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Solid lithium coatings are studied in NSTX for
impurity and density control applications

= Access to reduced core collisionality E - am
 n,~ 0.6-0.9 n for transport, stability, start-up,
high non-inductive current fraction scenario R \\

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

e n,~ 0.3-0.7 ng for adequate NBI current drive iy o
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)
* 1,14 MA, P, <74 MW (NBI),P/R~10
*  Qpeak S 15 MW/m?, g, < 200 MW/m?
 ATJ and CFC graphite tiles as PFCs

« Typical divertor strike point region T <500 C National Spherical
(Qpeax = 10 MW/m?) in 1 s discharges Torus Experiment
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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

= |nteraction of solid lithium coatings with plasma

LITER é::i
(BAYK) | i

2=
329-0

-
\ A\
A d ==

Physical sputtering of lithium atoms
- by D ions - 2/3 lithium sputtered as Li*
— by lithium (self-sputtering) and carbon

e 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,0O, C and O to form various compounds
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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

B

- Ip=0.9 MA, B=4.5 kG, P\g=4-6 MW, high «~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)

e

EFIT02 129061 0.454 s
EFIT02 129013 0.457 s

= Photometrically calibrated filtered cameras and spectrometers, tile-
mounted Langmuir probes, neutral pressure gauges
= I, [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 Quter SOL region only

M Lawrence Livermore
NSTX |B kawrenc L shomioty. * V. A. SOUKHANOVSKII, 29 ISLA, Princeton, NJ, 27-29 April 2011 = 50f 16



With lithium, reduced core density operation can he
achieved

6L N-© (x 1e19 m~-3) J
4;% . ne/nG ~ 02'07
2_ ] [] ]
RO ' * N, and n, increasing
§:g M’t = Wy,p increased
0:0-_ 129064 | . .
300 [ Stored Energy (kJ) i - PSOL decreaSIng with
200 ] lithium amount
O— ) " "
5[ Rad. power (MW) M 1 « Core Prad Increasing
2 p T ] * Psor=Por+Png = Prag- dW/dt
0L Pg(;L W) . -P fast ion loss
A W = ELMs suppressed
oL
ol ' e Pedestal MHD stability
3D Darfa ) modified due to n, (r) mod.
1+ LA e S TN W No lithium (129013)
005 : No lithium (129059)

e 0 0 7% 190 mg lithium (129061)
_ | 600 mg lithium (129064)
NS Tx |5 h%‘ﬁ';%gfﬂ‘gggﬂ,%e : V. A. SOUKHANOVSKII, 2 ISLA, Princeton, NJ, 27-29 April 2011 = 6 of 16



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

= Jlon pumping and recycling fluxes
» Lithium influx from PFCs and core density
= Fueling and density evolution

M Lawrence Livermore
NSTX |B kawrenc Laboratory " V. A. SOUKHANOVSKII, 2 [SLA, Princeton, NJ, 27-29 April 2011 = 7 of 16



lon density was reduced by up to 50 % by lithium
conditioning in NSTX

dN dN '
P _ n . N_e (x10720
- I_‘gas + I_‘NBI + NBI _cold + I_‘NBI _cryo + I_‘wall + I_‘pump + - ( )
dt ' I dt I
__‘__.a 129013
129059
Changein  Gas NBI NBI Wall Turbo.  Neutrals 129061
ion feed  fyeling cryopump loading  pump  build-up
inventory rate rate rate rate rate rate

= Particle balance equation
= Particle inventory balance: N,=6 N;+N,

= Continuous pumping
= Cumulative coatings provide higher 10F

pumping rate
= Wall in pumping state far from saturation : m

8
6
4
2
0
4
3
2
1
0
4
3
2
1
0
0

1
No lithium (129013) gf N-wall(x10%21) ]
No lithium (129059) s ]
190 mg lithium (129061) oL _'
600 mg lithium (129064) 0.0 0.2 0.4 0.6 0.8 1.0

Time (s)
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Edge neutral pressure and recycling on PFCs
reduced, most strongly in lower divertor

10.

E_Upper div. Da (a. u.
1.0 X

Lower div. Da at 0.28 s 1
(ph sA-1 mA-2) 3

1022.—

0.1 | fan)
5.0F

05 F 1021
0.05[
10.

10 " Vos0ce
01 :— ! 10 % :_I gggg.l 1 L 1 . 1 L 1 L 1-:
1.00¢ Outer SOL Da (a.u.)

0.10|

Lower div. Do at0.90's ]
(ph sM-1 mA-2)

i 1022 _
0.01 129013 129059 129061 129064 | . 1
0.10¢ Midplane MIG (Torr) [
0.01 3 : 1021 .
0.001 [ ] :
1?8 = Lower div. Penning (Torr) E ] No lithium
oif gt T gl | (a0
E 3 o~ = No lithium
0010 02 o4 06 08 o0 T2 03 04 05 06 07 08 (129059)
Time (s) Divertor R (m) 190 mg lithium
(129061)

600 mg lithium

= Divertor ionization source reduced by up to 50 % 20064
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Local relative recycling coefficients reduced on
all PFCs but in the near-SOL / strike point region

: — I
r lon flux density
4 [ (x1e22 m7-2 s”-1) 2.0 e T
8T from Do [ W!thO.Ut .|Ithlum
ol i B With lithium
1+ from LP1307 | No lithium| ] 1.5+ S o ®Q (\é _
‘ . . . . ‘ - v
g RESE
lon flux density - ’ S O\/$(bk6
- (x1e22 mA-2 sA-1) 1 - , (&' &f‘o é QQJ
[ FPER
1 from LP1307 . 1.0 m
| from Da 1 : :
8 : : : : : : B i
i 0.5+ _
1 — : ]! I :
Rel. recycling coeff. 155081 0.0 . . s | s . .
0 ‘ : ' 0.2 0.77 1.0

00 02 04 06 08 10 12
Time (s)

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

* lon outflux T'°“testimated from measured Da intensity and S/XB
(ionizations/photon) coefficient from ADAS
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Impact of lithium conditioning was investigated
in NBl-heated H-mode discharges

= |on pumping and recycling fluxes
= Lithium influx from PFCs and core lithium density
= Fueling and density evolution
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Lithium flux measurements suggest lithium source
Is in lower divertor, degrades in one discharge

10.
= Strong scaling of lithium fluxes

with evaporated amount in :

early phase on all PFCs o
e |n later phase, no scaling in 1.0 ,
upper divertor, inner wall and 01 Lf
far SOL 0.01 i
= |n near SOL and strike point, 1022
strong scaling until end of 102
discharge (cumulative effect) ;20|
= Large difference between "no | 1
lithium” reference discharges 20
1019
1021
No lithium (129013) 10fg
No lithium (129059) 10 o | o n
190 mg lithium (129061) 1018 Div. R=0.797 m Li | (ph m”-2 s"-2) m L_

Time (s)
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Core lithium density low, does not scale with
divertor source, lithium weakly accumulates in core

 n_e/n_G B 11, ]
- neln- i
0.5 130724 :—
B 130725 7
130727 I
00 B 130728 IL-
8: N_e (x1e20) =\ \\ I
L AN
4 L 130724 \\ 7]
130725 .
r 130727
O B 130728
di - N_d (x1e20) ]
® 3 o "N..-o . -
o .-' " 4. “l B _
S 130724 1
oL ..‘ 130725_
5 N_C (x1e19) o . i
41 o - A
3 | V’n’ "‘v-‘. _
i / i
1L 130724 _|
oL 130725 |
8['N_Li (x1e17) ”“&‘('ﬁ. ]
I #& |'| 1
4 B w@" A-""‘:“"r'v“~ (/, 'K I ]
- 7 N 130727 "ll
oL 2" " 130728 1' ]
0.0 0.2 04 06 0.8 1.0 1.2
Time (s)

Impurity density

profiles from

CHERS

— CVI, n=8-7,
529.1 nm

— Lilll, n=7-5,
516.7 nm

-- Li 1 70 mg / shot ----- >

4 _. PY [
PY (]
[ J
3r °
[ J
[
2 + Peak divertor Li |
(x 10721 ph sM-1 m~-2)
1L . . .
0.0015 - Core lithium concentration
- (R=1.02 m) °
0.0010 o ]
i o o e '
0.0005
0.0000 [, , , . .
- Core lithium density (x10716) ]
8 | (R=1.02m) -
6F . -
a4b o o ® ° ° ]
0
o F ]

130724 130726 130728 130730 130732 130734 130736

 Lithium screening efficiency high, penetration factor N/ I';, ~ 0.0001
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Impact of lithium conditioning was investigated
in NBl-heated H-mode discharges

= |on pumping and recycling fluxes
» Lithium influx from PFCs and core density
= Fueling and density evolution

= SGI-U is operated at flow rates
950-250 Torr I /s
(3.5-17.5 x 10?7 s1)

8 Langmuir “Nozzles | ~ Outlet
' | = Supersonic deuterium jet
Throat — properties:
Nozzle cross-section e Jet divergence half-angle:
s 6° - 25° (measured)

TEMI O
zal4nmmmuzsl451215302«129,491215303429
I I o e e I e

e Mach number M =4 (measured)
e Estimated: T~ 60 - 160 K,
n<5x10% m3,
Viow = 2.4 km/s, Vy oo ~ 1.1 km/s
 Nozzle Re = 6000

M Lawrence Livermo
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A long pulse H-mode discharge scenario with
SGl fueling and controlled N; was developed

g [ Line-av. density (x 1€19 mA-3) ]
4 L _
2 L _
0 Y
250 [ Stored energy (kJ
188 | ay ( )_
125 L -
Gas (x 7e19 s*-1)
62 - SGI (x 14e19 sM-1) -
0L : : :
g [ N_e (x 1e20) N
4 *Constant N, 7]
2 |
0
.
4 |
2 L
0
2510, " 4 N_e/dt
5.0-10
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (s)

Lawrence Livermore
National Laboratory *

nsTx | 4

No lithium, 140 mg Li

8 [ n_e (x 1e19 m"-3) ]
6 ]
4 ]
2 F E
0
8 [ N_e (x10"20) 2 I V
6 [ ;
g L/?Mé\ 123931 1
O 133069 -
- N_d (x10720) o R % or 1
4+ ro o FNAL "o .
21 Ul
0 :
8 £ N_C (x1079) \
6
4r
2 I
0
0.5 _
oo Ll |
g - SG Div. Da (a.u.)
i -
00 02 04 06 08 1.0
Time (s)
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Summary and plans

= Lithium coatings are investigated in NSTX for impurity and
density control

DnsTx | %

Divertor surface pumping reduce ion density (inventory) by up
to 50 %

Pumping effect lasts ~ 1-2 discharges due to lithium coating
degradation

Plasma has some (but weak) memory of prior lithium
evaporations

Lithium coatings lead to reduced recycling, strong effect on
divertor and pedestal plasma

Exploring synergy between solid lithium pumping and efficient
fueling by supersonic gas injector
This study when completed will provide a basis for comparison

between solid lithium coatings on graphite and molybdenum
(planned for 2011-2012)

Lawrence Livermore
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Backup
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NSTX divertor diagnostics

0 , , 1~~~

| R ! |E

] Joisin i ./ plasma N

] SN LCFS Magnetic

oy T tHH coils

| \ l\,\’, ’l ’l’l ,l'l E] _

| :llllll’}:' l,l’ :': . ] -1

i LN D e f vacuum

| 'I ’l’ I’ l’ I’ 1’ 1' 1’ : o p Vessel |

" PE1A] |

N ] -

i 115@ 1

- -=- Bolometer chord -

I % e Tile Langmuir probe i

. WPF1B ®  PFoL @ Penning pressure gauge_ 0

Gas: - - =+ Spectrometer chord

B I 128805 |
oo by I by Josess

0) 0.5 1.0 1.5 R(m)
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Heat flux mitigation is more challenging in
compact divertor of spherical torus

= NSTX
¢ [,=0.7-1.4MA, t, s <1.5s, P, = 7.4 MW (NBI)
e ATJ and CFC graphite PFCs
c P/R~10
* Qo S 15 MW/m?
* @ <200 MW/m?

Quantity NSTX DIlI-D
Aspect ratio 1.4-1.5 2.7
In-out plasma boundary area ratio 1:3 2:3
X-point to target parallel length L, (m) 5-10 10-20
Poloidal magnetic flux expansion f,,, at outer SP 5-30 3-15
Magnetic field angle at outer SP (deg.) 1-10 1-2

Lawrence Livermore

E
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A transition from conduction-limited to sheath-limited
parallel SOL heat transport regime is observed with lithium

L=10 m

Sep. T, (eV)

Sep. n, (M"-3)
sk
Vo =1/ Ae
= /=10 m — typical connection length
= A, — electron mean free path
= v,=10"%n, . /T,
= Borderline between sheath-limited and

nSRpRuctionslimitechat v, =10

National Laboratory *

a) SxBD 14656 nm

10 20 30 40 50
L D ]

1 01 4 :
2
<
E
© 10'®
C

102

0 20 40 60 80 100

T e (eV)
b) sxsLiix670nm

0.5 1.0 1.5 2.0 2.5 3.0

0 20 40 60 80 100
T_ e (eV)
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Li | emission profiles are highly peaked
suggesting lithium melting in strike point region

ox10 "’ ax10"’ 6x10 "/ 8x10 "’ 1x10 '8

18 [ — T
2x10 Lower div. Li | at0.45 s
- (ph s™1 cmA”-2)
0.8 F
07 1x10'®
7
'-g 0.6 K \im“
4] = | i
I : il
2 05F I
= -
= 0
0.4 ¢ : Lower div. Li| at0.8's |
o5 : | | 10°L (ph sM1 cmA-2) ]
00 02 04 06 08 10 12 _
Time (s) I /
17
10 E —
No lithium .
(129013)
190 mg Lithium i
(129061) 16| |
600 mg lithium 10 ¢ E
(129064) b

Major radius (m)
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Supersonic gas injector is a complex computer-
controlled high gas pressure apparatus

NSTX cross-section )
Thermionics 1
Vacuum Six-axis Motor
vessel Controller
Camera PV-10
~— field of view Piezoelectric
o valve driver
it

Signal digitizers:
thermocouples,
Langmuir probe,
pressure gauge,
magnetic sensors

Supersonic

=S Vacuum and
_glaJS ":_{aegéor probe motion
P9 PLC

on a movable

vacuum probe 0oz Cail”

Poloidal
field coils NSTX Control room

. EPICS software
Conventional

O iniect and MDSPlus
I Ll I L1l I 11 1 l 111 Igas Inlec Ors data SVStem

00 05 1.0 15 20 R(m)

L Li
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Supersonic gas injector consists of Laval nozzle
and piezoelectric valve

= SGI-U is operated at flow rates

Magneti

i pig%Plprgoils 50-250 Torr | /s

ik / (3.5-17.5 x 1021 s71)

L = Supersonic deuterium jet

. / properties:

retai ° I - .

etainer - Jet divergence half-angle:
PV-10 facing 6° - 25° (measured)
gas valve shroud

¢ Mach number M = 4 (measured)
Inlet Outlet  Estimated: T ~ 60 - 160 K,
\_ s J n<5x1028m3,
- Vi, = 2.4 km/s, vy, ~ 1.1 km/s
 Nozzle Re = 6000

B Langmuir “Nozzle
i} probe &

Throat

Nozzle cross-section

illllii‘iyixm(i} il 1}1 i .ij)m'\ i ][l T (MWH]I"I e
c’a ‘ Jcalvuivz‘evlz Jz 8 { sLs'vol-.»c‘tJ:Jr zla l s‘Ls‘ro]r:‘»:r‘"JrL

;
oY e 5 2
28 4 8 1216 20 24 2 4 81216 2

<
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SGI fueling results in higher fueling efficiency,
lower edge neutral pressure

® O

» O

o N

- Line-av. density (x 1e19 n')l"-3 -

300

n
o

[=3
O

Wm

N_d (x 1e20)

—‘I\)(D#U’ION#CDWOO—‘I\)C\J#O'!OI\)#O)WOO

o

Lower div. D-alpha 133068 133069 _

8x10°
6x10°°

4x10°

2x10°®

Time (s)

M Lawrence Livermore
NSTX LLE National Laboratory *

Comparison between SGI and conv.
gas injection was only possible by 1)
matching density in 1 MA, 6-4 MW
discharges; 2) comparing gas injection
rate and total gas inventory

0.002 =1+t
| 1G110 slow gauge (Torr)

T T
0.001 \

1332111

0000 Ll v v 133214
T T T T

0.002 T T
| PE 19 gauge (Torr)

0.001

0.000 Lt 1 1 1 1 L L
0 5 10 15 20 25 30
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 5 c oni.---
SOL and pedestal o e
»  Talk by F. Scotti g i
= Carbon sources: wall and divertor, g e
physical and chemical sputtering g |
= Reduce physical sputtering yield by 1%
lowering divertor temperature E :
e E.=2KT.+3Z KT, e T——TT é(;\'l)'“;;;oo BT
« E,~50-300eV->Y.~0.01 Figure from R. A. Pitts et. al, PPCF (2005) B303

 Needtoobtain E;<20-40 eV (T, <5¢eV)
= Low T, divertor operation established

INn NSTX

e Divertor gas puffing
* Snowflake divertor

M Lawrence Livermore
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Divertor D, puffing used to reduce divertor
carbon source and core carbon concentration

I_p (MA)

-_' n_e (x 119 m’*—3) |

_' Stored En'ergy (kJ)

2500 3000
I
D2 Injection

' Rad. power (MW)

138767
138768
138769

lime (s)
TX ||® Law Li
NSTX ﬂé National Laboratory *

0.5

N o O O
I

-_'Diveftor D'_a (a'.u.) |

O == ND O N BbH
| e I L S R —

Z eff (0)

' n_D (x1e19 mA-3) _..

R=102.8 cm

//!A'. R=138.9 cm

00 02 04 06 08 1.0
Time (S)
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Various techniques developed for reduction of heat
fluxes g, (divertor SOL) and q,,, (divertor target)

- [)SOL(1 — frad)fgeo Sin o Awet = 2T R feap Aq,

Qpeak —
27‘(‘Rspf€x A _ (Bp/Btot)MP
P Tesr = (B /Bi)osr

= Promising divertor peak heat flux mitigation solutions:
* Divertor geometry

» poloidal flux expansion
» divertor plate tilt
» magnetic balance
« Radiative divertor
= Recent ideas to improve standard divertor geometry
« X-divertor (M. Kotschenreuther et. al, IC/P6-43, IAEA FEC 2004)

e Snowflake divertor (D. D. Ryutov, PoP 14, 064502 2007)
o Super-X divertor (M. Kotschenreuther et. al, IC/P4-7, |IAEA FEC 2008)
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Attractive divertor geometry properties predicted
by theory in snowflake divertor configuration

= Snowflake divertor

e Second-order null
- B,~0andgradB,~0; B, ~r?

(Cf. first-order null: B, ~0; B, ~r)
e Obtained with existing divertor coils (min. 2)
e Exact snowflake topologically unstable

Exact
snowflake
divertor

= Predicted properties (cf. standard divertor)
 Larger low B, region around X-point

e Larger plasma wetted-area A, (flux
expansion f,, )

e Larger X-point connection length L,
» Larger effective divertor volume V,
* Increased edge magnetic shear

= EXxperiments ™| ‘snowflake-minus

e TCV (F. Piras et. al, PRL 105, 155003 (2010)) snowflake-plus
. D. D. Ryutov, PoP 14, 064502 2007
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NSTX studies suggest the snowflake divertor configuration
may be a viable solution for present and future tokamaks

= Snowflake divertor configuration (c.f. standard ~\ & s
divertor) S
e Higher plasma-wetted area (due to higher |
magnetic flux expansion) s conponert f |
* Higher connection length and divertor volume A s
= |In NSTX discharges: =\l
e Steady-state snowflake up to 600 ms O'IQ ?’4 IO'G | o | o
 Good H-mode confinement (H98(y,2) ~ 1) Divertor heat flux (MW/')
» Reduced core/pedestal carbon concentration 3r —— snowflake
e Change in pedestal MHD stability and ELMs
« Significant reduction in divertor heat flux
- steady-state peak heat flux (from 4-8 to - w
0.5-1 MW/m?) ollitEesm: D A
03 04 05 06 0.7 08

— Reduction in ELM heat and particle flux Ry, (M)
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Core impurity reduction while maintaining constant D
inventory with snowflake divertor

Standard, Snowflake
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