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1 Introduction

Edge plasma temperature has nothing to do with the wall tem-

perature
Mean free path of the deuterium ion
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Plasma, impacting the PFC, has no idea about the temperature of the wall.

Any fusion relevant plasma is in a collisionless regime

near the wall




1 Introduction (cont.)

(Pumping lithium plasma facing surface + core fueling) to-
gether provide a high edge temperature pedestal, the best

possible, diffusion based, confinement, global stability a nd
controlled plasma-wall interaction

1. In collisionless SOL the thermo-force Ry o< Z2,
driving impurities into the plasma. is absent, leading
to Zeff ~ 1

2. Blobs and direct plasma-wall interaction are also not
expected. There is no indications of blobs in QHM
regime on D-IIID.

Li laye Li layer
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1 Introduction (cont.)

RMP experiments on D-11ID have confirmed our, LIWF, views
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T.Evans at al., Nature physics 2, p.419, (2006)

Plasma T edge has nothing to do with the “edge transport barrier”
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2 What is the High performance (Liwall) regime for NSTX?

Reference Transport Model (RTM) is expected for the LiWall

regime
g = xPeoTcessiesyy T, notimportant,
ge = XeOTClassiesy T, not important, (2.1)
Fi,e: X;zeo—classzcsvn
The Table compares the RTM predictions (ASTRA-ESC) with CDX-U data.
Parameter cbx-u| RTM|RTM-0.8|RTM-0.7 RTM-0.65|glf23
N, 102 partisec 1-2 1 0.5 0.35 03 083
3; 0.150 | 0.151 0.150 0.150 0.151| 0.145
l; 0.66 | 0.769 0.702 0.694 0.671 0.877
V, Volt 0.5-06  0.77 0.53 0.48 040  0.85
TE, msec 3.5-4.5 2.7 3.8 4.8 53 2.3
n.(0), 10%part/m3 0.9 0.7 0.596 0.590 0.9
T.(0), kev 0.308 0.366 0.391 0413  0.329
T;(0), kev 0.031 0.029 0.028 0.030| 0.028

RTM does not contradict CDX-U measurements and equilibrium

reconstruction
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2 What is the High performance (LiWall) regime for NSTX? (cont.)

ASTRA-ESC simulations of NSTX, B=0.4 T, [=0.7 MA, 0.6 MW,

20 keV NBI

E=0,85 a=,66d4 B=0,4 I=0,7 g=1§& fi=,96d Time=,6020 dt=, 5000 -
: Hot-ion mode:

o5 BefSe 08 Hoe 188 gow 108 Thoe 185 @ &5 Thi 50 G: S 30 G_F1 20 Fllac

T; = 5.5 [keV],

T. = 2.5 [keV],
n.(0) = 0.14 - 10,
7 = 0.33 [sec],
Pnpr = 0.61 [MW]

1.8 cBiER L.5 Hon & Ptat 3 LTS T T e 10

Ted <«Ter Tebh ned Tild <Ti» Tibk <ne> Ipl g0 HbmA SrtA betj li tauE PeME
2,37 2,30 2,25 1,20 5,48 5,52 5,58 876 ,700 ,958 ,000 ,000 874 ,305 ,337 .181

FOT @ tsuE PHEI Tid Ted
L0122 021 L3337 .6l0 5,48 2,37
=== ASTRA 6.0 === 11-12-06 8:2b6 === Hodel: znstx === Data file: nstxk ===
Graphic mode Presentation Control In/0Out Status

[Le*F{ar || B*fia’ | Refresh | [ Scales |[Wariables |[ Type data J[Fort_F5| N BI energy Should
[E*Fia.t) J[(B*F it} |[User graph] [Windows |[Constants |[Save tuning][Land_F5] - -
[Z*F{R.t} |[Phase space][ HNext | (_Select | Grids |[Jrite data )[U-Files) [Huit] be Conslste nt Wlth
[B*fip=ir |[Egilibrium |[ Backward | [ Stule |[Type model]lJhat ¥-axis]

the plasma
temperature:

Enpr = 2.5(T; + T.)

]
£ T
L Ve

Liwall regime is an extension of QHM or low-collisionality H -mode

beyond their plasma density limitations
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3 What is the Pumping Lithium Divertor (PLD) ?
PLD = actively cooled plates with flowing A ~ 0.1 mm Li layer

Gravity, Marangoni effect, residual j X B forces,

h2
1 2 V, = PIY in® = 0.049sin 6 [m/s],
2v (3.1)
do(T)hVT
Vi = = 0.8hVT [m/s]
5 dT v

are sufficient for replenishing Li surface.

Lithium can accept 5-10 MW/m? and keep Tr; <

400°C
Xri = 47.6,
MW
-5 AT [°C] = 100 .| mm} . (3-2)
4.7 m?

Li laye Li layer

For any PFC (W,C,Li) power extraction are limited
P2

P

P1
0 5 1 R1.5 by the coolant temperature,

rather than by PFC surface temperature.




3 What is the Pumping Lithium Divertor (PLD) ? (cont.)

Lithium Loaded Target Plate (LLTP) can provide 10000 active
monolayers or ~ 3um of molten Li necessary for NSTX.

Li/SS/Cu  (0.5mm/Imm/10mm)  Gaussian (8 cm wide) heat depo-

Li coated plate in low inner divertor sandwich with a trenched surface sition profile

S ~0.75[Mm?], Lsorm = 2.5, Vi; ~0.35[L], My; ~ 175][qg],

C4o.10-h T _ (0.4—-1).-107°
Vpa.sec = F.4 * ’ ton,MA — 1.6 ’ (33)

2
h’Li,mm 0.1 ISOL,MA

Vicmsec: 2—95 'Bor
L, / ( ) t 0.01 WSOL Iion

Li/SS/Cu plate could be real first step toward PLD and LiW reqi me
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3 What is the Pumping Lithium Divertor (PLD) ? (cont.)

Solid lithium provides only 150 active monolayers

B B T o B gk 60 geliBiito e, T Here is no a meaningful concept of Li
Rate=.19357 [10720/sec]

Rate=223e-6 [ g/sec] 15 on C- based PFC.

Rate=13.387 | mg/min] .

Deps= 4.737 | mg/min]

Evaporator at the top of NSTX is ex-
tremely inefficient in delivering lithium to
the low divertor

R, [cm] O, <IDL-2> <IDL-1> < OD-L>
1.03 22.0° 2.657% 1.512% 12.824%
1.03 12.0° 3.449% 2.252% 14.170%
1.53 22.0° 2.675% 1.535% 12.978%
1.53 12.0° 3.168% 1.962% 14.307%

<Dep>.6504¢ <mg/m”2min>

<Dep>.07328. <monoL/sec>

Deps=.53368 monoLayer m*2/sec]’
QMBO=.65381 /mA2minz
QMBO=.07366 [ olayer/sec] B
QMB1=.25008 <ng/m’2min> W
QMB1=.02818 [monoLayer/sec]

QMB2= .005 <mg/mt2min>
QMB2=563e-6 [monoLayeatr/seoc ]G

—RDU~HDINODEOBS0E—

NSTX evaporator cannot meet the requirements
of plasma pumping.




4 Thermal model for the Li loaded target plate

Both Liquid Lithium (LiLi) and Li/Mo CPS were considered

15 Heat Flux, MW/m"2 (2.5 MW on 2.5 m)

I Liquid Lithium (LiLi) layer

05 1.2 3mm A
— Li/Mo CPS 5 0em +/6.0 em
100 %/ 0 %, 75/25, 50/50, 25/75 § 30em=90cm
1’ 27 4, 81 10 mm P~
—  Solid Mo substrate
10 mm \
=
— 0.1 mm SS-304 z \
ol
— Solid 10 mm Cu substrate o \\
0 SN—

Heat flux profile from the SOL

2
T — xQ d=doyts, T > x
Q = Qoexp|—|—— P (4.1)
SOL d(x) ’ d=d;,, x < xg
Characteristic scale lengths, mm
din | dout Ariri. Ari/Mo|Ass| Amo,co Li/Mo CPS
20,30 3d;, 0.5,1,2,3 1,2,4,8,10 A1 10 4/0, 3/1, 2/2, 1/3, 0/4
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4 Thermal model for the Li loaded target plate (cont.)

Initial temperature is very important for limits by evapora tion

The expected working range of Py gy ~0.75-1.5 MW. The range of
Py g considered: 0-2.5 MW deposited to LLD.

Initial temperatures:

e 100°C, solid lithium, although

heat losses for melting of Li have been neglected (!) (additional reserve of
AT ~100°C for the Li/SS/Cu plate).

e 200°C, liguid lithium.

Surface area 0.7 m? contains 10 Li particles/monolayer, or 3 - 102%¢ Li parti-
cles/mm of thickness.

1 working mm of Li is sufficient for pumping 10 4 of 3. 102! D,

more than sufficient for 2 weeks of NSTX operation

» Leonid E. Zakharov, NSTX Results and Theory Review, PPPL, Princeton, July 23, 2007 12




4.1 Hydrogen retention model

Lithium retains Hydrogen in a limited window of temperature

100, 1
R
A R——xX—50pA 583 K Retention
EEA RN NS A 40pA 533 K
80 40pA 523 K 8l
70-]
<
3 60 37pA 393 K N
° 50pA 363 K
& 50-
j=2]
=
5 40
s 4]
= Copy from McCracken (1969)
30
20+ 2
16
0 T T T T
0 5 10 15 20 25 30 0 T C
Time (min) 200 300 400 500

Short term retention curve
used in calculations

McCracken retention curves

Probably short lasting retention allows temperatures above 350°C (R.Majeski)

Short term retention curve was taken arbitrarily

Requires special technology studies
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4.2 Evaporation limit

3-D Chebm code (written for Marangoni effect) is used to sim-

ulate heating of Li surface

1000 _I?0C 2mm, LiLi10 mm Mo 4 _log10(dN/dt*5)-20 2mm, LiLi10 mm Mo 1 _Retention 2mm, LiLi10 mm Mo
2
800 / 8
i / /
600 6
-2 |
400 | 4 \
-4 ]
200 2
-6
0 1.5 MW, 5.7883 MW/m"2 8 1.5 MW, 5.7883 MW/m"2 0 1.5 MW, 5.7883 MW/m"2
0 2 4 5 B t 0 2, &4 5 8 t 0 2 4 5 8 t
Waveform of surface Evaporation

temperature T ; log1o(dN/dt) — 20 Overall retention

Evaporation limit was setto 102! 1/sec

The role of reduction in retention after 350 2 is unknown

14
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5 Operational space for Mo sponge based LLD

Operational space is limited by evaporation limit

2.5 MW/2.5 m heat flux LiLi on 10 mm Mo

110.5 mm / B
5|1 mm Li 0.01 mm Li, n
i Refer Mo
2 mm Li Atheat.S€ec
O T T T T
0 2 4 6 8 1
2.5 MW/2.5 m heat flux ‘
Tpot =200°C

working range of B 5,

0.5 mm L 4 Imm LiLi
LY ——————————— 2mm LiLi
1 mm LI// i
S A 0.01 mm Lj, - 5 4mm LiLi
Refer Mo Atheat.Sec 8mm LiLi
0 0 ‘ y ‘ 1

dilz 2;dei66m di.z 3;deiQCm
Operational space is situated between the axis and the curve for each case.

100° of initial AT is equivalentto 3 cm of dgor,
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5.1 10 mm Li/Mo CPS

Regarding the thermal regime, CPS has advantage over LiLl

2.5 MW/2.5 m heat flux Li/Mo 10 mm Sponge

5%/75%

2

50%/50%
75%/25%
100% LiLi

0
2.5 MW(2.

Refer Mo

2 4 .6
5 m heat flux

2.5/2.5

_ Li/Mo 10 mm Sponge,SOL=12 cm
—1000
Thot =100°C

15 —

25%/75%
50%/50%

75%/25%
100% LiLi

0
2.5 MW/2.

2 4 6 8 1
5 m heat flux ‘

25%/75%
50%/50%
| 75%/25%
100% LiLi

0

d; = 3,de = 9 cm




5.2 Layer of Li/Mo CPS on the top of Mo

50/50 Li/Mo CPS may have the best characteristics

2.5/2.5  50/50 Li/Mo Sponge on 10 mm Mo

2.5/2.5 50/50 Li/Mo _Spng on Mo, SOL=12 cm |

|

8mm Li/Mo

8mm Li/Mo

4mm Li/Mo
8mm Li/Mo

17




6 LI/SS/Cu plate

The plate 0.1-1 mm of Li on 0.1/10 SS/Cu provides the opera-
tional space for LiWall regime in NSTX

ol GSSY e .'"." "":: """""
S N

8mm LiLi

2

N ' —
-

gl 4mm LiLi

"d;=2,d. = 6 cm

8mm LiLi
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6.1 Comparison of Li/SS/Cu plate with Li/Mo-based CPS

1/0.1/10 mm LI/SS/Cu plate outperforms 10 mm Li/Mo CPS

2.5/2.5

'50/50 Li/Mo Sponge on 10, mm Mo : ‘ _LiLi on 0.1/20 mm SS/Cu

— 0
Tot =100°C

_________ R

e e, S S iy, B ==
< _

_4 LiL
i

8mm LiLi

2

Refer Mo

. 1mm Li/Mo i N
2mm Li/Mo S

4mm Li/Mo . '

8mm Li/Mo ol 4mm LiLi

d; = 2,de = 6 cm d; = 2,de = 6 cm

1

The plate also has fewer technology unknowns

19
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6.2 Layer of Li/Mo CPS on the top of SS/Cu sandwich

1 mm Li/Mo CPS on 0.1/10 mm SS/Cu plate is the best

1/10 mm SS/Cu
NN —_ 0
“:[bgg =100~C

~

.,
~.
~

. . o e 15

'''''
2mm Li/Mo |
| |

8mm Li/Mo 8mm Li/Mo
2

0 2

N

-
e
| |

HEN

[e0)




7/  Summary.

LLTP is a prototype of the Pumping Lithium Divertor, adjusted
for NSTX and consistent with the strategy for ST

Neither evaporator, nor Mo sponge based “LLD”, promoted by
PPPL/NSTX (May-2007 version) management, are consistent

with PLD requirements

Installation of LI/SS/Cu plate will be the turning point for
PPPL toward relevance to the energy R&D, lost at present

Proposed as an interim solution for NSTX, LLTP has a chance to be a longer
term solution if replenishment by the Li pellets will be successful.

21
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7 Summary. (cont.)

The role of theory is to reveal the obstacles to the progress

LLTP was suggested a year ago to PPPL/NSTX management. The answer was
“NO”. It is “NO” also this year.

There is no scientific, technical of budgetary issues with LLPD. In all aspects it
IS superior to both “evaporator” and to so-called “LLD”.

In its countless “NO”s during the last 10 years, the current PPPL administration
Is self-consistent in blocking fusion development in PPPL.

Fusion energy R&D needs Pumping LD. It is a new obsession, now

with fusion metallurgy (NHTX), which intend to drag
PPPL into fusion irrelevant research
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