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Abstract

The NSTX Liquid Lithium Divertor (LLD) is designed to alter the edge
plasma by providing a persistent particle sink with greater affinity than
lithiated graphite surfaces for deuterium ions reaching the divertor target,
thus lowering edge density while increasing edge temperature. In order to
measure this effect, a 99-channel Langmuir probe array was designed
and installed in an NSTX carbon divertor tile situated in the gap between
two LLD plates. The Langmuir probes have the capability to measure the
target electron temperature and density in either swept single-probe or
continuous triple-probe mode. The probe array can also directly measure
the incident ion flux from the plasma, which can be used to track the strike
point location for applications in control system optimization and
verification in conjunction with magnetic, D, and IR camera data. In
addition, offline and in-vessel RGA measurements of reactive lithium
surfaces are analyzed using mass de-convolution to relate gaseous
partial pressures to lithium activity, which is then correlated with n_, and T,
measurements from the probe array.

* Supported by US DOE under DE-AC02-09CH11466 and
DE-AC05-000R22725, DE-AC52-07NA27344
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Overview

« NSTX has been conducting experiments for several years to assess
the effect of lithiated wall conditions on NSTX plasmas

— this year a liquid lithium divertor was installed
* Models predict that density and temperature in the scrape-off layer
(SOL) will change due to lithium pumping of deuterium

* Previous edge diagnostic coverage in the NSTX divertor region has
been limited, especially for plasma density and temperature

« A dense Langmuir probe array was developed to provide SOL
measurements
 Initial data from the probes are presented
— probe array characterizes J, profile for LLD experiments
— SOL particle lifetime of diagnostic SGI pulse can be measured

« RGA studies from offline experiments examined for use in in-situ
determination of LLD surface activation
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Physics requirements for the Langmuir probe array

Heat flux for 129038 @.4s

« Heat flux profile at outer strike
point has FWHM of 10 cm

— current IR camera resolution is
16 data points over this region

— higher spatial resolution could :
allow more accurate particle N
flux measurements

« Edge Localized Modes 75 76 77 18 79 80 81 82
(ELMs) occur on a time scale Radius (cm)
of several ms

— temporal resolution should be
sufficient to operate during
transient events (single tip
probes would be limited by
voltage sweep rate)

— triple probes would provide
iInstantaneous data

N W > nl o

Q [MW/m’]

ELMs in lower divertor, 129019
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Heavy lithium depositions on divertor surfaces present
materials challenge

« Elemental lithium is conductive, providing a possible path for
shorting electrodes to each other or ground

 Lithium also reacts with carbon in the presence of oxygen
(residually present in NSTX vacua) to form lithium carbonate, an
iInsulator

— this effect is beneficial in avoiding grounding and direct conduction, but
can provide barrier for incident electrons and ions

— previously installed Langmuir probes show no appreciable loss of signal
with heavy lithium loading, but NSTX was anticipated to deposit amounts
an order of magnitude greater than previous years to fill LLD
« Strike point ablation can remove evaporated lithium, but large
integral effect of continuous loading depositions is unknown

— alternate cleaning methods, such as high current pulses to electrodes,
are under investigation
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Probe array is located near LLD to provide local

measurements
* Probe array begins just outboard of LA
CHI gap and extends over roughly T R T
1/3 of LLD radially S
* Provides local measurements for ' Sl
plasma incident on both carbon N -7
and lithium PFCs S e

« As seen in next slide, edges of tile
had to be sloped to accommodate
height of as-built LLD without
changing probe dimensions

Probe array in
bay B gap

\

Downward view
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Triple Langmuir probe array addresses edge diagnostic
needs

» 33 radially arrayed triple-probes
provide edge temperature and
density characterization on a
continuous basis

— can also be operated as swept or
SOL current probes

* Probes based on MAST design
involving a Macor cassette of
closely spaced probes embedded in
a carbon tile

— tile mount with radial coverage of
divertor (Bay B)
— electronics provided by UIUC
— described in RSI papers’
« Close spacing of probes provides better
resolution in high-gradient (strike point) regions
— each probe covers 3 mm radially, including spacing

— probe heads are 2mm radial x 7mm toroidal
rectangles

'Kallman; Jaworski, RSI (2010); 81:10
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Cassette design allows for ease of probe mounting and
includes channels for wire transport

".mm]vm-gl']q'!‘]"‘l"z'“l‘.““}y‘.‘.

R TLE

Boron nitride cassette features interlocking segments that allow for individual probe
seating and securement

— screwless design reduces mechanical stresses on the probes
Wiring channels allow for the wires from each group of probes to exit independently
— wires exit on sides of edge probes and through base of central probes

— graphite cement used to attach wires to probes; near-identical thermal properties reduce
risk of loss of contact due to material expansion

Fortafix adhesive used to provide strain relief for wires exiting cassette
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Probe design includes features to protect underlying
surfaces and uses novel materials to facilitate assembly

« Boron nitride offers greater lithium compatibility than original macor design

* Probes are shaped so as to minimize direct exposure of BN to plasma or
lithium
— bend prevents direct line of sight for lithium or plasma down to cassette
— widening at probe top allows for smaller gaps and greater shielding of surfaces below
— electrode material is vacuum compatible HK-6 Tokai graphite

* Array installed in December prior to start of NSTX 2010 run
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Probes continue to provide data despite significant heat and
lithium fluxes

« NSTX bay J fast camera
(W/IR filter) measurements
show some afterglow from
leading edges (through
hole for securing bolt), but
not from probe tips P

« Bay F fast camera view
with lithium filter shows
individual probe heads as erove
strike point causes heads
ablation

— a shadow is also visible
where the array acts as a
limiter due to its elevation
relative to the LLD

Views from above
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Swept probes track flux as outer strike point moves

Flux to swept probes, 137610

T
62.9 cm

[ R
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[ R
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70.3 cm
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Flux (ions/m’/s x 10%)

|l EFIT02 -----
L IR —_—

68

OSP radius (cm)

64—

621 . . . 0,

0.40 0.45

Probe current taken at most
negative voltage defined as ion
saturation

Flux to probe defined as

1" nc = I+sat

robe — Ttels
P eA

probe

Probe data in reasonable
agreement with magnetic and
IR camera data

— EFIT OSP radius overestimated:
increased divertor height due to
LLD geometry

— flux greatest to two probes that
bound IR OSP estimate

— probe signals at greater radii show

increased flux as OSP moves
outboard

NSTX
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NSTX XP 1000 characterized LLD for two
outer strike point (OSP) radii

Shot 142505

142512

142505 shot template
uses low elongation,

strike point controlled
at nominal R =.73 cm

— takes full advantage
of LP array

142512 shot template
uses higher
elongation discharge
shape, strike point
nominally controlled
atR=.78 cm

— less coverage on LP

array, but sits near
center of LLD

Run plan used initial

I TR TN DU Li evaporation, then
0.0 05 1.0 1.5 2.0 0.0 05 1.0 1.5 2.0 tsﬁan w;\terpgerature
R (m) R (m) roughout aay
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Utilizing full swept and triple probe suite, a comprehensive
SOL saturation current profile can be obtained

J..¢ IS plotted for
Rprobe - ROSP

sat

— strike point data
taken from EFITO2
reconstruction

— median filter applied
to triple probe data
to reduce noise/
ease processing

Bottom plot shows
strike point trace over
time of interest as well
as probe positions

— 7 triple and 4 swept
probes employed in
present analysis
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ELM-free periods utilized for present analysis, but triple probes run at 250 kHz digitization
time for potential intra-ELM data

NSTX
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Current density profile can then be fit to provide scale
lengths at divertor target

142505
» Raw probe data is binned for O rrnssron '~ SOLA:2:850m |
both private flux region (PFR) © st .
and SOL profiles separately . 62 i ]
: S 5 ¥ ]
* Binvalues are averaged (red = | Vi ]
points), providing error bars = < o ’3\,’5 : ]
through counting statistics 5t B3 L gt ot ST
- 2T *x ’ff o o B
142512, f —:ll"‘?‘u H‘ﬁ’“;‘m’
10F A ' ' ] Ob—" o vy oy ]
- SOL*A: 1.59 cm -
— -8 ~6 —4 ~2 0 2
@ 8:‘ PFR A: 1.88 cm | ‘ R—R_OSP (cm)
J gk 1+ Exponential behavior assumed, allows
S . g : for a determination of current density
= L Y 1  scale lengths both in SOL (outer) and
- 4: ¥ : 2 X, private flux region (inner)
2L i : " } '*1%_ « Current density is directly related to flux
Sk e L I to probes, can be utilized in
- A K determination of recycling coefficient in
b AT — ' combination with D-o data (see M.A.
—8 —6 —4 —-2 Jaworski’'s poster: BP9.00052)

R—R_OSP (cm)
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Current density profiles examined for dependence on LLD

temperature during scan

Both PFR and SOL

Soalt longihs PFR A With Rogp = 73 cm . SOL Az With Rogp = 73 cm
examined for 73 and 40} A(T) =2.15 + 0.0026*T Y _ "
78 cm OSP radius :' : c10 o MI)=281-00017T
- Very little o 1e U p—t f
dependence evident © 25f e 16 23 b3
for 73 cm shots 20F } 1 20f
« Slight dependence 1.5F ' 1 13
for 78 cm shots 10t 10t
— circled data points 50 100 150 200 250 50 100 150 200 250
show potential o °
relation to plasma Temp ( C) 1700 TL gas vs 1900 Temp ( C)
fueling; suggests for other shots
future line o . :
research PFR )\jsat W|th ROS 78 cm SOL )\jsat Wlth ROSP = 78 cm
* Lack of data points 10f N ; "
at intermediate ssp MT) =1 ytfomg T 3}5 (T) =0.61 -
temperatures 1ok Yo ook 14*T
complicates = ek @ 1E osk @
interpretation ok // j0
— 78 cm shots 20 T 20} .
suggest binary SOL 1.9 * 15F 4 E
rﬁglpwe %t where is 1.0t 1.0 '
the transition

LLD Bulk Temp (°C)

LLD Bulk Temp (°C)
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0D model* predicts changes to particle lifetime with and
without LLD presence - related to SOL lengths?

* Scanin Rp, recycling of carbon walls
— according to J. Canik, should be 92% for pumping, 98% for passivated
* Run initially for two cases
— R=.63(137550), R =.7 (137611)
« XP should provide expected particle lifetimes for active/inactive LLD with and without
actively pumping carbon tiles

« XP_1000 roughly duplicates this — as initial Li evaporation passivates throughout day,
LLD should retain pumping capacity

— is this a better metric than simply temperature scan than utilized above?

Tau_p Factor vs. Initial Wall Recycling

Hot, active, C e T
clean LLD - 137550 — Rpgp = 0.55m 3. Passive
5 K
Co[d’ passive E 137611 - ROSP = 07 m LLDJ Carbon/'
""" LLD : /
5 4E
S F 1 2. Passive Carbon,
o ] Active LLD
4 F .
D - 3
= 3 — 3
- 1. Active ]
- Carbon, LLD ]
2 3
*in backup 0.90 0.92 0.94 0.98 0.98

R_wall
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Supersonic Gas Injector (SGI) pulses utilized as controlled gas source to
attempt to measure particle lifetimes in SOL

 EIES system
detects D-«
emission during
and after SGI
pulse

* As D puff ionizes
and moves
through SOL,
should be visible
on LP array

* In most cases,
SGI puff triggers
an ELM that is
clearly visible, but
measurement is of
ELM decay time
rather than lithium

J_sat (10+5 A/m~2)

10T

WWWWIT‘

142505

Decay time = 147 us

Edge Impurity
Emission
Spectroscopy

(EIES) - Bay |
idplane midplane
] view

Rack
CDAR-EE-708
and EIES rack
in Room D44-109
{NSTX
Test Cell

FIES D—a signal

.35s

.55s

755 1

10 ms
pulses

0.4 05 06 07 0.8

. 0.564 0.565 0.566 0.567 0.568 0.569 Time (s)
pumpmg Time (s)
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More analysis necessary if SGI is to be used in global particle
confinement measurement

EIES D-a signal, 142505

* Proximity of SGI to EIES sightline 5
iInhibits ability to draw global Decay time = 6.8 ms
conclusions

— signal is a local view of light from the gas
jet itself

* Pulse is nominally a square wave, but
full physical characterization of nozzle :
has not been performed 0.565 0.570 0.575 0.580 0.585 0.590

— decay of EIES signal is a function of Time (s)
nozzle closure time

Camera D-a signal, 142514

 Downward viewing camera can better m
aid in global measurement, but ELMs, 300W
turbulence make fitting difficult

D-a [AU]

« Pulse is generally not visible on probes
when ELMs are not present

1 1 1
0.55 0.5 0.57
Tirme (s)
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Offline RGA experiments also performed to look for more
viable metrics to identify Li activation state

Evaporations performed
on ‘proto’-LLD sample
and RGA spectra taken
after various
evaporation/
passivation/reheating
cycles

4748 LLD sample

lllumination
source reflection

* View of sample with
evaporated Li coating through
side port

NSTX Effect of LLD on NSTX edge parameters - Kallman 11/8/2010
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RGA de-convolution software developed and applied to

spectra obtained

« SVD decomposition used to resolve RGA spectrum based on NIST cracking patterns

« Main signature of active Li is absence of water peak

» Possible hydrocarbon signatures present, many possible contributors to mass 28 confound RGA

analysis without available spectroscopy to further resolve species

10.000

1.000

0.100

0.010

0.001

Deconvolved spectrum normalized to HZ

W 4/26/2010 14:42:56 After Tray Boke
4/28/2010 5:45:05 After LITER pumpdown * 2.1e—01
W 4/30/2010 16:20:19 After LITER Evap * 1.8e—05
5/13/2010 10:27:40 Before Plate Reheat * 1.1e—01
W 5/13/2010 14:45:13 After Plate Reheat * 1.2e—01

P

LA I [
PR FE
{k)\ 7. ~ &(, "9'0@{ ‘70@} <%/>e 04/(0 OO O 5;‘,5 6% é% ) Iy 6{/ &\% " %23 065 47/00 o ﬁ% Q?O ,:?o /%a /% /% A
& A S [<) . @ o ) . o, % o, s 2,
Ofoo’- e s Doy e ® % o, N % “s o, e e %
e
i

NSTX
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Variations in NSTX vacuum conditions during operation
further complicates potential for RGA analysis in-situ

10/23/2010
1 OE 3 I T T T T T T T T T T T T | T T T

« NSTX shot
cycle and NBI
cycling prevent o« CON,
trend
characterization Co,
of vacuum e
conditions P H

L'\'\ﬂ

» Factors such as ;e LI
shot power, L Y
duration, .1

location, and ~ ** _WWMLM‘L

vacuum vessel |
temperature 1,0E-8 " |L ll‘Jk

affect amount i 9 TANCAAA RN F T

of residual gas TR L
seen on 1069

analyzer

=
-
)

=

e N,

i E=1 |

,_
—
e

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 8 10 12 14 16 18
Hrs,
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Heating experiments under controlled conditions can provide
data on surface behavior during heating

« Several heating tests performed under static vacuum conditions;
figure below is after initial round of Li experiments

— compare to Baldwin JNM plot on left

» After repeated bouts of deposition and passivation, however,
surface quality is difficult to examine under operational conditions

RGA data from 4/16/10 heating test

S 107*E i
2 T TTTTEOR E Mass: 2!
F 1 ls I : — 300
~ E HO J = = B
o I 2 AT | @ — !
e % = . ‘/‘ '/ \‘\. = X 10_5 == I
S E [V uN 3 o - 250
é B /) \,!’\\.\ D, 7 — 8 5 = C :
§ vl /M N8 F L . 5
& “E[ /) g _ =
o CJ d e ] £ g I o200 &
— - Aedon, -1 -
a ‘ 3| ¥ i = =
Wi 2 - o
S I B B O
o | o o - 150 -
e 13 o L
0 ! 2 107 =
Time (n) E — 100
Fig. 2. Outgassing profiles for masses 4 (D), 18 (H>0), 20 C
(D:0) and 32 (O:) taken on a sample of Li-LiD using the L
programmed temperature sequence indicated by the dashed 1078 | | | —20
line
) 8:17:28 12:39:50 17:00:01 21:2¢:18 25:54:.27
Baldwin. JNM (2002) kgl
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Conclusions

* High-density Langmuir probe array is able to provide high
temporal and spatial resolution profiles for in-depth analysis
of divertor target properties in NSTX

 Probes can be used as additional verification method to
complement IR and magnetics for strike point tracking

« SGI pulses do not offer clear measurement for use in particle
pumpout times

* RGA analysis can be useful for determining initial lithium
conditions, but is of less utility during actual plasma
operations
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Future work

* Determine temperature and density profiles from initial
current density measurements

« SOL profiles and dependencies do not match theoretical
predictions of simple models — necessary to conduct more
thorough 2D transport analysis on discharges with many
complementary diagnostic data sets

— despite some gaps in the temperature scan, a wealth of data for this
purpose were obtained during XP 1000

* More analysis necessary to determine if SGI data can be
used in concert with 0D model, but most signs point to
necessity of 2D modeling regardless
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0D Model — Backup

Model developed by R. Maingi, ORNL
Particle Balance and Recycling Model

NSTX
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0D Model Il

Simplified Particle Balance and Recycling Model

NSTX
[ ] S :
(1-R,)T} INBI°NBI * Define 7,* = 7/(1-)
g .
L-1rp7)SA - % T/ C Y

72227777 L ~'INBI NBI Steady state: T,,” =N/(Syp/+S..,)
(-1, 0S4 _
7 e Normal assumptions:
I IALAISTS,
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L «— — Dapr~ 1
S N/t INBI
(LTSI A7 /7
e Ry (Mypp + Neore)>>(1-R,)
| T . .
_ Nowmp> Neore independent of time
AL LLL LAY ' . .
[ .
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| Slp TN Ty SRR,

I

1

]

I N,

i leas gas * Has been used to model step change

) R T - '
pumpRpT'L m 7, (L-H) and pumping ("P“”’P>06m1
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0D Model lil

Simplified Particle Balance and Recycling Model
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0D Model IV

Limits of Particle Balance and Recycling Model

@ NsTX
_ i r S
-R,)T} INBI’NBI « Note 7,%/7, = 1/(1- /3)
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2 (11 A
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i ' . .
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A IA AT SK ! .
B probability at low n,
;'449:44454{4*:{44/ : .
| » Input data (from DIII-D studies):
i | - Rp ~ 0.98 for carbon (reference?)

n /s — Neore ~ 0.1 (Rensink, PoF B 1993)

! gas-gas — Ny ~ 0.1 (Maingi, NF 1999)

n R I-'l pump =
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0D Model V

Method to Relate 0-D Pump Probability to Divertor
Plasma and Lithium tray parameters

@ NSTX
. : o In/out particle flux ratio - 0.8
L1 surface particle sticking
probability - 0.225 Tray toroidal coverage - 0.9
max.rray
f T, (R)RdR
) ] - }/sticking R min_tray r(m ¢ 1_‘( Iown f
pump ~— I Li R, J ¢
rin + Fout rup + ]‘—‘donv-'n
I (R)RdR
R i
Impact of Rtray’ Atray’ Rosp- Rtray) Up/down particle flux ratio

(I available from Vlad) 0.5 (6, important)

*Red 1items to be estimated fronlm\«"'lad’s CCD camera data 0!1\]

NSTX
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