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Summary

* Erosion, and related transport of eroded materials, are the
underlying mechanisms controlling PSI effects in fusion devices.

* Direct, time-resolved measurements of erosion are scarce and
confined to small areas.

e Erosion measurements, direct or inferred, and accompanying
modeling have typically left more puzzles than answers

» Unacceptable uncertainties remain for important engineering ($$$) questions,
such as choices of PFC materials.

e What are the outstanding questions on erosion?
» And what tools (experiments + models) do we need to answer them?
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Outline*

e Low-Z boronization films.

* Erosionin low-T, detached plasmas.

e 3-D nature of erosion.

e [ntermittent erosion and H/D/T recovery

 New PSl experiments and diagnostics in development.

* Focuson DIII-D, C-Mod, UW

Whyte, PSIF Workshop, ORNL , 03/05 3




Boronization film applications are
prevalent, but what aretheir effects:
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DIlI-D
2-40% B/C on all surface
Boric Acid Crystals

Fig. 4 SEM photographs (45”7 tilt) of lower divertor DIIED tile (row 4)
showing embedded boric acid crystals.

Whyte CW 2000
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termittent, but persistent, introdu
of boron can have tangible effects
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Boronization has bigger impact on Mo tiles:
Thick boron with “diffuse’ tail into theMo
substrate...but also Mo at surface ~1-5% ?
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¥ e isno evidence of discrete B film apr
2e-I'ings) expected from intermittent b
Material isa‘plasma-deposited comp
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~20 nm depth resolution
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Boron dominated the C-Mod wall erosion
pattern after ~7 years of boronizations.
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How did the plasma self-consistently produ
these mixed material surface layers?
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Inner divertor tiletoroidal “slopes’ indicat
plasma-caused net Boron deposition
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“E” Tile ~ Inner Strikepoint.
Shadowed region:
ds,, = 0.2 microns

F AN

mMmmogo ¢ O

Whyte, PSIF Workshop, ORNL, 03/05

Inner divertor low-Z deposition Is
roughly consistent with Carbon tokamaks?
Boron deposition rate~1 nm/s
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Wall surfaces appear satur ated
with (H+D)/B ~ 0.2 - 0.4.
Raises several questionson retention
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And 1-2% D content deep Into both B and
to detection limit of ~ 10 microns.
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Low T, detached divertorsare necessary fo
heat flux control.
Detachment can solve erosion?
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DI11-D shows a strong suppression of
chemical erosion in detached plasmas

Spectroscopy of CD/C, interpreted o wose  Te PhOONS/ Yopem
first with code and now confirmed : ke '
with CH, puff experiments I i P ' vl | :
(A. Mclean U. Toronto) ik 1 & ARk f §
e T, decreasesto~1-2eV, 1 ‘34
ED+ below energy threshold for s |

chemical sputtering.
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T, <100 C.
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But can we identify controlling C sour
outside “ principal” target area?
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DIII-D inner divertor

But can we identify controlling C sourc

outside “principal” target area?

Shot 105517 3500ms, Cll
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A further complication with chemical
erosion Isalong-term dependence on
material conditions, but which ones?

Year 2000
ISP of new upper divertor

e
; (a)

ﬂﬂ'ﬁS& o ‘Eﬁ

e Chemical erosion reduced versus time?

. - —~— O
> YES: (DIII-D, AUG) Y .. ~ 0.5% SR %y
» NO: (JET, JT-60U) Y ., ~ 5 - 10% R
Shot Number #105500-06
ct s [}_1, *
cD
: band-head - ke
.. U2 o ]Iﬁ 'L
' | High spectral resolution divertuj ‘*' A . : :'h.‘ )
! MDS) vi hord o* ,’*’JI*’ b # ’
/ rl ISI?E'I.TI'l@EﬂPY{/ }\fIE/WL' ﬂ:f‘S f ’;:E:*’f IE : r.. A " J__-...||_,.._ b : . ﬂ._ﬂr_lllr*' |
V1| | T/Jﬁzl \V3| V4 LV5}" V6[ V7| <« E b)
P T N\ T o 38 4 132 33
= . .4 L e f*" f" #105505.2100 — s {: r—
o’ I f.r" : f, ;, #105505.4900 .I—-IIII - |:'|"| hﬂndil:lcﬂ& :
F iy LTI B b
. 1|| l. : : _ baffle TE : H I :I;' 8
1.‘ 1.1‘ "1 Il E s I. ‘ :i )
) = a d i L]
; ;ﬁt‘:r -~ bk ¥ iu-!:",ul._lll . :-iruu'ﬁui'il (e)
N aloas o s LY. o oAb @ 00| ey AR it
® " Row#1  Row#2 Row#3  Row#4 < . .. : ! s
Langmuir probe clusters on lower divertor tiles _'E 51—5 51—6
- TR ___ ISP on tiles outzide
= - Do uzual divertor
wE N\ (Chord V1)
DI I I D s ____ ISP on uzual 457 tiles
- - (Chord V2)
_CH

Whyte CW 2003

Whyte, PSIF Workshop, ORNL, 03/05 Wavelength (nm)



Can weresolve erosion hyper-sensitivi
__:______F to small changesin plasma conditions
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Can weresolve er osion hyper-sensitivit
to small changesin plasma conditions:
High-Z erosion by low-Z 1ons
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What caused such high deposition at JET
.« louvers? Could not answer by chemical eros
even “cheating” on the external carbon sour
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What I1sthe erosion/deposition
pattern outsidethedivertor?

Non-uniform erosion source

' : ASDEX-Upgrade, Ronde CW2003
DI11-D, Mclean, APS04

Whyte, PSIF Workshop, ORNL, 03/05 22



13-C tracer experimentson DII1-D:
Deposition also occurs at main-wall.
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_ M easurements at center post ar e consistent with
I plasma/ion deposition of 13C, with strong toroidal
(SIN asymmetry on atile dueto faceting.

Leading Shadowed .:f'fasmafncfdent with
Edge from plasma increasing angle
ql of incidence
13Con Tile #3

DIII-D Centerpost

N
|

tile #28

The main-wall
probably has a more
complicated
erosion/deposition
pattern than divertor. : r

Whyte | TPA 04 0 >0 100
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Preliminary inventory suggeststhat the inner main-
wall Is an equally important location asthe lower
divertor for 13C deposition.

' ocation Tiles Area | 13C fluence 13-C
m? (104° m) (10%)
Upper dome, divertor plate, | 1, 28, q 13 01
centerpost 29
Upper divertor baffle 26 3.6 2.8 0.1
Centerpost below 6 cm flux 5 11 5 0.97
surface
Total inner wall 0.42
Total inner divertor 0.3
Total injected 1.0

Allen PS 04, Wampler PS 04, Whyte ITPA 04

Tracer experiments must really be interpreted as
testing SOL plasma transport
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Looking up at DIII-D top divertor

Bol t-hoI/
'5

Outer

_ | baffle /w
Large erosion @ Y cryopump

“divots’ from ——
ablation

|I
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Neglecting 3-D can have large erosio
conseguences, but other effects?

Prolonged outer strikepoint exposure to
high power plasmas ablated ~cm3 of

graphite.

A thick sooty carbon layer was found
underneath the outer baffle with line-
of-sight to bolt-holes.

But no detrimental effects on plasma
oper ations

26



...but transient “ macr oscopic” MHD
movement can often have sever e r esults.
Example: DIII-D lithium exposure

m2-13-n1 reflection

IIIERE

"
.

Macroscopic LI release
begins

Uc-1d-U 1§
111 e I
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Quiescent erosion
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oo o335

7

Radiative disruption follows

Core Temperature collapses,
LargeLl influx to core
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To what degree does inter mittent transpor

dictate main-wall erosion processes?
Flux, 1onization, redeposition are linked.
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Proposal for ITER: Tritium recovery b
Radiative Plasma Ter minations

e EXxploit the high energy density of the ITER plasma.

e Convert plasmaenergy Into a quasi-uniform radiation pulse by massive
Impurity Injection
» Benign termination of the plasma discharge.

 Theradiation pulsetransiently heats all plasma-viewing surfacesin
order to desorb the tritium, which isreleased into the vessel as molecules
and recovered by pumping.

e Significant tritium recovery at reduced plasma current,
~ 6-10 MA, Indicating the possibility of routine T recovery
» Current rampdown phase of each discharge
» Dedicated, short pulse tritium recovery discharges at low current.

Whyte, PSIF Workshop, ORNL , 03/05 30



Calculations show routine repetitive application of
current rampdown can limit T inventory by contl
removing codeposited T from plasma-viewing surf

] 7 MA naon
raciative termination
| o atend of each shot VVhyte P 04
v
15 B = ] Single 7 MA neon
“'//_,_':_F/-E"-:_L — = © radiative termination | 3% =h
Ip l | \']‘ O = ﬁ_ O Kilm = 2 Wi/m/K -
' YR 58 10 VIR
(MA) dedicated [ 11 £ E 5
' pulse for - — == 20 11 o
'Traau:u:n.ﬂa-ry.ur |, M= T g =
- i
0 . i . 5 =
0 50 - =
'I:IIT'IE { 5} ° 0=

/ fllm depth{uml or shnt#{ﬂ}

Application of 7 MA RPT on a
Film that grows 2 pm per shot
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C-Mod: H/D recovery using plasma surface heatin
15 of 18 discharges: planned ter mination

T
= .

PR TR, RRERRR ERRREIN I"JLHLT.!-'-I 1050211011 s
IE+E|:| ............... ............... ............. : :

Whyte, PSIF Workshop, ORNL, 03/05

SO0 ............... ——— -++ Ty : ...............................
.EE":I ...... : ............ : ............... E. " s om s omoE omoEomomowomowow .: .............. .. P I ...............
.4|:".:| ...... . .............. . ............... :. S ooo0oOo0oooooooo .. ..............................
.EDD ...... . .............. : ............... . .................................... p ...........

Example g=2 planned disruption.
* B, rampdown in |, flattop

e 4 m3 Vessal pressure: 3 mrTorr -->
~12 Torr-L of gasrecovered.
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W, Plasma stored energy at termination (kJ)
or Central Te x 10 ( keV )

« Higher plasmaT (> 2 keV) key to efficient
H2 desorption

> Heat conduction (1 T°2) loss dominated
disruption provides better localized heating

of the wall surfaces
>

e Upto60 Torr-L of H2 recovered in single
termination (1 MA VDE).

Whyte, PSIF Workshop, ORNL, 03/05

Principles of H2 desor ption and recovery wer
generally validated.

M2/M4

Ratio of H2 to D2 partial pressures (M2/M4) VS
VESSEL PRESSURE

X ’h Upward VDE
2 &
3_
e

&7 ¢

¢ ¢
1? ‘ \ 4

® @
2

&

0

0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02 2.50E-02
Vessel Pressure (torr)

e Gasreleased into the vessal becomes
dominated by H2 “reservoir” as total
desorption iINCreases

33



H, recovery rateincreased a factor of 5-10

& Demonstrated control of H/D/T fud invent

e Recovered ~25% of
estimated H2 reservoir in

walls 300 — H2 recovered
250 4---- — D2 recovered| ... . ... ..

« Wall pump~5Torr-L / snot
without terminations!

> Similar to C tokamaks.

— =D2 injected

I
-
o

-
-
o

e Disrupting most plasmas
resulted In anet surplus
of recovered fudl (1.e. the
opposite of global H/D/T
retention).

U
o

Hydrogenic fuel inventory
(Torr-L)
e
n
o

o
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M ost 1Issuesraised show critical need t
resolve temporal dynamics of erosion

e PS| “archeology” of limited use
for Interpretation.

e Spectroscopy Is indirect: i '- _
» Long term changes clearly seen I }‘frJf |og
(DI11-D) or not (JET) but why? ) N
% 1.32 :_ . E
O

o |Important first step: QM B | it P
(Esser, SKinner) Mgt T T

» Result: surprises! (deposition In el
between discharges!) 1248 152 156 16

Time of Day (decimal hours)

NSTX, Skinner PS04
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Need to resolve large range of
timescales --> Diver setools

e [ntermittent transport (~ microseconds)

e Transient heating (~ms)
e Energy confinement (~S)

o Application of low-Z films. (1000 s)

e Long-term changesin material properties (months-to-years)

Whyte, PSIF Workshop, ORNL , 03/05 36



PS|I needsto expand from dedicated, small
ar ea experimentsin confinement devices

* Mapping of lower divertor erosion took ~5 run days at ~ $1 M / day
In DIN-D

* Need dedicated facilities that address these 1ssues (and exploitation
of present facilities like PISCES).

e & New In-situ diagnostics.
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MAGNUM PSI: New facility dedicated
to erosion studiesat T, ~1-3eV and
collisionally coupled plasma-surface

Facility at FOM (NL): Steady-state, 3T, L~3 m
H plasma: n,~ 10*t m3, G~ 104 m?si, |,-r <<a~ 10 cm

Whyte, PSIF Workshop, ORNL , 03/05 38



DIONISOS:. New facility at UW to stu
~dynamicsof PSI combines plasma
“exposurewith in-situ lon Beam Analy

Analvsis Available with DIONISOS
-Non-destructive depth profiling

Magnet Coils

-Elemental discrimination

-Hydrogen detection

-Quantitative surface
concentrations with the proper

tector . references

-lon beam steering across face
provides spatial profile

Dynamics of ION I mplantation & Sputtering On Surfaces

Whyte, PSIF Workshop, ORNL , 03/05 39



Sample holder
Rotary platﬁ:un'n\

LOS/Pyrometry port——

Plasma

.......
i

- DIONISOS: Plasma and | BA
N designed for maximum flexibill

Steady-state helicon source
Axial magnetic field < 1 kG

Plasma density (n;) <5x 103 em3

Plasma 1on energy (V) eV o — D00 eV

Plasma diameter 5cm

[on beam diameter 0.2 cm

Target temperature 300 K - 1000 K

Whyte, PSIF Workshop, ORNL, 03/05

<2 MW/m?

qlasma

Pul sed Plasma Gun

e Pulsed (~1-10 ms) H/D plasmas.
 T_~20¢€V high density
« n,~109m=
e 10MJI/m?sY2per 100V bias
sur passes ablation/melt limits,
e |~ KA/cm?
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JIONISOS: Facility in operatl
this spring.

R
C . r._-__l.--
s e
I -

Ion Accelerator (diagnostic)

and beamline components.

DIONISOS (experument)
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New diagnostic development for
IN-Situ er osion/deposition/H retention
measur ements on shot-to-shot basis

E’l} Side view Example spectra
Tile surface Moly £ | Original films
film i
~ 1 micron
Moly 5 micron [ ] N
tile B film
E — Backscattered nnf]r
alphas
s Molybd enum
EHD DETE{: {:]H 5 DETE{:TGH E net erosion
[ S
Backscattered energy
 Alpha Radiolsotope Remote lon Beam Analysis o
= et deposition
2 of Boron and
. . . . . ~ Mnlv
e Routine material diagnostic on robotic Moon

and M ar S ml SS' OﬂS Backscattered energy
» Alphasource: ~ 1 mCi Curium with ~ 12 year lifetime

 Thermally contacted to vessal PFC surfaces
» | mplementation at regions of high heat flux.
» Remote solid-state electronics allow wide distribution.
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ARRIBA: Implementation on DII1-D

Twin sample
surfaces:

EXposure position

Analysis position

Source & detector not shown
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ARRIBA In motion
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ARRIBA: Implementation on DII1-D

Twin sample
surfaces:

EXposure position

Analysis position

Source & detector not shown
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Conclusions

o Many outstanding questions for PSI.
» Scarce empirical datafrom fusion devices.

* Critical need for temporally & spatially resolved
erosion & retention measurements.

e Supporting model & computation tools:

» |nterpretative.
» 3-D
» |ntermittency
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