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- Spuitered neutral W are ionized within the electric sheath in divertor (Chodura sheath)
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- Spuitered neutral W are ionized within the electric sheath in divertor (Chodura sheath)

« W prompt redeposition scales with the ionization mean-free path over the sheath
width —» new scaling law for W prompt redeposition

* Reduction of SXB coefficients for W at high plasma density
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- Spuitered neutral W are ionized within the electric sheath in divertor (Chodura sheath)

« W prompt redeposition scales with the ionization mean-free path over the sheath
width —» new scaling law for W prompt redeposition

* Reduction of SXB coefficients for W at high plasma density

- Experiments available in DIlI-D to validate model of W prompt redeposition and net
erosion in divertor
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Quantitative Modeling of W Prompt Redeposition Including Chodura

Sheath and Multiple W lonizations Required for ITER and Beyond

W erosion

i diverfor ~ gross erosion x (1- prompt redeposition) x (1 — non-prompt local redeposition)
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Quantitative Modeling of W Prompt Redeposition Including Chodura

Sheath and Multiple W lonizations Required for ITER and Beyond

W erosion

~ i 1- i _ ] ogs
i diverfor gross erosion x (1- prompt redeposition) x (1 = non-prompt local redeposition)

- W prompt redeposition is usually large (~1) in N
aftached plasma conditions and determines the B~B¢ ®
overall W net erosion
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Quantitative Modeling of W Prompt Redeposition Including Chodura

Sheath and Multiple W lonizations Required for ITER and Beyond

W erosion

~ i 1- i _ ] ogs
i diverfor gross erosion x (1- prompt redeposition) x (1 = non-prompt local redeposition)

- W prompt redeposition is usually large (~1) in
aftached plasma conditions and determines the
overall W net erosion

- Effects of electric sheath and multiple W
ionizations on W prompt redeposition qualitatively
described by Brooks! and Fussmann2in 90’s ...
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Quantitative Modeling of W Prompt Redeposition Including Chodura

Sheath and Multiple W lonizations Required for ITER and Beyond

W erosion

~ i 1- i _ ] ogs
i diverfor gross erosion x (1- prompt redeposition) x (1 = non-prompt local redeposition)

- W prompt redeposition is usually large (~1) in
aftached plasma conditions and determines the
overall W net erosion

- Effects of electric sheath and multiple W
ionizations on W prompt redeposition qualitatively
described by Brooks! and Fussmann2in 90’s ...

« ...but ITER W divertor and beyond now requires:
i) Quantitative modeling of W prompt redeposition:
- Quantify effects of sheath and multiple W ionizations on W prompt redeposition
ii) Validation of predictive model of W prompt redeposition against experiments:
> Dedicated experiments in DIlI-D divertor?

2 1 J.N. Brooks PoF 1990 2G. Fussmann Proc. 15" Int. Conf. IAEA 1995 3D. Rudakov PS 2014 019-19/JG /iy



W lonized within the Sheath Due to Large Width of Electric Sheath in

Presence of Magnetic Field Line at Grazing Incidence

 Wide electric sheath (Chodura sheath) due to
grazing magnetic field (< 5°) in divertor':

)‘sheath ~Pj

'D. Ryutov CPP 1996
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W lonized within the Sheath Due to Large Width of Electric Sheath in

Presence of Magnetic Field Line at Grazing Incidence

- Wide electric sheath (Chodura sheath) duve to _
grazing magnetic field (< 5°) in divertor!: B~B; X
)‘sheath"'pi

« Sheath electric potential from kinetic simulations 23
Asheath = DXpj > }\Debye
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3 'D. Ryutov CPP 1996 2D. Coulette PPCF 2016 3D. Tskhakaya JNM 2015
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 Wide electric sheath (Chodura sheath) due to
grazing magnetic field (< 5°) in divertor':
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W lonized within the Sheath Due to Large Width of Electric Sheath in

Presence of Magnetic Field Line at Grazing Incidence

 Wide electric sheath (Chodura sheath) due to
grazing magnetic field (< 5°) in divertor':
)‘sheath"’pi

« Sheath electric potential from kinetic simulations 23
Asheath = DXpj > }\Debye

or | | T
O
—
= 0.5~ axz | W ionized within
RSy (I)(Z)~ _ e— m the sheath
r I N N B

0 0.2 04 0.6 0.8 ]
distance from surface z/Agheath

- Neutral W ionized in the sheath: A;; < Agpeath

3 'D. Ryutov CPP 1996 2D. Coulette PPCF 2016 3D. Tskhakaya JNM 2015
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W Prompt Redeposition Strongly Enhanced by the Sheath Electric Field

Because of The Large Inertia of W Impurity

« When W ionized within the sheath (A, < Ajheatn), W prompt redeposition affected by
Chodura sheath due to:

* increase of A;, due to the decay of n, in the sheath

« acceleration of impurity toward material surface by the sheath electric field
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W Prompt Redeposition Strongly Enhanced by the Sheath Electric Field

Because of The Large Inertia of W Impurity

« When W ionized within the sheath (A, < Ajheatn), W prompt redeposition affected by
Chodura sheath due to:

* increase of A;, due to the decay of n, in the sheath

« acceleration of impurity toward material surface by the sheath electric field

 Sheath electric field strongly enhances W prompt
redeposition and has stronger effects than multiple W
ionizations and decay of n, in the sheath
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W Prompt Redeposition Strongly Enhanced by the Sheath Electric Field

Because of The Large Inertia of W Impurity

« When W ionized within the sheath (A, < Ajheatn), W prompt redeposition affected by
Chodura sheath due to:

* increase of A;, due to the decay of n, in the sheath

« acceleration of impurity toward material surface by the sheath electric field

=
« Sheath electric field strongly enhances W prompt ol A = : g A:JA =W
redeposition and has stronger effects than multiple W SEHY G, BHE = 2
ionizations and decay of n, in the sheath Z A : N .
i A L
. A 4, A
» Electric field remains much stronger than Loreniz 100;,‘" “““““““““ A
force despite high W charge state due to large W i <
mass : 16,
ZATe 11 my 0 3 4 567 8 910
EmWwC}‘sheath 4 L mj Impurity charge
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W Prompt Redeposition Scales With the Ratio of the Neutral W lonization

Mean-free Path Over the Sheath Scale Length

« Only W impurities ionizing out of the sheath do - —
not promptly redeposit because of the strong B~B; ®
sheath electric field (ERO simulation) f
~sheath— ~sheath— (
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W Prompt Redeposition Scales With the Ratio of the Neutral W lonization

Mean-free Path Over the Sheath Scale Length

Only W impurities ionizing out of the sheath do - —
not promptly redeposit because of the strong B~B; ®
sheath electric field (ERO simulation) f
~sheath— ~sheath— (
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W Prompt Redeposition Scales With the Ratio of the Neutral W lonization

Mean-free Path Over the Sheath Scale Length

 Only W impurities ionizing out of the sheath do - — t
i f B~By ®
not promptly redeposit because of the strong W t
sheath electric field (ERO simulation) , py
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- W prompt redeposition scales as the W neutral oniz. mean-free path (A, sheath)

ionization mean-free path over the sheath width
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W Prompt Redeposition Governed by W lonization Rates, Sheath Width

and Energy Distribution of Spuitered Neuiral W
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W Prompt Redeposition Governed by W lonization Rates, Sheath Width

and Energy Distribution of Spuitered Neuiral W

p+—>1+ 0
- New scaling law of W prompt redeposition with Z2—— 10" ET 77T 7 g mrrTT
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W Prompt Redeposition Governed by W lonization Rates, Sheath Width

and Energy Distribution of Spuitered Neuiral W
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W Prompt Redeposition Governed by W lonization Rates, Sheath Width

and Energy Distribution of Spuitered Neuiral W

0+-1+
« New scaling law of W prompt redeposition with £
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W prompt redeposition governed by W ionization rates, sheath width and energy distribution

of sputtered neutral W
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W Prompt Redeposition Governed by W lonization Rates, Sheath Width

and Energy Distribution of Spuitered Neuiral W

* New scaling law of W prompt redeposition with
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W prompt redeposition governed by W ionization rates, sheath width and energy distribution

of sputtered neutral W

W prompt redeposition weakly depends on shape of sheath electric potential, potential drop
in the sheath (in the regime oy > 1) and incidence of magnetic field on divertor target
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Reduction of the Effective SXB Coefficients at High Divertor Plasma

Density Due to W lonization Within the Electric Sheath

« W gross erosion flux given by [/° = fOL S Trowi (Te, Ne) Nyyo+ Ne dz _h photon

V. collector
but only photon flux measured in experiments... LSZ Dy
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Reduction of the Effective SXB Coefficients at High Divertor Plasma

Density Due to W lonization Within the Electric Sheath

i i L WO+ swi+ L ]
» W gross erosion flux given by I[° = [ S} ™" (Te, ne) nyo+ ne dz b c%?lztco’rgr
but only photon flux measured in experiments... LSZ Dy
+ Infroducing the phot issivit fficient! SW
ntroducing the photon emissivity coefficient' Sgpoon
0+—-1+
LsW (Te,ne) Wo+-1+
fw® = fo worsTE o X Sphoton (Te, Ne) Nyyo+Nedz
Sphoton (Te e)' \ ' )
| q)w
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Reduction of the Effective SXB Coefficients at High Divertor Plasma

Density Due to W lonization Within the Electric Sheath

- W gross erosion flux given by I'§/° = fOL SWOT=W (T ng) nyo+ 1, dz hy C%'I‘szc"t';r
but only photon flux measured in experiments... L%Z Dy
. . e . . | cWOH-1+
* Infroducing the photon emissivity coefficient! Sgy on
ero L S}’;’(H_)H (TeNe) WO+-1+
Iw™ = fo wOoF—=1+ X Sphoton (TesNe) Nyyo+Nedz
Sphoton (Te e) | \ ' )
I
SXBW>T P 250 | n, = 10%%cm=5
—SXB §
o Wwo+-1+ 200 — W o
 Usually it is assumed that Ageam < Ay, K An,s AT, 150
rere = SXBW*' (T, ne) X @y > n, = 5x103cm 3
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100
0 : ' n=—1613cm3
10 20 30
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Reduction of the Effective SXB Coefficients at High Divertor Plasma

Density Due to W lonization Within the Electric Sheath

- W gross erosion flux given by I'§/° = fOL SWOT=W (T ng) nyo+ 1, dz hy C%'I‘szc"t';r
but only photon flux measured in experiments... [%Z Dy
- Infroducing the photon emissivity coefficient! sm*t;;*
ero L SWO+_)1+(Te;ne) wo+=1+
Iw™ = fo WOFSTF X Sphoton (TesNe) Nyyo+Nedz
Sphoton (Te e) | \ ' )
I
- P 2
sxgW v >0 | nel — 10cm =3
. P, 200 -~ Bw -
 Usually it is assumed that Ageam < Ay, K An,s AT, 150
rere = SXBW*' (T, ne) X @y > n, = 5x103cm 3
100
0+-1+
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< SXB > eff 'Behringer PPCF 1989
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Reduction of the Effective SXB Coefficients at High Divertor Plasma

Density Due to W lonization Within the Electric Sheath

- W gross erosion flux given by I'§/° = fOL SWOT=W (T ng) nyo+ 1, dz hy C%'I‘szc"t';r
but only photon flux measured in experiments... [%Z Dy
. o e . - 1 W0+—>1+
* Infroducing the photon emissivity coefficient! Sgy on
ero Ls}’;’0+_)1+(Te,ne) WO+-1+
Iw™ = fo SWOFSTF ™ X Sphoton (TesNe) Nyyo+Nedz
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Reduction of the Effective SXB Coefficients at High Divertor Plasma

Density Due to W lonization Within the Electric Sheath

gWot-wi¥ B ) oion
1Z

« W gross erosion flux given by [/° = fOL (Te, ne) Nyo+ Ng dz

hv collector
but only photon flux measured in experiments... LSZ Dy

- Infroducing the photon emissivity coefficient’ Sg‘{ﬁ;;:’

Wo+-1+
L S; (Te,ne) Wo+-1+
ero __ etle
w’ = Jy o X Sphoton (TesNe) Nyyo+Nedz

S‘I;\{loo-l';:;-l-(Te»ne) | \ y '
SXBV\'I°+_’1+ Pw 230
5 200
* Usually it is assumed that Ay cam < A}Q’M "« Apn,, AT, 150

[ero = SXBW™ ™ (T, ng) x @y >
“ 100
0+-1+
o BUi' When ).yg < }-sheath 50
Reduction of the effective SXB coefficients at high 0=

n, due to W ionization within the electric sheath?

'Behringer PPCF 1989 2 Guterl CPP 2019
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Experiments Available in DIlI-D Divertor to Validate Model of W Prompt

Redeposition and Net Erosion In Divertor

DIMESTV

« Experimental validation of model for W prompt redeposition | <, MDS
and net erosion through comparison of net erosion from small \ ia
and large W dots exposed in DIlI-D divertor with DIMES'

et gLoss __glarge

<IW" >large disk _W (1 Eredep
net - ro

<Tw" >small disk FV(l o Ei’e’ﬁ%ﬁ
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Experiments Available in DIlI-D Divertor to Validate Model of W Prompt

Redeposition and Net Erosion In Divertor

DIMESTV

« Experimental validation of model for W prompt redeposition | <, MDS
and net erosion through comparison of net erosion from small \ ia
and large W dots exposed in DIlI-D divertor with DIMES'

et gLoss __glarge

<IW" >large disk _W (1 Eredep
net - ro

<Tw" >small disk FV(l o Ei’e’ﬁ%ﬁ

- Strong dependence of fraction of redeposited W &regep
ON Rgisk when Raisk™~ }\redep"’1mm
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Experiments Available in DIlI-D Divertor to Validate Model of W Prompt

Redeposition and Net Erosion In Divertor

DIMESTV

« Experimental validation of model for W prompt redeposition ) e =, MDs
and net erosion through comparison of net erosion from small : s
and large W dots exposed in DIlI-D divertor with DIMES'

et gLoss __glarge

<IW" >large disk _}\7&” (1 Eredep
net - ro

<Tw" >small disk F}V(l o Eig:i%llf

- Strong dependence of fraction of redeposited W &regep
ON Rgisk when Raisk™~ }\redep"’1mm

* Reduced model for &4, in good agreement with

experimental measurements in various plasma
conditions 2 and with comprehensive ERO model ...

... but additional experiments required to provide
quantitative assessment of critical parameters controlling
W prompt redeposition and net erosion (W ionization rates
and sheath width)

8 ' D. Rudakov PS 2014 2 J.Guterl PPCF 2019 3R. Ding NF 2015



Conclusions

- Sputtered neutral W are ionized within the electric sheath in divertor (Chodura sheath)
« W prompt redeposition scales with the ionization mean-free path over the sheath width
—New scaling law for W prompt redeposition
—Reduction of W SXB coefficients at high plasma density

« W prompt redeposition mainly determined by W ionization rates, sheath width, and energy of
sputtered W

— First-principle models available for the sheath width in divertor
— But robust first-principle estimations of W ionization rates remain to be completed 12

- Experiments available in DIlI-D divertor to analyze and assess validity of W ionization rates,
sheath width, ...

Thank you for your attention!

I'R.T.Smyth Phys. Rev. A 2018 0:0 GENERAL ATOMICS
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Reduced Model of W Prompt Redeposition and Net Erosion in Agreement

with Experimental Measurements of W Net Erosion in DIlI-D

« Experimental validation of model for W prompt redeposition and net
erosion through comparison of net erosion from small and large W
dots exposed in DIlI-D divertor with DIMES'

Ss

< F\?vet >large disk ]:‘%,”/ (1 B Eredep(Rlarge))
net L SS

< FW >small disk Fg( (1 - Eredep(Rsma“))

- Strong dependence of fraction of redeposited W &regep 1
ON Rgisk when Raisk~ }\redep"’1mm

reduced model

- Reduced model for 4., in good agreement with ED % oo /e
experimental measurements in various plasma s| E 06
conditions 2 and with comprehensive ERO model ... VAN WA
... but additional experiments required to provide 2’5 3% o
quantitative assessment of critical parameters controlling =r_§3 = 3 02+
W prompt redeposition and net erosion (W ionization rates v | v
and sheath width) 0 : : :
0 5 10 15
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