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Abstract

The divertor plasma-material interface (PMI) must be able to withstand steady-state heat fluxes up to 10 MW/m? (a limit
imposed by the present day divertor material and engineering constraints) with minimal material erosion, as well as to
provide impurity control and ion density pumping capabilities. In spherical tokamaks (STs), the compact divertor geometry
and the requirement of low core electron collisionality n," at n, < 0.5-0.7 ng; (where ng is the Greenwald density) for
increased neutral beam current drive efficiency impose much greater demands on divertor and first-wall particle and heat
flux mitigation solutions. In NSTX, divertor heat flux mitigation and impurity control with an innovative “snowflake” divertor
configuration [1] and ion density pumping by evaporated lithium wall and divertor coatings [2] are studied. Lithium coatings
have enabled ion density reduction up to 50 % in NSTX through the reduction of wall and divertor recycling rates. The
“snowflake” divertor configuration was obtained in NSTX in 0.8-1 MA 4-6 MW NBI-heated H-mode lithium-assisted
discharges using three divertor coils. The snowflake divertor formation was always accompanied by a partial detachment of
the outer strike point with an up to 50 % increase in divertor radiation from intrinsic carbon, the peak divertor heat flux
reduction from 3-6 MW/m?2 to 0.5-1 MW/m2, and a significant increase in divertor volume recombination [3]. High core
confinement was maintained with the snowflake divertor, evidenced by the tz, W,,,, and the H98(y,2) factors similar to
those of the standard divertor discharges. Core carbon concentration and radiated power were reduced by 30-70 %,
apparently as a result of reduced divertor physical and chemical sputtering in the snowflake divertor and ELMs. In the SFD
discharges, the MHD stability of the H-mode pedestal region was altered leading to the re-appearance of medium size (DW/
W=5-10 %), Type |, ELMs otherwise suppressed due to lithium conditioning [4]. Fast divertor measurements showed that
impulsive particle and heat fluxes due to the ELMs were significantly dissipated in the high magnetic flux expansion region
of the snowflake divertor. The snowflake divertor configuration is being combined in experiments with extrinsic deuterium or
impurity gas puffing for increased dissipative divertor power losses, additional upper divertor nulls for increased power
sharing between the upper and the lower divertors, and lithium coated plasma facing components for large area ion
pumping. These efforts are aimed at the development of an integrated PMI for future ST-based devices for fusion
development applications. Supported by the U.S. DOE under Contract DE-AC52-07NA27344, DE-AC02-09CH11466, DE-
ACO05-000R22725, DE-FG02-08ER54989.
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Summary: High flux expansion (snowflake) area-
pumping (lithium) divertor is studied in NSTX

= Evaporative lithium coatings on carbon PFCs

= “Snowflake” divertor configuration

[ )
NSTX

Surface pumping reduced ion inventory (density) by up to 50 %
Recycling reduced by up to 50 % in both divertors and wall

Local recycling coefficients reduced on inner wall and far SOL,
remained similar in the outer strike point region

Parallel heat transport regime in the SOL changes from
conduction-limited to sheath-limited (low-recycling)

Core lithium density low, uncorrelated with divertor source

Obtained with three existing divertor coils for up to 600 ms

H-mode confinement maintained with significant reduction in /

core impurities

Significant reduction in peak heat flux (and outer strike point
partial detachment)

Higher divertor plasma-wetted area A ., and divertor volume
Consistent with theoretical predictions and 2D fluid model

Candidate divertor solution for NSTX-Upgrade
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Solid lithium coatings are studied in NSTX for
impurity and density control applications

= Access to reduced core collisionality % ~ o
 n,~ 0.6-0.9 ng for transport, stability, start-up,
high non-inductive current fraction scenario AN \

studies for future STs (e.g., NSTX-Upgrade) 7

 n,~0.3-0.7 ng for adequate NBI current drive o i
efficiency in scenarios relevant to fusion and
nuclear science ST-based devices

= Spherical tokamak: compact divertor for power
and particle exhaust

= NSTX (Aspect ratio A=1.4-1.5)
+ |,<1.4MA, P,<7.4MW (NBI), P/R~10
* Qpoak S 15 MW/m?2, g, < 200 MW/m?
« ATJ and CFC graphite tiles as PFCs

e Typical divertor strike point region T < 500 C National Spherical

HHF
HH

2\ i i .
(Qpeak = 10 MW/m?) in 1 s discharges Torus Experiment
/\/S TX M hg‘{}’g?,’;ff_gggig{?&e V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011 4



Various techniques considered for SOL / divertor
g, and g, control

= Divertor heat flux mitigation solutions:

Pheat (1 — frad)fout/totfdown/tot(l — fpfr) Sin o
QWRSPfexp)\qH

v" Divertor geometry (poloidal flux expansion) fea:p _ ((Bp//Btot))MP
By/Biot)osp

Awet = 27R feacp )\q”

dpk =~

v’ Strike point sweeping
v Radiative divertor (or radiative mantle)
v" Divertor plate tilt and divertor magnetic balance

= Candidate solutions must
 be compatible with good core plasma performance (H-mode
confinement, MHD, ELM regime, density)
 be compatible with particle control (e.g., cryopump, lithium)
* scale to very high g, (15 - 80 MW/m?) for future devices

NS TX M hg‘{}’g?,’;‘ff_;gﬁg}}?&e — |/ A, SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  smm—m 5



Plasma-surface interactions with solid lithium
coatings on graphite plasma-facing components

= Solid lithium coatings in NSTX
e deposited by two lithium ovens (LITERS)
- oven T=600-680°C
— Evaporation rate: 1 mg/min — 80 mg/min
e divertor coating thickness up to 200-400 nm
e up to 50 % variation in toroidal thickness

= Interaction of solid lithium coatings with plasma

e Physical sputtering of lithium atoms
- by D ions - 2/3 lithium sputtered as Li*
— by lithium (self-sputtering) and carbon
 Re-deposition
 Melting (T = 180° C) and evaporation (significant rate at T > 300° C)
« Reaction with D atoms leads to pumping of hydrogenic plasma
- Coating can bind D with all Li inventory up to a full thickness
— After saturation - high recycling, low pumping rate
e Reaction with H,0, C and O to form various compounds

0

g :
QDU KOO EHOSOS e
bbb BERBLERE

/\/ST X ug hg‘{{g%gff_ggﬁg{}?&e — |/ A, SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  s— 6



Impact of lithium conditioning was investigated
in NBl-heated H-mode discharges

= Pumping and recycling on PFCs
= Lithium influx from PFCs and core lithium density
= Control of divertor carbon influx

. Ip=O.9 MA, B;=4.5 kG, P\g=4-6 MW, high k~2.3, 6~0.6
e Discharge without lithium (129013)
— boronized carbon, no prior lithium use
e Discharge without lithium (129059)
— prior use of lithium (~ 20 discharges, ~ 8 g)
e Discharge with 190 mg lithium (~ 190 mg total, 129061)
e Discharge with 600 mg lithium (2.2 g total, 129064)

= Photometrically calibrated filtered cameras and spectrometers, tile-
mounted Langmuir probes, neutral pressure gauges

= T, [ion/m?/s] = 4 x|, [ph/m?/s/sr] S/XB [ion/ph]
e For deuterium, D, and D, ; for lithium, Li | A=670 nm
e OQuter SOL region only

NSTX M hg\tﬁi’g?\g?iigg%or;e V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  sm— 7




With lithium, reduced core density operation can be
achieved

6L N-€ (x 1e19 mA-3) ]
s %ﬁ = ng/ng ~0.2-0.7
2+ -
2| ] . .
ooFr oG _ * N, and n, increasing
§:g M = Wyp increased
O:O_ 129064 - . .
scol Stored Energy (k) ] " I?SQL decreasing with
f883‘ ] lithium amount
O_ b " "
3-_Rad. power (MW) M i ¢ COre Prad IncreaSIng
2 p) T | * Psor=Por+Ppgi = Prag- dW/dt
0t PEOL W) A B ’Dfast ion loss
4 W = ELMs suppressed
2+
ol ' e Pedestal MHD stability
S—DW- Da (a.u.) modified due to n, (r) mod.
i No lithium (129013)

e == No lithium (129059)
00 02 04 028 %% 10?190 mg lithium (129061)
600 mg lithium (129064)

NSTX ug hg‘gg%gff_g&ﬁg&or;e ——— /. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  se—



lon density was reduced by up to 50 % by lithium

conditioning in NSTX

dN, dN,
= rgas Ll Y Ungr o rNBI Cevo T rwall + rpump +
dt . dt
1
Changein  Gas NBI NBI Wall Turbo.  Neutrals
ion feed  fyeling cryopump  loading pump  build-up
inventory rate rate rate rate rate rate

= Particle balance equation using measured
guantities
= Particle inventory balance: N,=6 N +N,

= Continuous pumping

= Cumulative coatings provide higher
pumping rate

= Wall in pumping state far from

saturation No lithium (129013)
No lithium (129059)
190 mg lithium (129061)
600 mg lithium (129064)

- M Lawrence Livermore
NST X u& National Laboratory

- N_e (x10720)

129013
129059
129061
129064

—
OO - NWHEA, O2NDNWPHL, ON b O

I'_wall (x10721 s”-1)

~ N_wall (x10721)

0.2 0.4 0.6 0.8 1.0
Time (s)

V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  se——




Edge neutral pressure and recycling on PFCs
reduced, most strongly in lower divertor

10 E_Upper div. Da (a. u. _

10|

Lower div. Da at 0.28 s 1

22|
: (ph sN-1 mA-2)

01| £
5.0f

0.5, 1021
0.05[
10.

L 129013

129059

129061

1020 L 129064 -
Ll L

Lower div. Do at 0.90's ]
(ph sA-1 mA-2)

1.01

0.1 |
1.00F

0.10|

1022

0.01 129013 129059 129061 129064

0.10€

Midplane MIW
0.01 d 02 :
0.001 ; :
1?.85 Lower div. Penning (Torr) M NO athium
0.1 : 3 ol ' (129013)
L E N No lithium
00160 02 04 05 08 10 T2 03 04 05 06 07 08 (129059)
Time (s) Divertor R (m) 190 mg lithium
(129061)

= Divertor ionization source reduced by up to 50 % ooy
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Local relative recycling coefficients reduced on
all PFCs but in the near-SOL / strike point region

r lon fiux denlsity !

4 (x1e22 mA-2 sA-1) 20 7 T 7 ' '
= . . .
3r trom Dat LS | W!tho.ut .|I'[hlum
Al i - 9 B With lithium -
;* from LP1307 ‘_ 1.5+ ?; O\/\/QQ § {\o* \/0 o §2 {\o‘ _|
: : : : : : et V@ v VAT @ i
2 lon flux density 190 mg lithium ) & o\/g& & O o\,@ & 7
AD oA L og %) X ~ & X
L (x1€22 mA-2 s-1) . e ée) { QQ} QQ > Y (\Q} QQ)
B EEK FAER
1+ fromLP1307 - 109 =
o

I from Da. 1 I
g : : : : : : -

I | 0.5+ ]
1F . 2 : I I I
o _ Rel. recycling coeff. e | 0.0 —_— L

00 02 04 06 08 10 1.2 0.2 0.45 ) 0.6 0.77 1.0

Time (s) Time (S)

= Local recycling coefficient R, ,=T'°/ ;"
e lon flux into surface I'/"is measured by Langmuir Probes (LPs)

* lon outflux I'°“testimated from measured Da. intensity and S/XB
(ionizations/photon) coefficient from ADAS

NSTX ug h%‘{}’g?,';fﬁ;gﬁg{}?&e V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  sm— 11



Lithium flux measurements suggest lithium source
is in lower divertor, degrades in one discharge

10.
= Strong scaling of lithium fluxes

with evaporated amount in h:

early phase on all PFCs 0.1 ‘[ 129013 129059 129061 129064 _
.. 10.0 ¢ Inner wall Li | (a.u.) i

* |n later phase, no scaling in 1.0k
upper divertor, inner wall and 01L ]

far SOL 001

= |n near SOL and strike point, 1022
strong scaling until end of 102

fr®
discharge (cumulative effect) ;20

. 11 LM«-'-"' "o “""?' ROl
= Large difference between “no 21| g i ' ]
lithium” reference discharges ;20| ( 1
1019 Div. R=0.495 m Li | (ph m”-2 s/-2)
1021 n rlﬁ“ I "‘w.“ it Pt I“ ‘ ""‘i"} i . _
No lithium (129013) 10?8 - r -
No lithium (129059) 10 . : NP =
190 mg lithium (129061) 1018 Div. R=0.797 m Li | (ph m*2 7-2) il

Time (s)
/\/ST X ug hg‘{{g%gff_ggﬁg{}?&e — |/ A, SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  s— 12



Core lithium density low, does not scale with
divertor source, lithium weakly accumulates in core

1.0 T,
[ ne/n G DV, ]
T i

0'5 B 130724 :—
r 130725 1

130727 I 4

. N_e (x1e20) <\ \\ !
L v
4L v

130724
130725
130727

130728
il - N_d (x1e20) ]
o ~:} = .. a;?i:?a'(’ "%:'; s |
L ™ 130724
oL * 130725:
5L N_C (x1e19) . - |
41 e % - .
3L \#ﬂfﬁ' °'~t' |
i / |
1L 130724 _|
oL 130725 |
8N _Li (x1e17) ,\ ;V,,Q,;.ﬁl_ '_
i Ner&™ Ml
T RSN C O U T
- 7 v 130727 | '|'
oL r" " 130728 17
00 0.2 04 06 0.8 1.0 1.2

 Lithium screening efficiency high, penetration factor N,/ I, ~ 0.0001

- M Lawrence Livermore
NST X u% National Laboratory

Impurity density

profiles from

CHERS

- CVI,n=8-7,
529.1 nm

— Lilll,n=7-5,
516.7 nm

V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011
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4 _? PY (]
3L

2 | Peak divertor Li |
(x 10721 ph s"-1 mA-2)

- Core lithium concentration

- (R=1.02 m)
0.0010 [ . .
o o © e o

0.0005 - -
0.0000 [, , , . . y
- Core lithium density (x10716) ;

8 [ (R=1.02m) -
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2F E
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A long pulse H-mode discharge scenario with
SGl fueling and lithium-controlled N,

6 Line-av. density (x 1€19 m~-3) ] No lithium, 140 mg Li
I 8 F n_e (x 119 mA-3)
4 L - 6 -
o [ _ 4
2 -
0L : : : : : —— (O :
1223 ! Stored energy (kJ)] g [ N_e (x10720) A T\AL
N | 6 ]
125 [ ] 4L E
s Gas (x 7e19 sA-1) o[ gggg; J
62 |- SGI (x 1419 s/-1) . (e ]
oL | N_d(x10%20) . -
g [ N_e (x 1e20) N 4r ’ j
s [ N_d _ 2 b M
4 L . _ _ 0 :
or Constant N, ] g [ N_C (x10719) \
0L 6
- 4 L
2 —
6 0
4 L
. 10 - .
021 : 0.5 7
208 ool
: ol g: SG Div. Da (a.u.) i
25.10°'F 2 - |
5'0 s dN_e/dt 6— _ r\;ﬂ ﬁl
' 00 02 04 06 08 10 1.2 0.0 0.2 0.4 06 0.8 1.0
Time (s)

Time (s)
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Divertor with lithium coatings provides pumping -
but what about impurity and heat flux handling ?

= On-going study of impurity sources and tog
Impurity parallel and radial transport in conW

SOL and pedestal )

= Carbon sources: wall and divertor,
physical and chemical sputtering

= Reduce physical sputtering yield by
lowering divertor temperature
o E,=2KT,+3Z KT, [
e E ~50-300eV->Y,~0.01 I R T

E (eV)
* Need to obtain E; < 20-40 eV (T, <5 €eV) Figure from R. A. Pitts et. al, PPCF (2005) B303

= Low T, divertor operation established

in NSTX
e Divertor gas puffing
*  Snowflake divertor

-

-
“
-
-
L
"
’

Yield (atoms/ion)
3 3

-
9
w

X M Lawrence Livermore
NST X ‘** National Laboratory
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Divertor D, puffing used to reduce divertor
carbon source and core carbon accumulation

g - n_e (x 1e19 mA-3) Z eff (0)
I 6| ]
' 4
2r [ .
OL : : : ; 2 L : : :
005 | Stored Energy (kJ) | 1{Divertor D_a (a.u.)
150 - 0.5F
2500 3000
75+ — — i
0 . : D2 InJ:eCtlon : : : 0. I : : : :
2 ' Rad. power (MW) _ | n_D (x1e19 mA-3)
4 i
1L
| el 2 _
138769
0= ' oL :
n_D (
2 L i
ol If‘y R=138.9 cm | |
0.0 02 04 06 08 1.0

Time (s)
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Snowflake divertor geometry attractive for heat
flux mitigation

= Snowflake divertor Exact
e Second-order null snhowflake
- B, ~0andgrad B, ~ 0 (Cf. first-order null: B. ~ 0 )
P I p~ O p~ 0 divertor

e Obtained with existing divertor coils (min. 2)
e Exact snowflake topologically unstable

-0.5

di2 ®

= Predicted geometry properties (cf. standard divertor)
 Larger region with low B, around X-point: ped. stability

 Larger plasma wetted-area A, : reduce q,
e Larger X-point connection length L, : reduce q,
e Larger effective divertor volume V;,, :incr. P4, Pcx

Experiments

. TCV (F. Piras et. al, PRL 105, 155003 (2010))
. NSTX

‘| snowflake-minus

snowflake-plus
D. D. Ryutov, PoP 14, 064502 2007

V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011 17

' M Lawrence Livermore
NST X u& National Laboratory



Snowflake configuration as the laboratory for
pedestal MHD stability and parallel SOL transport

773-1.0

I

= (Obtained with three divertor coils PF1A,
PF2L and rev. pol. PF1B

= Properties

e Overall, same shaping and core plasma
parameters as with standard divertor

e Quter SP flux expansion can be same

-1.6

as in standard divertor ! -I- /,__\_j;:\::\\ LrorToD tasise
« Pedestal magnetic shear and SOL e e RN
connection length higher than in o .
standard divertor Gpeak ™ Psor(1 — frad) fgeo Sin
= Test parallel transport with 3D fields 2 Rs P feapAq
* Role of increased line length
9 Awet = 27R fe:cp )\q“

* Role of radial heat diffusion (to common and
private flux regions)

= Test pedestal stability models [ (Bp/Btot) M P
« A knob to for peeling-balooning stability N (Bp/Btot)OSP

NSTX ug h%‘t’}’g?,';fe,_;'ggﬁg’{?r;e V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011
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Possible NSTX snowflake divertor configurations
were modeled with ISOLVER code

= [SOLVER - predictive free- OFhw l .
boundary axisymmetric Grad- R 7
Shafranov equilibrium solver

* Input: normalized profiles (F, 1,),

boundary shape
* Match a specified /, and 8 i ﬁ |
- Output: magnetic coil currents - % PF2L soLver-
. . '2.0—1 l IE'H L1 I I B B | [
v Standard divertor discharge below: 05 10 15
B=0.4 T, 1,=0.8 MA, 8,,~0.6, k~2.1 R(m)
Quantit Standard  Simulated
y divertor = snowflake
X-point to target parallel length L, (m) 5-10 10
Poloidal magnetic flux expansion f,,, at outer SP 10-24 30-60
Magnetic field angle at outer SP (deg.) 1.5-5 ~1-2
Plasma-wetted area A,,; (m?) <04 0.95

NST x [ hg‘t"i’g?,';fﬁggger’a'{:)?;e V. A. SOUKHANOVSKIl, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  memmmm— 19



Snowflake divertor configurations obtained in
NSTX confirm analytic theory and modeling

Standard Snowflake

-1 o : 7 -1 17 B ]

—~ T M v\ N B

S —1

N i / é i

Sl | 7= = - B D™ .

- EFITO2 141523 A EFITO2 141539 1
- 0.745 ms g 0.754 ms

-2 3 mm surfaces 2 = 3 mm surfaces -
- 1 1 1 1 |I 1 1 1 1 | || - 1 1 1 1 | 1 1

LI |, s 141539

1 P I P '
0.0 0.05 0.10 0.15 0.20 0.25 0.30 141523 . 0.0 0.05 0.10 0.15 0.20 0.25 0.30
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Plasma-wetted area and connection length are
increased by 50-90 % in snowflake divertor

@nsx (S

These
properties
observed in first
30-50 % of SOL
width

B,.; angles in the
strike point
region: 1-2°,
sometimes < 1°

1 ik N ) i ;\
L EQ" I £
N @R 1N
k. N
| EFITO2 141241 1 | A EFIT02 141240
— ww (D 0.905 ms ? . i" 0.905 ms
2 WA \ 3 mm surfaces - - Z 7/ =2 3mmsurfaces -2
\\ \J | II L1 1 | ‘ L1 ” |- -17 ‘-r L \I"‘x ;:’I“ ;[ IU" |I | I L1
0 0.5 1.0 1.5 0 0.5 1.0 1.5
R(m) R(m)
1.0 ——— i . _
g Bp/ Biot 305_ *..._.Connection length (m) 3
[ 208 e :
i — Handard 105:135498 og\ _
0.105—&'?69 — “Snowflake”} o SRt - —
' ; 8OFFIux ' E
_ outer]  BOF expansion ;
0.01 strikte 40F 3
S Apot o OF
O 5 10 15 20 25 0.0 0.1 0.2 0.3
L_par (m) R-R_sp (m)
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Good H-mode confinement properties and core
impurity reduction obtained with snowflake divertor

Standard, Snowflake

8 e (x10M9 mA-3 = 0.8 MA, 4 MW H-mode
4m T = x=21,5=0.8
10 = Core T, ~0.8-1keV, T.~ 1 keV
"5 T e(0) (keV) | " Py~ 4-9
0.0; 5 n = , = Plasma stored energy ~ 250 kJ
o /Q‘M% = HI8(y,2) ~ 1 (from TRANSP)
38§;W_mhd (<) _ = Core carbon reduction due to
S0l | * Type | ELMs
0 « Edge source reduction
10 C_W - Divertor sputtering rates reduced
or Cazat | due to partial detachment
0 R=138 cm 141240
S| Divertor Do (a.u;)
0 MJ\M

00 02 04 06 08 10 1.2
Time (s)
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Significant reduction of steady-state divertor heat
flux observed in snowflake divertor (at Py, ~ 3 MW)

. . Stalndard cllivertor‘ Snowflake
P_div (MW)

Horiz. div. bolometer
' chord (a.u.)

141241
141240

i
yhn

0.6 - i_‘an“';“‘if“l”:"b*-’r-’tot"u)n‘ivmmlh

: Vanititimil
§0.5§— ,r‘w | [ '
LEI il \ ‘ !
o 04F bl L | I
‘ 1.0
03;_ 1 ™ "'r : E
02£ 9 div (MW/m"2) Snowflake 011wt R
00 02 04 06 08 1.0 00 02 04 06 08 10
Time (s) Time (s)

= Partial detachment at or after snowflake formation time
= Heat and ion fluxes in the outer strike point region decreased

= Divertor recombination rate and radiated power are increased
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Divertor profiles show low heat flux, broadened C lll and
C IV radiation zones in the snowflake divertor phase

O I IOSP

Div. heat flux (MW/m”/2)
0.36 s - before snowflake ]
0.57 s, 0.70 s - forming snowflake
0.895 s - radiative snowflake

CHI gﬁm

3| (b)

Divertor C lll A465 nm |
brightness
(x10721 ph mA-2 sA-1)

2 (c):

141240

Di\I/ertor C IVI A581 nm |
brightness
(x10M9 ph mA-2 sA-1)

0.3

@nsx |5

0.4 05 06 0.7
Divertor R (m)

Lawrence Livermore
National Laboratory

= Heat flux profiles reduced to nearly
flat low levels, characteristic of
radiative heating

= Divertor C lll and C IV brightness
profiles broaden

= High-n Balmer line spectroscopy and
CRETIN code modeling confirm outer
SP detachment with T, < 1.5 eV,

n,<5x 100 m3

 Also suggests a reduction of carbon
physical and chemical sputtering rates

: : T :
E_Srgmnﬂcigngg%h/cm 2/sec/nm

= CRETIN

385 390 395 400 405
Wavelength (nm)

370 375 380
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Snowflake divertor heat flux consistent with
NSTX divertor heat flux scalings

O e ma o 8 - Diveror peak heat flux a0
0 al _- - (MW/mA2) I
NE 8 08 | | ”,’ |
S o g % ; 6 0.8 MA .- o -
S 6f o § : 1.0 MA o |
- Y - ' o8 o -
g% 41 2§> ' * o —-
g .
E

_ & - _ s o
| ° @ @ ‘ S e ]
2.' é * 2r Patrr':lgllyfletached o 7 T
oL ouffing T oflee * j

0 10 20 30 40 50 1 5 3 4 5
flux expansion

= Snowflake divertor (*): Pgo, ~3-4 MW, £, ,~40-60, q,c,~0.5-1.5 MW/m?

v Texp

T. K. Gray et. al, EX/D P3-13, IAEA FEC 2010
V. A. Soukhanovskii et. al, PoP 16, 022501 (2009)
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Modeling shows a trend toward reduced temperature,
heat and particle fluxes in the snowflake divertor

= 2D multi-fluid code UEDGE — 07—
 Fluid (Braginskii) model for 4!
lons and electrons

e Fluid for neutrals ol
e Classical parallel transport, Ol
anomalous radial transport %3]
- D=0.25m?/s 021
- X, =0.5m?s 01
80
60t
40t
Core interface:
- T, =120ev  20¢
*n,=4.5x10" 0 L2 < :
Rrecy = 0.95 0.00 0.10 0.20

Carbon 3 %

o M Lawrence Livermore
NST X u& National Laboratory

R-Rogp (M)

0.5}

. Standard Snowflake

£ 3

"'1 3&)481. 00l41 4'_0_ :
I N 0.6
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03f g

0.2
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----------- 0.1k
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1D estimates indicate power and momentum
losses are increased in snowflake divertor

= 1D divertor detachment model
by Post

e Electron conduction with non-
coronal carbon radiation

¢ Max g, that can be radiated as
function of connection length for
range of f, and n,

= Three-body electron-ion
recombination rate depends on
divertor ion residence time
* lon recombination time: T~
1-10ms at 7,=1.3 eV

 lon residence time: 1, < 3-6 ms
in standard divertor, x 2 in

snowflake
- M Lawrence Livermore
NST X u& National Laboratory

Connection length (m)

10

o

\V)
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Outlook for NSTX-Upgrade

Development of divertor solutions to address L

- 2-3x higher input power '
Prng <12 MW, [, < 2 MA

« 3-5 x longer pulse duration (t< 5 s)

* Up to 30 % reduction in Greenwald fraction _

« Projected peak divertor heat fluxes up to 25 MW/m? 2

00 05 1.0
Heat-flux handling solutions LT L N S orm)

* Lower snowflake configuration -1.0
* Upper and lower snowflake divertor

* Snowflake + impurity radiation

Density control

 Lithium coatings or liquid lithium

« Conceptual cryo-pump design .
Divertor control -1.5F
= Additional divertor coil PF1C

= Developing snowflake control

= Developing plans for radiative feedback control

04 06 08

NSTX M h%‘t"i’(';?,’;fﬁgggergwr;e V. A. SOUKHANOVSKII, Poster 28-3P-10, ISTW2011, Toki, Japan, 27-30 September 2011  sm— 28




