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Research plans and needs for this year (FY2014) in 
preparation for NSTX-U operations in FY2015
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•  MAPP full operation capabilities: 
–  Implementation and calibration of remaining techniques: 

•  Thermal Desorption Spectroscopy (TDS) 
•  Ion Scattering Spectroscopy (ISS) 
•  Direct Recoil Spectroscopy (DRS) 
•  Development of remote control interface for this set of techniques. 

–  Continuation of experiments in LTX: 
•  Exposure of stainless steel substrates at different temperatures. 

–  Results will be correlated with off line laboratory experiments at University of 
Illinois. 

•  Continuous operation in LTX will give an opportunity to test experimental 
capabilities, as well as a good scenario to debug and fix any potential 
flaws in the remote control system. 



NSTX-U NSTX-U Collaboration Status and Plans  - April / May 2014

Development of remote control interface and interlock 
coordination with NSTX-U MAPP insertion protocol
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Main Objectives!
• In-vacuo analysis of materials exposed to plasma discharge.!
• Provide immediate, shot-to-shot analysis.!
• Remote Control interface.!
• Operate within 12 min minimum between-shot time window.
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Integration of MAPP surface analysis

• Thermal desorption spectroscopy (TDS) relies on controlled heating of MAPP 
head 

• New heaters integrated into manipulator system and checked 
• Low-energy ion scattering spectroscopy (ISS) and direct-recoil spectroscopy 

(DRS) currently under optimization tests at Illinois 
• Need for integration of gas system to MAPP control rack in NSTX-U to provide at 

a minimum gases for analysis: He, Ne, Ar 
• PhD student, Felipe Bedoya, visited in March 2014 working with LTX PhD student 

(Matt Lucia).  Bedoya at PPPL this summer for final integration activities and 
interface with NSTX-U engineers
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MAPP probe head control experiments and fit-up

• Successful fit-up in Bay J 
earlier this year on NSTX-U 

• Clearance for access 
assessed  

• Control experiments already 
underway in LTX with 
standard samples 

• Lab-supported checks of 
XPS and ISS spectra
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Elucidate the role surface chemistry and topology has on the ability of lithium-based 
surfaces (solid and liquid) on graphite and refractory metal (e.g. W, Mo) substrates to 
control particle pumping and plasma performance in NSTX-U plasmas.  
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The LLD module was designed to operate at temperatures up
to 350 °C, well above the lithium melting point 180 °C.
Liquid lithium surface has a mirrorlike appearance with high
reflectivity in the VIS range.8 According to Ref. 9 data, the
reflectance of liquid lithium at normal incidence is 0.5–0.95
throughout the visible range, 0.3–0.5 in the UV range, and
!0.01 in the far-UV range. This motivated us to consider
spectroscopic measurements in the near and far-UV range,
where reflectivities are low.

Photometrically calibrated spectroscopy and the S /XB
technique10 will be used for plasma-LLD interaction analy-
sis, measurements of recycling, and impurity particle fluxes.
The S /XB technique relates spectral line intensities to par-
ticle influx using the ionizations per photon factors S /XB
!where S and X are the ionization and excitation rates and B
is the branching ratio "a ratio of radiative transition prob-
abilities# for the spectral line used$ from collisional-radiative
model calculations or laboratory measurements. The S /XB
technique assumes that the ionization and excitation pro-
cesses occur in a common plasma volume characterized by
Te and ne. Independent local Te and ne measurements with,
e.g., Langmuir probes, are therefore of high priority since the
S /XB factors are generally Te and ne-dependent. Using the
divertor ionization flux "i

out inferred from the visible
Balmer-#, $, far-UV Ly# emission line intensities, and the
ion flux incident on the divertor surface "i

in from the Lang-
muir probes,4 a local recycling coefficient R="i

out /"i
in can be

estimated. This is particularly important for numerical mod-
eling of the LLD experiments. The recycling coefficient R is
presently used in two-dimensional "2D# edge transport fluid
codes as a free input parameter to model the impact of
lithium on scrape-off layer plasma transport.11 To assess PFC
impurity fluxes, the emission lines listed in Table I will be
used. For deuterium and main NSTX plasma impurities
abundant S /XB data are available in the ADAS database12

and literature.

III. LYMAN ! DIODE ARRAY

The objective of the LADA diagnostic is to measure
neutral deuterium emission from the divertor region while
minimizing parasitic contributions from reflections off the
LLD module. For this reason, the deuterium Ly# n=2−1
resonant line at %=121.6 nm "in the far-UV# was selected.
The measurements will be compared to those from the exist-
ing photometrically calibrated D#,$,& cameras.13 The LADA
diagnostic by its design is a filtered pinhole camera with a
one-dimensional array detector: an absolute extreme ultra-
violet silicon diode array from International Radiation Detec-
tors, Inc. With proper handling and accurate accounting of
the diagnostic factors "such as etendue, transmission, diode
response, and electronic gain factors#, AXUV diode mea-
surements are interpreted in absolute photometric units. A
number of diagnostics based on AXUV diodes, including
those for Ly# measurements, have been implemented on
magnetically-confined fusion "MCF# plasma devices.14–21

The LADA diagnostic is mounted on a 6 in. vacuum
flange placed in the equatorial plane of the NSTX vacuum
vessel "Fig. 1#. The diagnostic layout is shown in Fig. 2. The
in-vacuum diagnostic housing encloses a stainless steel block
with a copper insert holding a precision slit disk and a spec-
tral bandpass filter, and the diode array. The twenty element
model AXUV20EL array is a compromise between the diode
sensitive area "3 mm2# and the diode element capacitance
"nominally 1 nF# for an acceptable signal-to-noise ratio. The
AXUV diode sensitivity is 0.11 A/W at %=121.6 nm. The
slit area is 2 mm2 and it is placed 10 cm from the diode
array. Each diode element forms a monochromator with an
etendue %6'10−10. For Ly# spectral filtering, the open-
faced Acton Research Corp. filter Type 122-XN-.5D
mounted on a 12.5 mm diameter MgF2 substrate is used. The
filter has a peak transmission 0.055 and the measured band-
pass !full width at half maximum "FWHM#$ 9.2 nm centered

TABLE I. Candidate spectral lines for divertor deuterium and impurity flux
measurements in NSTX.

Species
Wavelength

"nm#

D Balmer series 376.9, 379.7, 383.4, 388.8,
396.9, 410.0, 433.9, 486.0, 656.1

D2 Fulcher band d 3(u−a 3(g
+ 592–602

He I 388.9, 587.5, 667.8, 706.7, 1083.0
He II 320.3, 468.5, 541.1
Li I 323.3, 413.2, 460.3, 610.4, 670.8
Li II 319.9, 325.0, 467.8, 478.9, 548.5
LiD band A 1)+−X 1)+ 330–470
Li2 band B 1(u−X 1)g

+ 460–550
C I 493.2, 538.0, 833.5, 909.4,1175.4
C II 392.0, 426.7, 514.0, 658.0, 678.0, 723.0
C III 407.0, 465.0, 569.6, 833.2, 850.0
C IV 465.8, 580.1
CD band A2*−X2( 431
CD band B2)−X2( 390
Fe I 344.1, 358.1, 372.0, 649.5
Mo I 379.8, 386.4, 390.2, 550.6, 553.3, 557.0
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FIG. 1. "Color online# Placement of the LADA and DIMS diagnostics on
NSTX. Their divertor views are shown by thin lines.

10D723-2 Soukhanovskii et al. Rev. Sci. Instrum. 81, 10D723 !2010"

data upgrades. The focus here is on the static system –
most PSI issues appear to be similar for both systems.

2. NSTX

NSTX is a low aspect ratio spherical torus [4]
(R = 0.86 m, a = 0.67 m, R/a P 1.26, Bt 6 0.6 T,
Ip 6 1.5 MA) with both neutral beam and radio-fre-
quency heating (PNBI 6 7 MW, PRF 6 6 MW). The goal
of NSTX is to determine the attractiveness of the spher-
ical torus concept in the areas of high-b stability, con-
finement, current drive, and divertor physics, in
discharges with quasi-steady conditions for several cur-
rent diffusion times. Substantial progress [4,5] has been
made on the high beta and long pulse performance goals
by high energy confinement (H-mode) access which en-
ables high beta limits due to low pressure peaking fac-
tors and long pulse operation due to high bootstrap
current fraction resulting in volt–second savings.

The longest pulse length exceeds 1 s; these discharges
are generally free of edge-localized modes (ELMs) or
have very small ELMs. Nearly all of these long dis-
charges have a rapid increase in edge density; given suf-
ficient time (usually 0.3–0.5 s) the core density fills in [5].
This lack of density control limits the ability to perform
accurate density scans for physics experiments, and
eventually would lead to discharge termination as den-
sity limits were exceeded. Thus, a set of tools is being
developed for NSTX particle control in 2004–2005,
including the Module-A electron beam lithium evapora-
tion system to deposit 100–1000 nm coatings between
plasma discharges. The first stage of this deposition
could be directly on the existing graphite tiles. However,
if the lithium intercalates into the graphite lattice the
graphite tiles would be replaced by tiles of a different
material (copper, tungsten, or molybdenum), on which
a thin chromium layer would be sprayed, followed by
a top thin layer of tungsten or molybdenum. The evap-
orator would deposit lithium on top of this uppermost
layer. In this design, the underlying material properties
govern the surface thermal response, provided the top
thin layers are in good thermal contact with the sub-
strate. We note that the use of a lithium surface to re-
duce recycling has recently been demonstrated [6] in
the CDX-U tokamak. The lithium evaporation system
is a first step; a more ambitious flowing liquid lithium,
Module-B, has been proposed for integrated density
control and heat flux amelioration as part of the long
term NSTX plan.

3. Plasma and thermal modeling

The UEDGE-2D plasma fluid code with kinetic cor-
rections [7] is used to compute scrape off layer (SOL) 2-

D plasma profiles, from core/edge boundary conditions
a few cm inside the magnetic separatrix, and extending
to material surfaces where recycling conditions are spec-
ified. The kinetic corrections include flux-limiting of par-
allel thermal conductivity, viscosity, and thermal force,
and the low recycling conditions naturally result in
nearly uniform electron temperature along each mag-
netic flux surface. (Although flux limiting is only an
approximate procedure, Te is determined primarily by
the power input and the sheath energy transmission
for these nearly constant Te cases.) We model NSTX
discharges with 2–4 MW of input power in lower sin-
gle-null diverted configuration. Fig. 1 shows the SOL
geometry and Module-A location (and computed Li
density to be discussed). The calculated deuterium plas-
ma background is used as input for the WBC calcula-
tion, and then the resulting lithium density at 8 cm
above the plate is used as a source in UEDGE to deter-
mine the full SOL lithium profile. Particle continuity and
parallel momentum equations are solved for each ion
charge-state. The inertialess parallel electron momentum
equation determines the parallel (along B) electric field,
in terms of the electron pressure. Separate electron and
ion temperature equations are used, with all ion species
assumed to have a common temperature. Deuterium
neutrals are described by a Navier–Stokes model in the
parallel direction and charge-exchange diffusion perpen-
dicular to B. Impurity ionization and radiation rates are
taken from ADAS. 1

Fig. 1. UEDGE scrapeoff layer geometry, Module-A location,
and WBC/UEDGE computed lithium ion density (all charge
states) in the SOL for the 2 MW Li/C case.

1 The originating developer of ADAS is the JET Joint
Undertaking.

1054 J.N. Brooks et al. / Journal of Nuclear Materials 337–339 (2005) 1053–1057

IGNIS: in-situ surface chemistry,  
sputtering, morphology and  
MAPP: NSTX-U PMI probe 

Prof. J.P. Allain (Illinois)

DIFFER high-flux plasma linear  
device facilities 

Dr. Greg DeTemmerman 

Computational modeling: atomistic irradiation  
and multi-scale surface evolution under hydrogenous 

plasma irradiation !
Prof. Brian Wirth (UTK)

NSTX-U edge diagnostics
Plasma edge codes
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Lithiated graphite under high fluence conditions: 
scaling D uptake under NSTX-U long pulse plasmas

• O1s, C1s, Li1s XPS spectra monitored after exposure to 
high-fluence (1020 cm-2) plasmas at Magnum-PSI 

• High-flux regime leads to “super-saturated” regimes, 
where high D retention is observed 

• Encouraging news for longer pulsed NSTX-U plasmas
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Research plans and needs for this year (FY2014) in 
preparation for NSTX-U operations in FY2015

• PMI studies of coarse-grained, multimodal, and nano-
grained W samples with and without Li coatings within the 
NSTX-U divertor using MAPP. 

!
– These experiments will require integration and calibration of the MAPP probe 

attached to the divertor region of NSTX-U. 
• This includes calibrating the timing for surface (XPS, LEISS, and etc.) 

measurements. 
– These measurements will allow us to monitor the oxygen surface chemistry to 

better understand the D retention in the Li coating. 
• These tests will be ran throughout a day of standard NSTX-U plasma shots with 

lithium evaporation taking XPS measurements between shots. 
• The MAPP probe will have a sample of each W grade. 

– In addition, we will investigate the erosion behavior of Li coating on a W 
substrate to determine coating lifetime. 

• This test will start with one shot with lithium evaporation and then no new deposition 
on the rest of the shots for the day. 

• The MAPP probe will have a sample of each W grade. 
– Lastly, these tests will allow us to determine if Li will prevent the surface 

morphology changes like bubbles and blisters on the different grades of W. 
• These can be measured from the tests above.
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Research Plans for FY2015 beyond

• Year 1: Sept 2014 - August 2015 
– In-situ surface characterization of dynamic lithium conditioned ATJ 

graphite surfaces as a function of deuterium fluence and surface 
temperature 

– Compare predictions from computational codes from Wirth with in-situ 
experiments by Allain for mixed systems including: Li/C, Li/B/C, Li/W 

• Modeling validation in close collaboration with Wirth Group at UTK 
– Studies on advanced nanostructured refractory metal substrates with and 

without lithium coatings in PRIHSM and Magnum-PSI (DIFFER) 

• Year 2: Sept 2015 - August 2016 
– Study of re-deposited lithium-treated hydrogenated amorphous graphite 

coatings under various irradiation conditions (effect on D uptake) and 
comparison with computer modeling 

– Study of alternative nanostructured matrices containing lithium for 
dynamic delivery of lithium coatings to PFC surfaces (coordinated tests 
with MAPP included) 

• MAPP experiments contingent on available dedicated experiment days 
!9
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Research Plans for FY2015 beyond

• Year 3: Sept 2016 - August 2017 
– Conduct coordinated and support experiments with MAPP-U 

diagnostic and other surface analysis facilities on lithium coatings on 
high-Z metals and liquid Li surfaces 

• Can be run as piggy-back experiments in NSTX-U 
– Conduct mixed-material studies of C, W and Li and their surface 

chemistry effect on D uptake properties 
• Elucidate effect of high-fluence exposures on liquid lithium surfaces and its 

chemistry effects 
– Irradiation of nanostructured tungsten and molybdenum with and 

without lithium coatings in ELM simulated experiments coupled to 
steady-state plasma (Magnum-PSI) 

• Contingent on DIFFER facilities back online after move to Eindhoven 

• Year 4: Sept 2017 - August 2018 
– Study of hot lithium coatings on candidate substrates and correlate 

with NSTX-U MAPP experiments and DIFFER exposures
!10
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Ideas to enhance participation in NSTX-U research/program by 
U.S. Universities, early-career researchers, and students

• Faculty early-career grants  
– Key gap that needs to be addressed is exodus of young talent to areas 

outside of fusion science and technology 
– Support from internal sources at institutions challenged by priority 

areas outside fusion (e.g. biotech, nanotech, etc…) 
• Early-career grants can establish a sustainable bridge of young talent and 

also of students to the NSTX-U program 

• Faculty mid-career affiliations: e.g. Fellow or Scholar 
program to indicate level of collaboration activity with 
NSTX and PPPL scientists 
– Early-career transitioning to mid-career levels are also threatened by 

limited funding opportunities 
– Sustainable engagement with experienced groups must be recognized 

and can aid in promotion protocols at local institution 
• Providing minimal seed funding for travel can help support students in 

projects affiliated with NSTX-U form their home institutions
!11
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Highest-priority incremental measurement capability 
(For diagnostic solicitation grantees funded for 2012-2015)

• QCM-DCU system in MAPP-U 
– In-house design at Illinois using low-noise microbalance that can 

address challenges with local heat instabilities.  New design will enable 
study of erosion/re-deposition regimes 

• New design will likely lead to new MAPP-U head design 

• Mapping spectroscopically at higher fidelity MAPP region 
– In collaboration with V. Soukanovskii.  Plans for a spectrometer view 

and for a filtered camera close-up view of the MAPP head 
• This capability would enable much more robust plasma edge code and 

surface response simulation code validation with MAPP-U data
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