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Unraveling the “black box” of the plasma-material 
interface in tokamak devices
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• Fundamental interactions between the energetic particles from the plasma and its 
interface with the wall have for a long time been known to be important

• However, systematic understanding of this coupling has been challenged by the 
aggressive environment at the fusion plasma edge

• Wall material options were also driven in part by their influence on plasma 
performance (e.g. impurity erosion, particle recycling, etc...)

• In-vessel coatings deposition (e.g. boronization) led numerous efforts in 
manipulating plasma behavior with conditioning of the wall1

• however most of these efforts relied mostly on “trial and error” as the PMI (plasma-
material interaction) empirical parameter space was developed over time

• spatio-temporal multi-scales became evidently important

NSTX PAC-27 – Lithium Research Status and Plans 6/15February 3-5,  2010

Gas balance retention measurements correlate with in-situ

PMI surface science measurements

       Weak D bonding with Li
       conditioning observed in
       Thermal Desorption
       Spectroscopy.

Additional D
retained with
Li is released
promptly after
discharge

     X-ray Photo-electron
     Spectroscopy shows D
     atoms are weakly bound in
     regions near lithium atoms
     bound to either oxygen or
     the carbon matrix.

     Chemical bonding changes
      with Li concentration.

Retention higher
with Li, difference
increases with
Li concentration

SURFACE ANALYSISGAS BALANCE:

DOE JRT milestone, PAC25-10,11 

PMI probe

1B. Lipschultz et al. Phys. Plasmas 13 (2006) 056117
2G. Federici et al. Nucl. Fusion 2001
3G.F. Councell et al. J. Nucl. Mater. 290 (2001) 255

~ 1’s m

~ 1-10’s nm

D+



ALPS efforts in early lithium PSI* research in 
the United States (1998-2003)
• Close interaction between lab test stands and modeling of liquid Li surfaces

– PISCES-B (R.P. Doerner and M.J. Baldwin)
– ARIES (R. Bastasz, J. Whaley, R. Causey, D. Buchenauer)

– IIAX (J.P. Allain, M.R. Hendricks, M.D. Coventry, D.N. Ruzic)

• PPPL introduces proof-of-principle strategy to study liquid lithium surfaces, 
opens opportunity for test stand efforts to link with confinement devices
– CDX-U (preceded by Li coatings on TFTR limiter surfaces by Mansfield)

• (R. Majeski and R. Kaita)
• Various configurations: limiter, liquid Li divertor “pool”

– Li DiMES effort (D.G. Whyte, J.P. Allain, J. Brooks and C. Wong)
– FLIRE (M. Nieto, J.P. Allain and D.N. Ruzic)

• Retention of D, He on flowing liquid Li surfaces
– Beyond 2003: NSTX campaigns with Li coatings and recently with LLD
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*Other work also with PFCs, liquid Li walls, MHD studies etc... in other projects



Liquid lithium sputtering and D retention
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Incident Particle Energy (eV)

 IIAX Data D+ on solid lithium (non D-treatment)
 VFTRIM-3D (50% D - 50% Li, no channeling)
 IIAX Data D+ on solid lithium (with D-treatment)

D on non and D-treated solid Li

 
• D implanted at the lithium surface will lead to preferential sputtering of D atoms over Li
 leading to Li sputter yield reductions of ~ 40%1

• TDS measurements (Sugai, Baldwin, Evtikhin2, Mirnov3 and others) show indirect evidence that D 
 is implanted at the surface in solution with Li atoms based on their emission at tempera-
 tures (~ 400-500 C) lower than formation temp. for Li-D (T ~ 700 C)
•        Both solid and liquid Li surfaces can retain 1:1 D:Li; solid surfaces however must be replenished

1 J.P. Allain and D.N. Ruzic, Nucl. Fusion 42 (2002) 202.
2 V.A. Evtikhin, et al. Plasma Phys. and Controlled Fusion, 44 (2002) 955. 
3 S. Mirnov, et al. J. Nucl. Mater. 290-291 (2009) 87.
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The presence of oxygen on lithium surfaces

• Detailed UHV surface analysis of lithium-
based surfaces (solid and liquid) during ALPS 
program in U.S.

• Review issue: Vol 72 in 2004 (Fus. Eng. Des)
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114 R. Bastasz, J.A. Whaley / Fusion Engineering and Design 72 (2004) 111–119

Fig. 3. Variation in oxygen signal intensity on a lithium surface as
a function of temperature. The intensity of ion scattering from O
and recoil emission from Li were monitored while the sample was
bombarded with a 500 eV He+ beam. Oxygen atoms appear more
abundant on the liquid surface.

energy was periodically integrated for a short period
and recorded along with the temperature of the sam-
ple. The results indicate that the surface oxygen level
was higher when the sample was in the liquid phase.
An obvious drop in surface oxygen coverage occurred
near the freezing point of Li. In this case, the Li scat-
tering and recoil signals remained relatively constant
in both phases. As discussed below, these results point
to thermodynamic segregation of oxygen to the surface
of liquid Li.

Fig. 4. Ion energy spectrum of an air-exposed solid Ga surface bombarded by 1 keV He+ at 25 ◦C. Recoil emission of Ga+ and O+ is observed
at the lower ion energies and He+ scattered from surface Ga and O atoms is observed at the higher energies.

3.2. Liquid Ga

An ion energy spectrum taken with a He+ probe
beam of solid Ga soon after installation in the analysis
chamber is shown in Fig. 4. Distinct scattering and re-
coil peaks from both O and Ga are evident. The peak
intensities, when scaled by the appropriate collision
cross-sections, indicate that slightly less than half of the
exposed surface atoms were oxygen. Sputter treatment
removed the residual oxygen and produced a clean Ga
surface. Uponmelting the clean sample, the surface be-
came mirror-like and an increase in the Ga LEIS signal
was observed, but no impurities were detected on the
surface at temperatures from 30 up to 500 ◦C. An ex-
ample of an ion scattering spectrum of the liquid Ga
surface at 200 ◦C is shown in Fig. 5.

3.3. Liquid Sn

The surface of unmelted Sn appeared to have a low
initial level of impuritieswhenfirst installed in the anal-
ysis chamber. Small signals from H, O and possibly
S atoms present on the solid surface were present in
the ion energy spectrum, as shown in Fig. 6. When
melted, the sputter-cleaned Sn surface remained rela-
tively clean. As is illustrated in Fig. 7, no other ele-
ments, including hydrogen, were observed on the liq-
uid Sn surface from the melting temperature up to
800 ◦C.

Fusion Engineering and Design 49–50 (2000) 127–134

ALPS–advanced limiter-divertor plasma-facing systems
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Abstract

The advanced limiter-divertor plasma-facing systems (ALPS) program was initiated in order to evaluate the
potential for improved performance and lifetime for plasma-facing systems. The main goal of the program is to
demonstrate the advantages of advanced limiter/divertor systems over conventional systems in terms of power density
capability, component lifetime, and power conversion efficiency, while providing for safe operation and minimizing
impurity concerns for the plasma. Most of the work to date has been applied to free surface liquids. A
multi-disciplinary team from several institutions has been organized to address the key issues associated with these
systems. The main performance goals for advanced limiters and divertors are a peak heat flux of !50 MW/m2,
elimination of a lifetime limit for erosion, and the ability to extract useful heat at high power conversion efficiency
("40%). The evaluation of various options is being conducted through a combination of laboratory experiments,

www.elsevier.com/locate/fusengdes
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Surface composition of liquid metals and alloys
R. Bastasz∗, J.A. Whaley

Sandia National Laboratories, Livermore, CA 94551–0969, USA

Available online 13 September 2004

Abstract

In order to characterize the surfaces of liquids proposed for use as plasma-facing materials in fusion reactors, the techniques
of low-energy ion scattering and direct recoil spectroscopy have been used to examine the surface compositions of liquid Li, Ga,
Sn, and a Sn–Li alloy in vacuum as a function of temperature. Oxygen is found to segregate to the surface of several metallic
liquids. In the case of a Sn–Li alloy, Li also segregates to the liquid surface. Molecular hydrogen and its isotopes readily adsorb
on Li surfaces, but not on those of Ga or Sn. Hydrogenic atoms at thermal energies can adsorb on both Li and Ga, but no evidence
has been found for hydrogen isotopes residing at the surface of liquid Sn from the melting temperature to 800 ◦C.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Liquid metals; Lithium; Gallium; Tin; Hydrogen; Deuterium; Adsorption; Surface segregation; Low-energy ion scattering; Direct
recoil spectroscopy; Plasma–surface interactions; Magnetic fusion reactors

1. Introduction

Liquid plasma-facing surfaces are being considered
as an advanced materials option for magnetic fusion
energy reactors, particularly in the divertor region
where solid materials may not survive over long
operating periods. Because liquid surfaces can be
replenished, they offer the possibility of handling high
power loads, recovering from plasma disruptions, and
tolerating intense bombardment by neutrons and other
plasma particles [1,2]. Three low-melting temperature
metals, lithium, gallium, and tin (Tm = 180.5, 29.8, and
231.9 ◦C), have been selected as candidate liquid ma-

∗ Corresponding author. Tel.: +1-925-294-2013;
fax: +1-925-294-3231.

E-mail address: bastasz@sandia.gov (R. Bastasz).

terials, based on their plasma compatibility, reactivity
with fusion neutrons, and thermodynamic properties.
Additionally, alloys made from these elements are
also being considered, such as a binary alloy of Sn
and Li.
The surface composition of a material can be

different from its bulk composition, so a question of
fundamental interest is: what is the composition of
a plasma-facing liquid surface? This question is of
considerable practical importance for the development
of fusion technology since plasma–surface interactions
are necessarily influenced by surface composition.
In a first-step attempt to answer this question, the
surface compositions of several candidate liquid
materials have been examined using the low-energy
ion scattering (LEIS) and direct recoil spectroscopy
(DRS) methods. These techniques provide top-layer

0920-3796/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.fusengdes.2004.07.005
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Studies of liquid-metal erosion and free surface flowing liquid
lithium retention of helium at the University of Illinois

J.P. Allaina,∗, M. Nietob, M.D. Coventryb, R. Stubbersb, D.N. Ruzicb,∗∗

a Argonne National Laboratory, 9700 S Cass Ave, Argonne, IL 60439, USA
b University of Illinois, Urbana-Champaign, Urbana, IL, USA
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Abstract

The erosion of liquid-metals from low-energy particle bombardment at 45◦ incidence has been measured for a combination
of species and target materials in the ion-surface interaction experiment (IIAX) at the University of Illinois Urbana-Champaign.
Measurements include bombardment of liquid Li, Sn–Li and Sn by H+, D+, He+, and Li+ particles at energies from 100 to
1000 eV and temperatures from 20 to 420 ◦C. Lithium sputtering near and just above the melting point shows little change
compared to room temperature, solid-Li yields. When lithium is sputtered, about 2/3 of the sputtered flux is in the charged
state. Temperature-dependent sputtering results show enhanced (up to an order-of-magnitude increase) sputter yields as the
temperature of the sample is increased about a factor of two of the melting point for all liquid-metals studied (e.g., Li, Sn–Li, and
Sn). The enhancement is explained by two mechanisms: near-surface binding of eroded atoms and the nature of the near-surface
recoil energy and angular distribution as a function of temperature.
The Flowing Liquid Retention Experiment (FLIRE) measured particle transport by flowing liquid films when exposed to

energetic particles. Measurements of retention coefficient were performed for helium ions implanted by an ion beam into
flowing liquid lithium at 230 ◦C in the FLIRE facility. A linear dependence of the retention coefficient with implanted particle
energy is found, given by the expression R = (5.3 ± 0.2) × 10−3 keV−1. The ion flux level did not have an effect for the flux
level used in this work (∼1013 cm−2 s−1) and square root dependence with velocity is also observed, which is in agreement with
existing particle transport models.
© 2004 Published by Elsevier B.V.

Keywords: Plasma; Evaporation; FLIRE

∗ Corresponding author. Tel.: +1 630 252 5184;
fax: +1 630 252 3250.

E-mail addresses: allain@anl.gov (J.P. Allain),
druzic@uiuc.edu (D.N. Ruzic)

∗∗ Co-corresponding author.

1. Introduction

Liquid-metal experiments in the Plasma-Material
Interactiongroup at theUniversity of Illinois atUrbana-
Champaign have been designed to address two impor-
tant technological issues with the application of liquids

0920-3796/$ – see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.fusengdes.2004.07.006

ARIES Pbase ~ 10-10 Torr, PH2O ~ 10-11



Liquid Li and Sn-Li surface sputtering studies
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Liquid Lithium Eo (eV) 
200-1000 

T (°C) 
25-425 

D-treated Non D-treated 

H+ ! . ! . ! . 
D+ ! . ! . ! . ! . 

He+ ! . ! . ! . ! . 
Li+ ! . ! . ! . 

Liquid Tin-
lithium 

Eo (eV) 
200-1000 

T (°C) 
25-425 

D-treated Non D-treated 

D+ ! . ! . ! . 
He+ ! . ! . ! . ! . 
Li+ ! . ! . 

Liquid Tin Eo (eV) 
200-1000 

T (°C) 
25-425 

D-treated Non D-treated 

H+ ! . . ! . 
D+ ! . ! . ! . 

He+ ! . ! . ! . 

• Laboratory test stands consisted mainly of ion-beam facilities and PISCES-B 
(linear plasma device) studying liquid Li surface response under “simulated” 
conditions in the tokamak edge (e.g. 100-500 eV, 45-deg inc, D coverage)

• Numerous papers published incl. alternate liquid metals (e.g. Ga, Sn, etc...)

J.P. Allain, M.D. Coventry and D.N. Ruzic, Phys. Rev. B 13 (2007) 056117
J.P. Allain, M.R. Hendricks, and D.N. Ruzic, J. Nucl. Mater. 290-293 (2001) 180-184. 



Temperature dependence of lithium sputtering

8

Li self-sputtering 

• Accounting for evaporation, ion-beam experiments identified temperature-
dependent behavior of D and self-sputtering from liquid Li surfaces

• Experiments included: D saturation, oblique incidence, also He sputtering
• Many observed effects corroborated by linear plasma device experiments

J.P. Allain, M.D. Coventry and D.N. Ruzic, Phys. Rev. B 76 (2007) 205434
J.P. Allain et al. Fusion Engineering and Design, 72 (2004) 93



Secondary Li ion sputtering fraction
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• The secondary sputtered ion fraction was measured first from solid Li surfaces 
and then systematic studies with temperature

• Sn-Li experiments revealed the segregation of a pure Li layer on the surface, 
consistent with LEISS data by Bastasz et al.

J.P. Allain, M.D. Coventry and D.N. Ruzic, Phys. Rev. B 13 (2007) 056117
R. Bastasz and W. Eckstein, 290-293 (2001) 19-24
J.P. Allain et al. NIMB 239 (2005) 347; paper included MD simul and stratifcation on liquid Li



Coupling surface response codes with edge 
plasma codes and in-situ experiments
• In-situ PMI diagnostics (e.g. DiMES probe in DIII-D) already demonstrated 

the advantage of coupling:
– In-situ PMI probe data
– Computational modeling codes (edge, surface)
– Off-line single-effect experimental data
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J.P. Allain, J.N. Brooks and D.G. Whyte, Nucl. Fusion, 44 (2004) 655
D.G. Whyte, J.P. Allain et al. Fusion Eng Des. 72 (2004) 133-147



What have we learned about liquid-lithium surfaces 
exposed to energetic D, He and Li bombardment?
• No significant difference in sputtering from the solid to liquid state of 

lithium when temperature is near melting point
• Non-linear increase in sputtering from liquid-Li when temperature is 

about 50% higher than melting point (accounting for evaporation) 
• Two-thirds of lithium sputtered particles are in the charged state
• Implanted hydrogen leads to a ~ 40% decrease in lithium sputtering
• So far: liquid Li, Sn-Li, Ga and Sn show signs of erosion enhancement 

(particularly lithium) with rise in temperature 
• Li-DiMES data shows near-surface ionization of emitted Li particles 

within ~ 1cm1

• High retention of deuterium in liquid lithium (PISCES-B results by M. 
Baldwin et al.)2

• Critical to have ‘stable’ flowing liquid lithium systems due to: macro, 
micro and nano-scale oxide coverage; heat removal; etc...

1 J.P. Allain J.N. Brooks, and  D.G. Whyte, Nucl Fusion, 44 (2004) 655.
2 M. Baldwin, R.P. Doerner, R. Causey, et al.  J. Nucl. Mater. 306 (2002) 15 
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Lithium on graphitic substrates
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Lithium wall conditioning

• Experiments in TFTR by D. Mansfield et al. led to one of the most successful 
campaign runs in a tokamak fusion experimental reactor1

• CDX-U conducts first experimental runs in a torus device with hot liquid Li 
divertor plate yielding significant D pumping and low-recycling2,3

13

1D. Mansfield, Nucl. Fusion 41, 1823 (2001)
2R. Majeski et al. PRL, 97 (2006) 075002
3R. Kaita et al. Phys. Plasmas, 14 (2007) 05611

D.K. Mansfield et al.

It should be noted that similar behaviour and limita-

tions have been observed on TEXTOR with regard

to the RI mode [9]. In particular, before achiev-

ing enhanced fusion performance by the injection of

noble gases during the discharge of interest, it has

proven necessary to actively pretreat the TEXTOR

graphite walls by, for example, siliconization so as to

reduce recycling.

In this work, an alternative wall conditioning tech-

nique is described in which Li was injected into

the scrape-off layer (SOL) during plasma opera-

tion and allowed to migrate onto the limiter sur-

face quasi-continuously and with minimal perturba-

tion to the plasma core. DOLLOP (deposition of

lithium by laser outside the plasma), the system

employed to carry out this deposition, was evaluated

during the final weeks of TFTR operation. While

these initial attempts to introduce Li into the SOL

were both brief and incomplete, they nonetheless

resulted in significant increases in TFTR fusion per-

formance by favourably moderating the plasma–wall

interaction.

It should be noted that the DOLLOP experiments

were carried out with 6Li, instead of natural 7Li, in

order to accommodate RF heating experiments that

were carried out contemporaneously on TFTR. The

RF experiments were intended to heat deuterium

ions resonantly. The use of 6Li ensured that the

cyclotron resonant frequency and all associated har-

monics of fully stripped residual Li would be degener-

ate with the harmonic frequencies of deuterium ions.

This degeneracy minimized the interaction between

the two sets of experiments.

The experiments with DOLLOP fall into sev-

eral broad categories. The DOLLOP system is

described in Section 2 of this work. Initial efforts

to improve TFTR fusion performance using DOL-

LOP are described in Section 3. In Section 4, sev-

eral experiments are described that were directed at

understanding how the Li aerosol was incorporated

into the edge of the plasma. In particular, efforts

were made to determine to where on the limiter

the injected Li migrated and what effects it had on

plasma fuelling once it was deposited on the inner

wall. Further experiments were carried out to assess

the effect of DOLLOP on energy confinement — par-

ticularly electron energy confinement — and on cur-

rent density in ohmic discharges. In Section 5 a mech-

anism that might have contributed to the success

of the DOLLOP concept is described. A summary

of the experiments with DOLLOP is presented in

Section 6.

YAG Laser

Molten
Lithium

Li Aerosol:
Controlled 
by Laser 

Mirror
Lens Doublet

Q-Switched Pulse Train

SOL

LCFS

Limiter
RF

Inner Wall
Limiter

Figure 1. DOLLOP, shown schematically, delivered a

directed Li aerosol into the plasma SOL. The computer

controlled YAG laser was located about 50 m from the

TFTR vessel. The distance from the cauldron to the

centre of the vacuum vessel cross-section was 1.1 m.

2. The DOLLOP system

The DOLLOP system is shown schematically in

Fig. 1. Because it is light (0.52 g/cm3 at 200◦C)

and has a high surface tension (397 ergs/cm2 at

200◦C), liquid Li readily forms an upward directed

aerosol when its surface is perturbed abruptly by a

focused laser beam. In this work, the Li was con-

tained in a small (17.5 cm3) boron nitride caul-

dron positioned near the plasma edge on a movable

probe. The cauldron was heated ohmically using tan-

talum wire and was monitored with a thermocou-

ple. Approximately 4 W was required to reach the Li

melting temperature (160◦C). During plasma exper-

iments, a 250◦C operating temperature was main-

tained with a heating power of 7 W. After an initial

bake-out, the heated container assembly caused no

noticeable change to the vacuum pressure inside the

TFTR torus ((1–5)× 10
−8

torr). Moreover, because

the container was positioned about 15 cm below

the shadow of the TFTR RF limiter, no measurable

increase in cauldron temperature was observed either

during normal plasma operation with neutral beam

heating or as a result of violent plasma disruptions.

1824 Nuclear Fusion, Vol. 41, No. 12 (2001)
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Figure 2. Improvement in plasma performance brought

about by Li conditioning. This particular discharge

(104039) represents the first attempt to improve a high

power discharge using DOLLOP to influence the plasma–

wall interaction.

It may also be noted that the discharge that did
not receive Li exhibited sawtooth oscillations while
discharge 104039 remained free of sawteeth during
NBI. The absence of sawteeth in 104039 is consistent
with previous experiments involving the injection of
Li pellets into high current supershots. It is therefore
asserted that the suppression of sawteeth during NBI
was an additional consequence of the deposition of Li
onto the TFTR limiter [6].

4. Details of the incorporation
of the Li aerosol into the plasma

A distinction must be made between the effects of
transient (<500 ms) and long term (>500 ms) injec-
tion of Li aerosol, although the dividing point is only
approximate. As demonstrated below, Li injected
transiently into the SOL of TFTR required roughly
500 ms to migrate along magnetic field lines, accu-
mulate on the ‘nude’ limiter and begin to modify
the plasma–wall interaction. Once deposited, the Li
acted (among other effects) to suppress particle recy-
cling from the TFTR graphite limiter surface. This
temporary reduction in recycling lasted only until

physical or chemical processes caused the deposited
Li to lose efficacy [11, 12].

The experiments described below (supported by
previous experiments with Li pellets) suggest that
the loss of efficacy took place on a timescale longer
than 500 ms — perhaps as long as 1–50 s of continu-
ous plasma operation [4]. Accordingly, a salient fea-
ture of the DOLLOP system is that, when employed
in ohmic discharges for times longer than about
500 ms, the resulting sustained reduction in lim-
iter fuelling tended to overwhelm the edge local-
ized fuelling due to Li ablation. Hence, during ohmic
discharges, DOLLOP produced a net global sink of
particles (when compared with fuelling by recycling
from the nude TFTR graphite limiter) while simulta-
neously acting as an edge localized source of fuelling.

When used for times longer than 500 ms, the
fuelling behaviour of DOLLOP during NBI heated
discharges was different from that observed in ohmic
plasmas. As discussed below, during ohmic dis-
charges roughly 5% of the neutral Li atoms injected
into the SOL remained un-ionized long enough to
penetrate beyond the last closed flux surface (LCFS),
and hence acted as a particle source to the plasma
column. During high power NBI, however, the Li
broadcasted into the SOL ablated and ionized more
quickly so that virtually no Li penetrated beyond
the LCFS. During NBI, therefore, DOLLOP acted
as a net global sink of particles while not acting as
an edge localized source. Examples of both types of
behaviour are shown below.

4.1. Fuelling effects on ohmic and
neutral beam heated plasmas

The initial effects of DOLLOP operation on ohmic
plasmas may be seen in Fig. 3. Shown are traces
of the total number of electrons (NTOT ) contained
in discharges in the 103979–104003 sequence, each
with identical externally controlled parameters (R =
261 cm, a = 96 cm, Ip = 1.6 MA, Bt = 3.8 T).
During this sequence, there were 18 discharges into
which brief (0.5–1 s) bursts of Li were injected in
order to study transient effects on particle fuelling
as well as to investigate effects due to the accu-
mulation of Li over a large number (>10) of dis-
charges. In addition, during this sequence the focus-
ing of the laser was adjusted between discharges in a
preliminary attempt to influence the rate of Li depo-
sition into the plasma edge. The four solid traces
in Figs 3(a) and (b) represent the initial discharges
in the experiment. These discharges did not receive

1826 Nuclear Fusion, Vol. 41, No. 12 (2001)



Lithium coating effects on NSTX performance

• Reference waveforms for relatively oxygen free pre lithium wall conditions (blue dashed 
line). After 260mg lithium deposition (red) deuterium recycling reduced, ELMs 
suppressed, stored energy increased, confinement improves. The vertical line  at 0.72 s is 
the time reference for figure on the right.

• Improvements in plasma conditions were transient and performance reverted to the pre-
lithium conditions by the following discharge unless evaporation resumed

14
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H.W. Kugel et al. J. Nucl. Mater. 2010 In Press



H. Sugai’s work on lithium intercalation in 
various graphite allotropes

N. Itou, H. Toyoda, K. Morita, H. Sugai, J. Nucl. Mater. 290-293 (2001) 281. 
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NSTX PMI 
probe

Summary of Li-based PMI work at Purdue

• At Purdue we’re investigating the role lithium coatings on ATJ  graphite has on deuterium 
pumping and recycling of hydrogen

• We systematically study lithiated graphite surface chemistry and ion-induced desorption to 
elucidate plasma-material interface interactions in NSTX

• Lab experiments also look at the effect of a lithiated graphite environment on the 
performance of NSTX plasma with the liquid lithium divertor (LLD) 

Erosion/Redeposition 
Computational 

modeling in NSTX

Post-mortem 
analysis of tile and 
witness samples 

from NSTX

Purdue surface physics 
and chemistry 

laboratory experiments

Liquid Lithium 
Divertor NSTX 
experiments

Provides insight to surface
model used in lab exps

Lab experiments feed into surface
simulation codes to predict NSTX
erosion/redeposition

Provides insight to erosion
redep calculations and lab exps

Feeds to design of experiment
runs with LLD in NSTX



The Tool Set: In-situ characterization of an 
irradiation-driven surface

17

Li, C

graphite

10-1000 eV, 1014-1018 cm-2 D+

θ

or mixture of A-B

probe the emitted species
(e.g. angle, energy, flux)

probe the surface and sub-surface
(e.g. composition, chemistry,
electronic and optical properties, etc...)

• amorphous layer: low-energy ion scattering spectroscopy (LEISS) in 
backscattering mode with 1.5-keV He ions; Forward and recoil scattering (DRS) 
to measure hydrogen content on the surface

• sub-surface layer (1-5 nm) with XPS
• We combine the two techniques in-situ during irradiation with various 

modification sources

LEISS, DRS: 1-2 ML

XPS: 1-3 nm   



multiple, complementary diagnosis: electron 
spectroscopies for surface chemical analysis: 
XPS, EUPS and AES with ion spectroscopies: 
forward and backward scattering modes

“real-time” erosion rate 
measurement during analysis from 
surface with QCM-DCU system

18

J.P. Allain, et al. Rev. Sci. Instrum. 78 (2007) 113105 



Modification ion sources with in-situ tool set

• Conditions: Deposition of lithium coatings (under simulated conditions to NSTX) on 
ATJ graphite exposed to D and He irradiation at energies between 100-500 eV/
amu

19

5-axis manipulator with e-beam 
evaporator and liquid N2 (77K-1200K), 
tilt for variation of incident angle

auto control on 
2 degrees of freedom

2 broad beam ion 
sources with 0.1-4 mA/
cm2, 30-1000 eV

Excitation sources for: 
LEISS, DRS, XPD, 
XPS, UPS, ARPES

2-D MCP/HESA 
detector/analyzer 
system dispersing 
energy and momentum

PRIHSM

!

SEM/PEEM column 
under development
with E. Stach (BNL)

D.L. Rokusek and J.P. Allain, In prep. J.Vac. Sci. Tech. B, 2011



Controlled in-situ lithium deposition on ATJ 
graphite followed by air exposure

C1s O1sO1s C1sLi deposition Exposure to air

 Lithium	  deposi-on	  yields	  peak	  at	  529.5	  eV	  ±	  0.5	  eV
 Exposure	  to	  air	  yields	  peak	  at	  290	  eV	  and	  529	  eV	  

peak	  disappears

20

J.P. Allain, D. Rokusek, et al., J. Nucl. Mater. 390-391 (2009) 942
S.S. Harilal and J.P. Allain, Appl. Surface Sci. 255 (2009) 8539



Lithium coatings on graphite: surface effects on 
erosion, particle retention

21

• Nominally lithium intercalates to the basal planes of graphite.  Difficult to maintain 
100% lithium layers on top few ML.  Oxygen typically bound with lithium

• Substantial reduction of both physical  and chemical sputtering by D or He 
bombardment when comparing lithiated graphite surfaces to either pure Li or C

J.P. Allain, D.L. Rokusek, et al. J. Nucl. Mat. 390-391 (2009) 942



Lithiated graphite – Deuterium fluence
• Deuterium irradiation 

alters the surface 
chemistry of lithiated 
graphite.

• What happens as larger 
quantities of deuterium 
are introduced?

• Can lithium-deuterium 
saturation be observed 
indirectly?

• Peak “functionalities” 
associated uniquely to 
interactions between D, 
C, O and presence of Li

22
O1s peaks C1s peaks

C.N. Taylor, et al. J. Appl. Phys. 109 (2011) 053306
C.N. Taylor, et al. J. Nucl. Mater. In press 2011



Laboratory experiments consistent with 
surface chemistry of NSTX tiles
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2) Post cleaning 
post TDS 

ATJ130 
Li-2k, D2 

NSTX tile

Lab sample
~ 800 nm Li

~ 60 nm Li

• Connecting controlled “single-effect” studies in lab experiments to complex 
environment in NSTX by examining post-mortem surface chemistry “buried” 
under oxidized layer (left)

• Connect shot-to-shot NSTX plasma behavior with in-situ PMI diagnostics and 
connect back to lab data (right)

C.H. Skinner, J.P. Allain et al. in press 2011, J. Nucl. Mater.
C.N. Taylor, J.P. Allain et al. In press 2011, J. Nucl. Mater.



• The objectives of this research are two-fold:
– To develop the realistic methods for computational simulation of the Li-C-H system, 

validated by experiments. The main difficulty and challenge consists of the high 
polarizability of lithium when interacting with other materials.

– To explain the specifics of the chemistry of deuterium bonding in lithiated carbon. 
Experiments from Purdue indicate that bonded C-Li sites are preferable for H, D 
bonding due to lithium-induced dipole interactions with C, O.
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Molecular Dynamics of Li–C–O–D Surfaces 

P.S. Krstic1,2, Z. C. Yang3, J. Dadras2, P. R. C. Kent4, A. Allouche5, J. Jakowski6,  K. Morokuma7, C.N. Taylor3, J.P. Allain3

1Physics Division,  Oak Ridge National Laboratory, Oak Ridge TN, USA
2Department of  Physics & Astronomy, University of Tennessee, Knoxville TN, USA

3Department of Nuclear Engineering, Purdue University, West Lafayette IN, USA
4Center for Nanophase Materials Sciences,  Oak Ridge National Laboratory, Oak Ridge TN, USA

5CNRS, University of Provence, Marseille, France
6National Institute for Computational Sciences,  Oak Ridge National Laboratory, Oak Ridge TN, USA

7 Fukui Institute for Fundamental Chemistry, Kyoto University, Kyoto, Japan

See upcoming talk: P.S. Krstic in Session V



Tokamak in-situ diagnosis of plasma-material interface: 
measurement of dynamic response

25

5/11NSTX BP ET XP review  30 January 2009

Analyse ‘fresh’ surfaces with new sample probe system

Stage Zero. Ability to introduce materials into
SOL, expose them to plasma and then
withdraw them behind gate valve during
campaign. Remove under Ar and ship to
Purdue for analysis (target March 15th)

Stage One. Plan for ex-vessel TDS (thermal
desorption spectroscopy) in ‘briefcase’.
Then sample can be removed in vac. or Ar
and shipped to Purdue U for extensive
materials analysis (XPS, DRS, LEISS,
HR-EELS, LEED, …).

Stage Two. Briefcase will have suite of surface
analysis tools next to NSTX. (Purdue
proposal under review).

48” Therm-

ionics probe

Sample

!briefcase"

Unique feature will be prompt TDS analysis ex-
vessel for information on carbon / lithium /
deuterium chemical bonding. No exposure to air
and formation of LiCO4.

1st stage of Purdue/PPPL collaboration to apply
laboratory and tokamak studies to understand
and exploit Li surface chemistry. NSTX Materials Analysis and Particle Probe (MAPP) with in-vacuo surface 

analysis: surface chemistry; To be installed for FY2011 and FY2012 NSTX 
experimental campaigns

DRS (direct recoil spectroscopy)
TDS (measure H/D retention)
XPS (chemical bonding states)
LEISS (ion scattering spectroscopy)

post-irradiation testing will not elucidate on dynamic effects



Example of in-situ diagnosis NSTX PMI 
research: what do we gain?
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Challenges ahead...
• Limits on in-situ PMI diagnostics

– Access to PMI diagnostics in strategic regions of the plasma 
edge remain difficult

– Limits on probing near-surface/surface spatial scales and 
relevant time scales

• Limits from off-line facilities
– Simulating conditions in a tokamak remain complex
– Learning to ask the right questions and connecting with 

modeling is also progressing
• Limits on computational modeling

– Both temporal and spatial scales challenge available 
computational modeling (e.g. ballistics vs diffusion processes)

– More importantly enabling the connection between off-line 
experiments and tokamak in-situ PMI diagnostics1

28

1.  J.P. Allain and J.N. Brooks, Nucl. Fusion 51 (2011) 023002 See: J. Brooks talk



Role of surface morphology on hydrogen 
retention: aggressive environment

• Many questions on PMI performance (e.g. hydrogen pumping and recycling, 
erosion, etc...) will hinge on surface morphology and its evolution over plasma 
exposure dose

29

! !

! !! polished ATJ 
graphite

10-shot NSTX 
exposure

Complete NSTX 
campaign (100’s shots)

porous Mo substrate for 
LLD performance



Summary and Outlook
• In-situ surface characterization during particle irradiation can elucidate 

on relevant mechanisms of irradiation-driven self-organization

– Well-diagnosed off-line facilities that properly simulate conditions in 
tokamak edge plasma-material interface is critical

• In-situ particle-surface interaction data coupled to computational 
modeling data suggest the potential of lithiated graphite as a legitimate 
candidate plasma-facing surface

• Critical questions still remain with the use of lithium-based surfaces

– How is the dynamic evolving 10-100 nm lithium-based surface 
correlate with control of plasma behavior

– Role of surface chemistry and morphology on hydrogen control

– Need for additional lab test stand efforts and new additional surface 
science experts (e.g. Prof. Bruce Koel at Princeton University)
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Extra Slides
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NSTX tiles showed presence of Li2CO3

Typical XPS spectrum from a  NSTX tile

XPS spectra of NSTX tiles show presence 
of carbonate

C1s

J.P. Allain et al. J. Nucl. Mater. 390-391 (2009) 942.
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Surface chemistry radially in NSTX

• Post-mortem analysis of core samples extracted from NSTX tiles elucidate on 
effect of lithium coatings on D recycling

300 295 290 285 70 65 60 55 50 545 540 535 530

Li-O-D

CFR

OSP

PFR

CFR: Radially
upstream

PFR

Li1sC1s O1s

 

 

PFR: Post- TDS

Li-C-D

 

 

Binding Energy (eV)

 

 

33

Private 
Flux 
Region 
(PFR)

Outer 
Strike 
Point 
(OSP)

Common 
Flux 
Region 
(CFR)



34
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Gas balance retention measurements correlate with in-situ

PMI surface science measurements

       Weak D bonding with Li
       conditioning observed in
       Thermal Desorption
       Spectroscopy.

Additional D
retained with
Li is released
promptly after
discharge

     X-ray Photo-electron
     Spectroscopy shows D
     atoms are weakly bound in
     regions near lithium atoms
     bound to either oxygen or
     the carbon matrix.

     Chemical bonding changes
      with Li concentration.

Retention higher
with Li, difference
increases with
Li concentration

SURFACE ANALYSISGAS BALANCE:

DOE JRT milestone, PAC25-10,11 

PMI probe

C.H. Skinner and J.P. Allain 2009


