Cap (W-Alloy)
7@\ Transition (Cucastorbrazed)  Sjot jet
R/ iece (steel) * EB seal welding Tube (W-Alloy)
\,,., T-connector (W-Alloy)

Cartridge

Transition piece (Slices from W to Steel)
(steel)

He impingement heat transfer

IAEA Fusion Energy Conf/2010/C.P.C Wong
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Layered First Wall Design could Handle up to 1 MW/m2 with

2-D, 3-D One-sided Roughening of He Coolant Channels

Neutron wall loading at 3 MW/m?

—]
DEMO FW module E

one-sided .
roughened Tokamak coating?

channel W-layer
- Joint?
\

1400
1200
O 1000
(0]
X
O
'.m 800

600

400

200

£~~~ ODFS

-~ )
——— Joint ?

—— RAFM

8 MPa @~350° C

Tmax-W, Kth at 25 W/m.K
(A conservative value)

He heat transf. coeff. enhanced

e with 2-D, 3-D roughening

Tmax-ODFS, Kth at 20 W/m.k

max

T -FS, Kth at 20 W/m.k

——FST,C  AX=2mm

v ~B-0DFST,C A X

=4 mm Assumed thicknesses

WT,C A X=3 mm

Heat flux, MW/m?2



Development of the Si-W surface, potentially
a transient tolerant design

We started with W-mesh, then indentations
and could become toroidal grooves

IAEA Fusion Energy Conf/2010/C.P.C Wong 0“0 GENERAL ATOMICS

25 271-10/CPCW/jy




Si W Surface Progress

* 2008: started with BW-mesh , but the presence
of C formed B,C, WB, W,B, W,B.,, WC, and W,C,
thus broke up the mesh

2009 changed from mesh to plate, but B fill fell
off the holes

Switched to Si due to much better match in the
coeff. of thermal expansion between Si and W

High melting temperature of Si can form low
melting point W-Si chemicals

DIlI-D boronization confirmed B coating thickness
of 0.75 um < 1 um coated W-disc B-coating

2010: Drilled indentations on W-button and the Si
was filled in powder form with binder and sintered

Si filled W buttons exposed in DIII-D

W-buttons W-buttons with Si

IAEA Fusion Energy Conf/2010/C.P.C Wong 0“0 GENERAL ATOMICS
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Si-W Buttons and Sample before Exposure

W-buttons <<.=_._ d33.n=03m*mq and W-buttons filled with Si
1 mm deep indentation

From left to right:

2 Si-filled W-buttons
3 graphite buttons
2 W-buttons with indentations

e _uo_ | W-buttons from UCSD
! ution .33_0. N Bo vie Via K. Kumstadter
front face 4.78 cm in diameter
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Initial Results of Transient Tolerant Si-filled W-buttons

Si filled W-buttons

W-buttons with
1 mm dia. indents

R s

Loaded DIMES sample
2 Si-W, 3 graphite, 2 W buttons

Sample exposed Exposed in After one additional disruption
To 4 LSN discharges DII-D lower divertor  Shot without thermal dump on DiMES
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Plasma Shot #142706, with Relative Stable Plasma Shape

3E+14 Langmuir probes
P Langmuir probe 23
2.5E+14 * Data on electron density, #/cm? /L
n, o 3005 ms

1.5E+14 r 3 ¢ Added neutron beam

1E+14 injected at 2000 ms,

5E+13 plasma ended with disruption

0 ~ 3100 ms but migrated upwar
5E+13 00 no thermal dump on DIMES
Time, ms
105 ms 1005 ms 2005 ms

Plasma evolution
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Mostly CII/CIIl Emission Measured During Discharge and

Disruption (387, 392, 407 nm), Additional Cl (375 nm) in Disruption

0

Ocean Optics USB2000, DiIMES-viewing chord,DIII-D shot 142706 - 920474464

183.9461742

Vertical lines for nearby Cl, ClI, ClIl, and CIV lines from Atomic Line List -7 Seraina
100 =562.8450518
-736.8259305
-828.8103673
=920.7991363
. 1103 830669

1197.753128
80 1289.717633

1381.769163

1473.732188

1566.664314
-1750.644254

1934.602541
60 2026.593523

2119.562277

2211.541129
-2303.653308
-2395.727711

2487.489549
-2579.483738
-2671.478768
-2764.515326
-2948.407949
-3040.414544
-3132.383737
-3224.420321
-3317.378137

3409.317018
-3501.370387
-3593.282451
-3685.277853

3777.269003
-3870.233504

3962.239233
-4146.231109
-4330.145148
-4422.138292
-4515.101847
-4607.100539
-4699.102729

Digitizer counts over background

370 375 380 385 390 395 400 405 410 415 420
Wavelength (nm)

Emission lines from the Atomic Line List
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No Significant Si Lines Measured Except Possibly at 385 nm

(Seen in the Disruption Only)

0 % P i 0

Ocean Optics USB2000, DiIMES-viewing chord,DIII-D shot 142706 S 0uTHERH

Vertical lines for nearby Si | and Si Il lines from NIST, rel. int. >100 Mmmmmm

100 ~736.8259305
=828.8103673
~920.7991363
1013.765403
1105.830689
: 1197.753128
1289.717633

1381.769163
1473.732188
1566.664314
=1750.644254
1934.602541
2026.593523
60 2119.562277
2211.541129
~2303.653308
=2395.727711
2487.489549
=2579.483738
=2671.478768
=2764.515326
=2948.407949
=3040.414544
=3132.383737
=3224.420321
=3317.378137
3409.317018
=3501.370387
~3593.282451
=3685.277853
3777.269003
=3870.233504
3962.239233
=4146.231109
=4330.145148
=4422.138292
=4515.101847
=4607.100539
20 =4699.102729

370 375 380 385 390 395 400 405 410 415 420

80

Digitizer counts over background

Wavelength (nm)

Emission lines from the NIST database
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Emission of W Unlikely Due to Lack of Strong 400.8 nm Line

Emission (rel. int. 1000)

Ocean Optics USB2000, DIMES-viewing chord,DIII-D shot 142706 -52 04744594

183.9461742

Vertical lines for nearby WI and WII lines from NIST, rel. int. >100 367 9070114

100 -552.8450518
-736.8259305

-828.8103673
-920.7991363
1013.765403
» 1105.830689
1197.753128

80 1289.717633
1381.769163
1473.732188
1566.664314
-1750.644254
1934.602541
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Details Show Melted Si but Minimum Transport

C-button
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W-button with
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W-button with
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C-button
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Si-filled W-button
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Si-W Buttons Exposure Observations

* As expected surface Si on the W button got removed during discharges easily at
least from the first 4 shots (B; = 1.88 T and |, = 1.08 MA), Si melting could have
occurred during these shots

 Favorable result shows much of the Si is retained in the indentations even under
additional exposure (142706) (B; = 1.7 T and |, = 1.2 MA); the radiation is mainly
from carbon

* Retained Si could demonstrate the vapor shielding effect to protect the W-button
surface from melting under disruption thermal dump, which will need to be
confirmed

W-buttons were not damaged, observed cracks could be due to drilling of the
indentations

 Additional analysis to be performed on other 4 shots (no Ocean Optics was
available) and look at the heat flux variation for the melting of Si

e Disruption tolerance to be demonstrated along with variations in W-material, and
optimization on indentation geometry and Si-fill method

* New samples will be fabricated and exposed to thermal dump during disruption
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Conclusions

* The first Si-filed W-surface buttons with indentations have been fabricated and
exposed to high power discharges in piggyback mode in DIlI-D

* Impacts from the high power thermal dump from disruptions still have to be
demonstrated, but initial results could support the retention of Si in the
indentations of the W-surface, thus allowing the possible demonstration of vapor
shielding effects during the thermal dump from disruptions

* This experiment demonstrates the possibility of developing a robust PFM design

e Efforts will continue on the selection of suitable W material, indentations or
toroidal groove geometry, and the fabrication of the Si-filled W-surface

* Key critical issues have been identified and the development of the Si-filled
W-surface concept will continue

At the same time it is necessary to control and mitigate rapid transient events
like disruptions, type-l ELMs and runaway charged particles in order to reduce
the frequency of thermal dump to the chamber wall and divertor surfaces

 Additional efforts will also be needed to achieve uniformity of heat and particle
flux distributions at the chamber wall, to minimize peak heat flux at the divertor
and to learn how to maintain in real time the replenishment of Si in the
indentations or toroidal grooves for steady state operation
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