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* Motivation and Introduction (Slide 3)

- Tungsten Sourcing
— Spectroscopic inference via S/XB method (Slide 7)
— Steady state: gross v. net erosion (Slide 9)
— Transients: Erosion during ELM mitigation (Slide 12)

« Global Tungsten Transport
— Impact of ExB drifts on W migration (Slide 17)
— Radial W convection calculated with 3DLIM (Slide 20)
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Stringent tungsten core contamination limits in ITER and beyond

motivate understanding W sourcing and transport
JET-ILW: ELMy W source persists

- W divertor source in ITER expected with detached divertor
to be dominated by ELMS w 20 | dotachedbotweenELMs _ftaches
= wi=400.9nm JPN 82573 ]
— Physical sputtering by energetic 515 _f;‘?x;;’;’; :
ions streaming out from pedestall £2,, ]
— Motivates developing validated ECITR]
: n 1|
understanding for ELMy W source Z 00 |
- Models for W 'divertor retention BRI
probability’ mostly untested ol & H-5 S AUG: W divertor
| © rromw retention scales

— Prompt re-deposition controlled by
sheath E field and gyro-motione

— SOL transport probably governed by
friction force, V,T; forces, and driftse

1
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DIlI-D Strategy: Understand Divertor High-Z Sourcing & Transport in

H-mode Through Tracer PMI Studies with Predominately Low-Z Wall

Goal: probe all 3 links in W impurity chain:
Source - SOL Transport - Core

— SOL Transport is least well understood
(difficult to diagnose)

Core
Contamination
(not discussed)

= ey
oS

First 'large-scale' W PMI studies on DIII-D

— Builds upon success of local gross/net W
erosion studies using DIMES!23

SOL
DIll-D's predominantly low-Z wall Transport
allows for W source localization studies

— Further localize strike-point vs. far-target ]
regions via isotopically-enriched W Impurity g
sources "W, C

TAbrams NF 2017

DIll-D 2Ding NF 2017 Inner target Outer target
g 3Guterl NME 2018 Abrams et al./IAEA-P1-660



DIll-D Metal Rings Campaign (MRC) used 2 isotopically distinct W

Sources Localized at 2 Locations in Outer Lower Divertor Region

T MRC Conceptual |-°Uf — 2] ° Rings consist of W-coated TZM Mo inserts

bt . - Different W isotopic mixes used in each ring

“Floor” Ring “Shelf” Ring

Natural W Enriched W
26.5% W-182 93% W-182
(2515 pm) (2+1 um)

* Isotopic ratios in W deposits on
collector surface resolved via
inductively coupled plasma-
mass spectrometry (ICP-MS)

TZM inserts

retrofit into
existing Donovan RSI 2018
Unterberg NF 2019

. )\ graphite tiles
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MR Campaign Leveraged Wide Collection of DIlI-D Diagnostics,

with Several Notable Capability Enhancements

- 4 new views for MDS (high res. spectrometer) 15
+ W | filterscopes! -

— Diagnose W source via

] -
S/XB method Abrams IEEE-TPS 2018

2Geier PPCF 2002
. 3Johnson PPCF 2019 i
« Midplane collector probe? 05T

— Measure main SOL W flux

UV (200-400 nm) speciroscopy
— Many WI & WIl lines monitored?

* 2 new LPs” at shelf ring radius

- Existing: DTS, Wl imaging, DIMES  Floor ringgmd ]

Dili-D *Langmuir Probes g5 L

NATIONAL FUSION FACILI
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* Prompt re-deposition typically assumed to be regulated by 4;, and

Prompt Re-Deposition is an Important Process

Regulating Net Erosion in the Divertor

1,2

- Recent studies suggest sheath eleciric field also increases re-deposition3+°

Sheath

Magnetic Sheath escape

7

}\sheath

Figure adapted from Guterl PET 2019
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"Naujoks NF 1996
2van Rooij JNM 2013
3Tshakaya NME 2018
4Guterl PET 2019
sJohnson PSI 2021

Understanding
W re-deposition
physics requires
high-fidelity
measurement
techniques!



Tungsten Re-deposition Can be Inferred Through the

lonizations/Photon (S/XB) Method

- Simplified picture of W sourcing, ionization, & re-deposition:
— Steady state (d/dt = 0)
— Homogenous near-surface plasma

— Impurities tfravel only in Z direction | N
_ 174
Neglect tfransport, recomb., CX, etc. {;ﬂ@m] o
Measure W re-deposition spectroscopically: r r
+ 2+
(from charge states 0 to N) w ’;E'fv redep,W
S S
Fredep ==Py ] — | =D, l-‘WO l-‘redep,W"'
XB XB
0 N
\\ J |\
+
Gross “Escaping” '
Erosion Tungsten Refinement of method from
DII-D previous JET-ILW work!

8 Abrams et dl./IAEA-P1-660 'van Rooij JNM 2013



W* Re-Deposition Inferred in DIII-D Using Stationary,

Atached, L-Mode Plasmas

Intensity (AU}

1672201830

1672201830

3000

2000 F WII 364.1 nm

|

1000

0

WI 400.9 nm

!

Lambda (nm)

258 360 362 384 366 383 370 394 396 388 400 402 404 408

Larmbda {nm)

WI, WII Intensity (AU)

Caveats:
— Uncertainty in S/XB coeffs.

— Potential contamination of
WII spectra (up to 30%2)!

1Ennis APS-DPP 2020

W* Re-Deposition Fraction
(Re-Deposition / Gross Erosion)

T T ].O T T
167219 } ]
'ﬂ, I [ WI 08 B 7
i /1 [ l"‘ “‘A / T
l'Y‘ k ‘v
- " . 0.6 - T
i A 167219 - Wil ] - 04 - ]
A\ 4500 ms . = - RTAN i , :
| phalyt © £ 1Y) i 0.2 1
e T 167219
W tlles 1 1 1 1 1 1 0.0 1 1 1 1 1 1
O 1000 2000 3000 4000 5000 6000 O 1000 2000 3000 4000 5000 6000
- Time (ms) Time (ms)
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Caveat: WI contamination in WIl emission region may

result in over-estimation of W net erosion

. Wavelength Relative Relative Frac. of light
* C.rOSS -C hec k Wl'l'h W prObe a nd Intensity Intensity expected within
high-res. spectrometer on CTH! NIST Meas. integ. region
—WIi3641.41 | WI364.013 | 40 50.6 0.649
150f ‘ ' '% ' | WII 364.141 | 161 0.931
[ x 20 33.5 0.757
ool [ B 20 26.8 0.618
3 | J ‘ﬁ Wi364185 | 1000 1000 0.930
> 0 WI13640.13 % 1
= WI3642.81 45
g I l a l y=A+Bx
g sor ﬁﬂ\ / \m n 40 ®A=02+10
M#ﬁé éw# @#&%ﬁ # WYUVITYYY, ] 87007020002
0L A B A T R T A
3639 3640 36841 3642 7
Wavelength (A)

* WI contaminants only add up to
2% of WI 400.9 nm intensity

— (but 50-60% of WIl intensity...)
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1Johnson APS-DPP 2019 o
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Sheath Model Shows Better Consistency with Experimental

Data Than Gyro-Orbit Model (When W lonizes Close to Surface)

Normalized Nef Erosion vs. 4;,/py Normalized Net Erosion vs. 4;,/Asneatn
T r[m167219 %
@ 167193 Model Sheath model is reasonable /
67100 (Naujoks NF 1996) , PRy eyt Model
- A ower poun Or ner erosion (Guterl CPP 2019)
S 'l +167220 - atlow Aiz/Asheatn

Gyro-orbit model
over-predicts net
erosion at low

F /' }\iz/lsheath

o
(o))
T

T

1 —re-deposition fraction, 1 — frcqep

04
T SXB Method not SXB Method not valid
bé valid at high Ay, /pw at high A,/ Aspeatn

0.2 T ., (W not ionized T ., (Wnotionized close

J fﬁk« close to surface) + fﬁ‘ to surface)
0 L %"EE 9 H&i & m'*'
0.1 1 10 102 103 104 10° 0.1 1 10 102 108 104 105

W ioniz. length / Larmor radius, Ai,/pw W ioniz. length / Sheath width, Ai,/Aspearn

NATIONAL FUSION FACILITY
11 Abrams et al./IAEA-P1-660



1D Free-Streaming plus Recycling Model (FSRM) Developed for

Particle/Heat Flux During ELMs to Infer W Sputtering at the Targets

'''''''''''''''''''''''''''''''''' ; -off- R et
= L, “\ome“‘ <> Scrape-off-layer C 5'
o ELM L Tyrs. d1.,s —3| g
o ELM o
o —t

Pedestial
i Core
* Flux tube from pedestal top detaches into SOL — divertor!-23
apol BT,OMP

— No interaction with background (inter-ELM) plasma edge = o —p
f OMP Dp,0MP

Ly = Extent of ELM filament* = 2mRq,qge
L, = ELM connection length>¢ = 9L, 4
R.¢s = Effective recycling coeff.” = free parameter

Outputs: Target density (1, 4iy, rs), 10N flux (I} ps), heat flux (q, rs) vs. time

D”’-D 'TFundamenski PPCF 2006 4Eich NME 2017 ’Abrams NME 2018
|p NATIONAL FUSION FACILITY 2Manfredi PPCF 2010 SHUysmOI’]S PPCF 2009
3MOU|TOH PPCF 20]3 Abrams et al./IAEA-P1-660 6GUi||emOUT NF 20]8

Inputs: Neped: Nz,ped- Tped'
Lgim: Ly. Refs



Use Free Streaming plus Recycling Model to Predict
Tungsten Sputtering During ELMs

13

W gross erosion during ELMS includes
physical sputtering by:
— Free-streaming main ions from pedestal
— Free-streaming impurities from pedestal
— Recycling main ions in divertor
— Recycling impurities in divertor

Assumptions for DIII-D:
— Equal C concentrations in pedestal & divertor
— C¢ / C? are the only FS / recycling impurities'-3
— lons impact at 45° w/ energy E; = q, /Tion1

— 50% C coverage on W surfaces, G, XU PSI 2018

in line with previous studies!-> 2R. Ding NF 2016
3Guterl PSI 2018
4Y. Ueda FED 2006

D”’-D SShimada JNM 2004

Abrams et al./IAEA-P1-660

-_—
<Q

W atoms sputtered per incident ion

104

102

103

TRIM.SP Calculations
of Tungsfen Spuﬁermg

Typlcal Typical F-S
rrecycling ion energy
ion

.energy

C->W /50

Be—W /200

100

1000 104
Energy / ion (eV)



W gross erosion measured by coherent averaging of WI

filterscope signals and applying S/XB method

Detect ELM start times
— Rising edge of Da filterscope signal

RN
[¢)]

167321.3000.3200

— Set threshold to filter similar, large ELMs 1 Each black
i ) lineis 1 ELM

©
o

Average

- Average WI fscope traces together

WI Intensity (10'® ph cm2 s1)

o

- W gross erosion, Iy, inferred using o 2 4 & 8
time-dependent S/XB method: Time relative to ELM start (ms)

-  WI S/XB coefficients obtained from
ADAS atomic physics database!

S (0]
Ly (t) = YB (t) f Iy (t) dz - Dependence of WI $/XB on density
0 during ELMs is important?

1
N

- 1Brezinsek APiP 2013
4 H’!s’Ng 2Abrams NME 2018
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Pellet pacing tends to reduce W spuitering per ELM, but RMPs

slightly increase sputtering and lower ELM connection length
- ELM Mitigation via Pellet Pacing or Resonant Magnetic Perturbations (RMPs)

— Pellets reduce f¢ .4, reducing sputtering — Total W erosion slightly increases, despite slight
by free-streaming C¢* impurities decrease predicted by FSRM?
— Pellets also lower T, 4, which lowers — Peak W erosion rate increases significantly,
Yc_w forrecycling C? suggesting RMPs cause a decrease in L
10 No pellet pacmg PeIIet pacing (60 Hz) 40 No RMP Wlth RMp 5 KA, n= 3
@ | " 167354.2200.4400 || (b) ' 167356.2600.4800 ©) " 167556.1800.2400 | | (d) ' 167556.2600.3600
A 8 Teped = 350€V i Teped= 330eV | % Tepea = 840eV Tepea=810eV
T O N pea = 6.9x1019 M3 | Nepea = 7-2X1010 M3 L 30t Nopeq = 3.7x1019m3 {1 Ne ped = 3.0x1019m3 |
S fcped—45A) fe pea = 2.8% S fC,,ed-41/0 pred-48/°
S 6t Teav=32eV - Teav =148V { © Teav=25eV Teav=30eV
S £ 20f
3 4l i Model Ly =9L 1l @ _
s 4 I FLM © Model, L, = 9Lz
a )
o 8 10
o 2+ ; 5
= 2
— .
0 1 1 1 1 1 O
4 0 1 2 3 4 4 0 1 2 3 4
Time relative to ELM start (ms) Time relative to ELM start (ms) Time relative to ELM start (ms) Time relative to ELM start (ms)
. Dii-p [Abrams PoP 2019]
Abrams et al./IAEA-P1-660



Higher frequency pellets more effective at reducing W

sputtering, but no effect observed with RMPs

Low-frequency pellets actually increase W erosion above no-pellet level
* No correlation between RMP current and W erosion at any injection power

Total W Erosion During Pellet Pacing Total W Erosion During RMPs

~ 3.5 70
I(E.) (a) Py NE (b) RMP Current
- 30T © 1
o » 6.0 0<0.2 kKA ®
- ©w PY
g o5 | ' S 504 2.5KkA
o ~ ©4.0-5.0 KA
© ® 9 2
X 20 ® x 40+ o
S : Py s e
8 15 1 ©2.7 MW . 8 30+ ® ®
w w
= 2.9 MW : = ® ®
= 10g 20 1
= 3.1 MW =
P w °®
8 05 1 © 1.0 T
= £
0.0 : : : : : 0.0 : : : :
0 10 20 30 40 50 60 4.0 5.0 6.0 7.0 8.0 9.0
Pellet Pacing Frequency (Hz) Injected Beam Power, Pyg, (MW)

16 I\g!FUSIDNFACILITV [COCheriS APS_DPP 2020]
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Time-resolved deposition measurements exhibited non-local W

re-deposition patterns during MRC L-mode experiment

BxVB 1

« Time-resolved W deposition
measured by DIMES slices
removed at different stages of
the experiment

Divertor
Material
Evaluation
System

167196.3000

JTATIAN

(DIMES) g .
S — . — 7 ] t~20 s
To 11 12 13 14 15 1e\ 17 18 ]
. >"&E: ] +~20 s @ Constant W coverage
= 5 | t~25s on inner half of DIMES
q:) ) 1w {~35s g
DIMES 5 &1 i, ~40's P W deposition
€ 59 g e—t~115s 2 @ increasing in time on
09 e t~140 s a outer half of DIMES (4-8
O =Y § @ = cm from closest W
= = ] source)
; 0 e ———
13 14 s s 1.44 1.45 1.46 1.47 1.48 1.49 1.5 1.51
g Major Radius (m) [Rudakov FED 2017]
Diln-D [Wampler Phys Scr

.I 7 NATIONAL FUSION FACILITY
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Near-surface W transport simulation via OEDGE background

reconstruction and DIVIMP/WalIDYN mixed-material model
(OEDGE calculation) . OEDGE (OSM-EIRENE) quasi-1D fluid calculation of n,, T,

Te target from DTS, Jsat targer from LP
—  Teaiw ONd ng 44, matched to DTS via volumetric power/mom. Losses

-Lo -\

Z(m)

« DIVIMP: 2D Monte Carlo impurity transport

— |l forces, Collisions, I/ L diffusion, lonization/recomb. (ADAS), ExB drifts
n, (m™)

 WallIDYN 1.0: Self-consistent mixed-material surf. evolution
— Mixed material sputtering/reflection rates
— Includes multiple re-erosion and re-deposition steps for both W and C

[ WallDYN model |
DCcw CW DCW CWwW

‘ Rec;éj&r; ' Reservor [ SOL plasma model
ayer
| C/W, (OEDGE)

Bulk layer foﬁ%é\e/ DIVIMP- Time evolution of impurity fluxes

(CorW) depth) N WallDYN to wall, surface areal densities
Neterosion Net deposition Initial surface state

[Nichols NF 2021,
Dil-D submitted]

18 Abrams et al./IAEA-P1-660



Interpretively model spatial patterns of W deposition by scanning

through ExB drift strength in DIVIMP-WalIDYN

* With no ExB drift, no deposition peak

. . . ] 10 & DIMES (23
- With 100% ExB drifts, deposition peak is o shots, 1~115)
too small »,,/-:,;-._fg,o WallDYN =115 s
%, |— 0%ExB
- Can artificially scale ExB velocity in < 1 £ iggz o
DIVIMP (without changing background 3 N ——  40%ExB
: £ ——  80% ExB
plasmay): o 8 — 100% ExB
v = (X%) * vEEber )
‘ . > 0.1 - 2
 Increasing ExB drift strength: G 2
— Moves deposition peak radially L 2
outward B by
— Reduces magnitude of deposition peak g 0.01 1 g
- Best match to deposition data 2 >
obtained with 60% ExB scaling g
— SOL currents (not included yet) may 0.001 Attt &
flatten plasma potential gradients 1.41 1.43 1.45 1.47 1.49 1.51 1.53 1.55 1.57

=D Major Radius (m)
.I 9 NATIONAL FUSION FACILITY Abrams et al./IAEAP1-660



3DLIM is a new plasma impurity transport code to simulate

W deposition on a collector probe in the far-SOL

1. Background plasma in near-SOL

obtained from OEDGE/DIVIMP W source into far-SOL

2. 3DLIM creates plasma solution in
region between edge of DIVIMP grid
and the wall — — SOL field lines

10 12 14 16

Dlstance from floor (m) “UnrO”Ed" info

3. W density in outermost Weoueeinio 2D Plane
DIVIMP grid cells is the B.C. / /

W Density
(arbitrary units)

ﬂ/

inputted to 3DLIM = } 3
4. Adjust plasma background,  © |- gm 5 K 2= m z
o P st o =
W source, D,  or v, y, etc. E 25 N 6_8 = o
) ’ = (@) O
to match measured CP 3DLIM plasma £ S g ESD <
deposition patterns R solution o2 — 2
L’ B OQuter Wall

Dill-D Zamperini NME 2021
2 O NATIONAL FUSION FACILITY
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3DLIM successfully reproduces W CP deposition

orofiles assuming purely convective radial W trans

N Upper Baffle , Outer Wall !
E Limited I Limited ] 3DLIM
L . | % RBS
|
; | Note
L 107° I Assumes W radially
— transports via convection,
'(]_) not diffusion
— [Zamperini NME 2020]
C -3
._'(__3 w0 Vigdial = 275 M/s
3 :
o 1 #167247
8 7 9 11 13 15 7 9 11 13 15

Distance from separatrix (cm)

2 .| NATIONAL FUSION FACILITY
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DIVIMP+3DLIM support hypothesis of a near-SOL W

accumulation only when BxVB

Ratio of W deposited on inner-target * DIVIMP can impose SOL patterns
facmg (ITF) and outer-target facing (OTF) qualitatively similar to measurements
sides of W collector probe : Near-SOL W accumulation due

to T;-gradient force
: Accumulation is flushed out due
to fast inner target directed flows

Meosured

ITF/OTF

. « Measurements and 3DLIM support

R N & [ "o ccomiotn DIVIMP prediction of a near-SOL W
accumulation only for the

T ; 5 5 direction

Distance from separatrix (cm)

« Highlights the importance of accounting
for flows in SOL impurity transport
modeling

Dili-D
NATIONAL FUSION FACILITY
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 First measurements of prompt re-deposition of W* have been
conducted in DIII-D divertor and agree fairly well with sheath model

* Higher frequency pellet pacing effective at reducing W sputtering
during ELMs, but no clear effect observed with application of RMPs

« WallDYN model agrees well with experimental W re-deposition pattern
only when E x B drifts (adjusted to 60%) are accounted for

* Net force on high-Z impurities in the far-SOL changes with ion B X VB drift
direction in DIII-D, suggesting strong high-Z entrainment in SOL flows

2 3 NATIONAL FUSION FACILITY
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For more information...

« T. Abrams et al., Nucl. Mater. Energy 17 (2018) 164-173
https://doi.org/10.1016/j.nme.2018.10.011

« T. Abrams et al., Phys. Plasmas 26 (2019) 062504
https://doi.org/10.1063/1.5089895

« S.A. Zamperini et al., Nucl. Mater. Energy 25 (2020) 100811
https://doi.org/10.1016/j.nme.2020.10081 1

« J.H. Nichols et al., "Modeling of ExB effects on tungsten re-deposition
and transport in the DIII-D divertor," Nucl. Fusion (2021) submitted
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