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Outline of talk

• Introductory Remarks 
• Challenges to Solid Plasma-Facing Materials (PFMs)

• A Brief Timeline of LMs in Nuclear Fusion
• Liquid Metal Surfaces I: Basics

• Liquid Metal Surfaces II: Applications

• LM systems: integrating LMs in Fusion Devices

• Challenges with Liquid PFMs
• Summary and Outlook
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Personal Background

• I’ve lived in many places since my childhood

• Parents from Peru and Colombia, raised in Bogota, Colombia until I was ~ 8 years old

• Lived in Stavanger, Norway from 8-10 years old

• Lived in Ciudad del Carmen, Campeche, Mexico, at 10 

• Arrived at 11 to the United States and first lived in Shreveport, Louisiana finally settling in Los Angeles, California
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What inspired me in my scientific journey: self-organization in nature 
and Prigogine’s dissipative structures?

Illya Prigogine, Nobel Prize 1977
Complex systems, dissipative structures, irreversible systems

BS in mechanical engineering, Physics minor
California State Polytechnic University, 1996

Undergraduate Research in the Texas Experimental 
Tokamak (TEXT), 1994, 1995
Plasma turbulence and edge density fluctuations

MS and Ph.D. in nuclear engineering, 2001
Ph.D. thesis: Plasma and radiation-surface 
interactions of multi-component liquid metals
Postdoc, 2002-2003

Intel Corporation, Graduate Fellow Intern, 
Components Research Division 1996-1997

Nuclear Fusion and Materials Science combine in discovering 
and understanding dissipative structures in irradiated materials
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Where I’ve been after my PhD…
• Staff Scientist, 2003-2007
• 2 Postdocs, 2 Research Sci, 2 

Engineers, >5 Undergrads
• Projects with Intel Corporation, 

Philips Research, Fraunhofer Aachen

• Assistant Professor, 2007-2011
• Associate Professor, 2011-2013
• 11 PhDs, 8 MS, >25 Undergrads

• Associate Professor, 2013-2017
• Professor and Associate Head of 

Graduate Programs, 2017-2019
• 12 PhDs, 6 MS, >10 Undergrads

Chapter 5. The Ion-Gas-Neutral Interactions with Surfaces (IGNIS) in-situ
facility

(a) .

(b) .

Figure 5.2: Two wide views of the IGNIS facility showing the components used in this work in
(a). the focused beam, the RGA and the energy analyzer are labeled, while the broad beam and
the X-ray source are shown in (b).

that employs a focusing high transparency mesh, that transfers the image of
the sample to the entrance slit of the analyzer while keeping the spherical
aberration to a minimum.

The SPECS PHOIBOS 150 is a � = 180� hemispherical analyzer and mean
radius (R0 = 150 mm). The hemispheres are surrounded by 2 mm thick layers
of µ-metal material to prevent interference of external magnetic fields [74]. In
addition the lens system is constructed with non magnetic materials.
The final photoelectrons signal is collected by a 2D detector system (CCD or

delay detector), that uses energy and angular resolution to provide angular
resolved measurements. This system uses a 12 bit digital camera with high
dynamic range. This system is optimized to detect low kinetic energy elec-

66

200-nm

• Professor and Department Head, 2019-Present
• 4 PhDs (Penn State), 2 MS (UIUC), 6 PhDs (Penn 

State), 5 UGs
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Best of part of being a professor: watch my students succeed!
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Materials issues in Magnetic Fusion Energy

• Magnetic fusion energy presents many 
materials challenges, including:

- High thermal heat fluxes

- Sputtering/blistering of 
plasma facing components

- Radiation damage

- Low induced radioactivity

- Chemical compatibility

- Joining/Welding

blanket materials

structural materials

Superconducting
magnet materials

10 m

Vacuum vessel
materials

Plasma-facing
materials

ITER



8
The Allain Research Group

Radiation Surface Science and Engineering Lab
rssel.psu.edu

Stringent conditions in operational space of future plasma-burning 
fusion reactor environments

R. Doerner, UTK, July 26, 2016 U C S D
University of California San Diego

NAGDIS-II: He plasma 
D. Nishijima et al. JNM (2004) 329-333 1029 
•  Surface morphology  
•  Shallow depth 
•  Micro-scale 
 
 
 
 
 
 

PISCES-A: D2-He plasma 
M. Miyamoto et al. JNM 415(2011) S657 
600 K, 1000 s, 2.0x1024 He+/m2, 55 eV He+ 

•  Little morphology 
•  Occasional blisters 

PISCES-B: pure He plasma 
 M.J. Baldwin et al, NF 48 3 (2008) 035001 
1200 K, 4290 s, 2x1026 He+/m2, 25 eV He+ 

NAGDIS-II: pure He plasma 
N. Ohno et al., in IAEA-TM, Vienna, 2006 
1250 K, 36000 s, 3.5x1027 He+/m2, 11 eV He+ 

100 nm  (VPS W on C)                     (TEM)      

~ 600 - 700 K > 2000 K ~ 900 – 1900 K 

•  Evolving surface morphology 
•  Nano-scale ‘fuzz’ 

He in W is an issue for ITER, DEMO & FNSF. 
ITER 

DEMO 
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14 MeV n’s, high He/dpa
up to 150 dpa for blankets
up to 50 dpa for divertor

Can the liquid state provide
an answer?

12 

large, catastrophic events occur in granular materials, as in landslides or mudslides, or during 

earthquakes (Carlson et al. 1994; Jaeger et al. 1996; Bretz et al. 2006).  Turbulence and spatio-

temporal chaos also produce characteristic fluctuations in the measured quantities (Lewis and 

Swinney 1999; Falkovich et al. 2001; La Porta et al. 2001; Ouellette et al. 2006; Benzi et al. 

2008). In sheared granular materials, where stresses propagate along highly branched networks 

of “force chains”, the characteristic distribution of inter-particle contact-force magnitudes around 

their mean can give valuable information about incipient failure, the transition from jammed to 

unjammed behavior, and the nature of the flowing state (Liu et al. 1995; Howell et al. 1999; 

Brujic et al. 2003; Corwin et al. 2005; Majmudar and Behringer 2005; Behringer et al. 2008). 

Quite generally, the spectrum of fluctuations thus can serve as a key signature of far-from-

equilibrium behavior and a powerful tool to analyze the underlying mechanism. 

 

One of the most important questions one can ask about a many-particle system is how it will 

respond to perturbations. For systems in thermal equilibrium, the fluctuation-dissipation theorem 

provides the answer:  we know that if the perturbation is small, the system will respond just as it 

does to naturally occurring fluctuations.  The relationship between correlation and response 

depends on temperature;.  For example, the second law of thermodynamics states that 

fluctuations of any extensive thermodynamic variable X are related to the response of the average 

value of X to its thermodynamic conjugate ! by: 

 X ! X( )
2

= !k
B
T
" X

"#
 (3) 

Thus, temperature measures the size of fluctuations relative to the response, which quantifies 

how hard it is to create a fluctuation.  In other words, one could define temperature by 

 

 k
B
T =

X ! X( )
2

!" X "#
 (4) 

 

 For systems far from equilibrium temperature no longer plays such a role.  However, in analogy 

to the thermal case it is possible, in some cases, to define an effective temperature from the 

relationship between correlation and response. For certain classes of driven dissipative systems, 

such as sheared glasses, foams, or fluidized granular materials such as vibrated or gas-fluidized 

Fig.11.  Large and often catastrophic fluctuations, such as 

avalanches, are characteristic of many systems far from 

equilibrium. Top to bottom: snow avalanche, granular 
avalanche, flux-bundle avalanche in a superconductor. 
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PMI interactions are strongly coupled: plasma-surface and surface-
subsurface interactions (cont.)

9

* Wirth, Nordlund, Whyte, and Xu, Materials Research Society Bulletin 36 (2011) 216-222

Key question: How do these
PMI effects change for a liquid?

Nature of the cascade and 
its damage plays a key role
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A Brief Timeline of Liquid PFCs in Nuclear Fusion US Program

• The application of liquid metals in nuclear fusion reactors has a long history and many different efforts
• From fusion blankets to plasma-facing walls, liquids (metals, molten salts) have received the attention of 

many fusion scientists and engineers but most work remained basic/applied science

< 1970’s 1980’s 20202010

&RQYHFWLYH⇤/LTXLG⇤)ORZ⇤)LUVW⇤:DOO⇤↵&/,))�

• Underlying structure protected by a fast moving layer
of liquid, typically 1 to 2 cm thick at 10 to 20 m/s.

• Liquid adheres to structural walls by means of
centrifugal force

• Hydrodynamics calculations indicate near equilibrium
flow for Flibe at 2 cm depth and 10 m/s velocity
(below).  Some contradiction between different
turbulence models needs to be resolved.
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2D Analysis of FW Flibe

CDX-U LTX NSTX-LLD LTX-beta

1998-2000

R .W . M oir, H YLIFE-II
M . Abdou, APEX R . M attas, ALPS

A. H assanein, H EIG H TS

D . R uzic, LIM ITS

D . M ajeski, LTX

 

Therefore, the ability to achieve low-recycling regimes as described above can provide 

advanced PFC technology that may enhance plasma performance in current devices.  To 

this end, ALPS has considered and currently studies several liquid surface candidates 

including, lithium, tin-lithium, tin and molten salt flibe (Li2BeF4) [20,21].  Conceptually 

these potential liquid surface candidates would be implemented as manifested in figure 1.4 

where liquid jets are substituted in place of solid divertor collector plates.  The jet velocity ~ 

10 m/s, and the length of the jet is 30-40 cm before entering the capture manifolds.  These 

advanced liquid surface divertors would face key issues that need attention including: effect 

of liquid surfaces on plasma edge and core performance, effects of transient/disruption 

events, ability to achieve high power density and D-T/He trapping and release from surfaces 

[20]. 

 

 

 

Figure 1.4.  3-D view of a divertor cassette of an advanced liquid surface divertor module [20]. 

 

 9 

D . M ajeski, C D X-U
M . Jaw orski and R . Kaita, N STX-LLD
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Liquid Metals I: Basics

• What is the difference between a liquid and a solid metal?

– Very little difference in material density: solids are only 10% more dense than liquids

– Key difference: time scale for atom mobility and macro scale viscosity (interaction of atoms)

– Another key difference: The surfaces between a liquid and a solid metal behave very differently

3 

THE STRUCTURE OF LIQUID METALS 

B. R. T. Frost 

1. INTRODUCTION 
THE properties and behaviour of solid metals have been extensively 
investigated both from the point of view of the metallurgist and of the 
engineer. In recent years the substantial advances which have been 
made in the field of solid state physics have greatly improved the 
theoretical understanding of the subject. The s tudy of metals in the 
solid state is relatively easy as the atoms are regularly arranged on a 
crystal lattice wMch can be examined in detail by means of x-rays and 
described in simple mathematical terms. A stage has now been reached 
at which many of the properties of solid metals can be quantitatively 
described in terms of the electron theory of metals or of dislocation 
theory. 

In comparison with these studies of solids the investigation of the 
liquid state is still in its infancy. The experimental and mathematical 
problems are much greater because of the irregular atomic arrangement 
in the liquid state and the fact that  in general the temperatures at which 
liquids exist are higher than those for solids. The s tudy of gases is 
simpler than that of liquids since the interatomic forces in gases are 
much smaller and the ideal gas laws can be applied. From the practical 
point of view there is no lack of interest in liquid metals. Ill After the 
refining process, nearly all metals are melted and cast, either into a final 
shape or into a shape suitable for working in the solid state. Changes in 
the properties of the liquid metal may profoundly affect the soundness 
and quality of the casting. Increased interest is being shown in the use 
of liquid metals as heat exchange media in chemical and engineering 
plant and in nuclear reactors. The latter aspect has, in recent years, 
stimulated research on liquid metals and alloys in the United States and, 
to a lesser extent, the United Kingdom and Russia. 

From the measurements of a number of physical properties of liquid 
metals and by comparison with the corresponding properties of solid 
metals, it is possible to derive a picture of the structure of liquids. On 
the basis of the~e observations a number of mathematical and empirical 
theories 12~ have been proposed to account for the phenomenon of melting 
and for the behaviour of liquids. Some thought has also been given to 
the problem of the stability of liquid metals. These studies, which may 
be classified as the indirect approach to the elucidation of the structural 
behaviour of liquids, will be dealt with in the first part of this survey. 

96 

Progress in Metal Physics
Volume 5, 1954, Pages 96-142
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In liquid metals a phenomenon known as surface stratification occurs 
due to the charge state of the metal

• N.D. Lang and W. Kohn (1970’s, Theory of Metal Surfaces), J. Penfold (1990’s), many others...

• Peter Pershan (Harvard U.) and Stuart Rice (U. Chicago) were pioneers in developing modern techniques and models to 
study how liquid metal surfaces behaved

• The density of atoms near a surface would “stratify” or form a “layered” structure, this resulted in very interesting 
phenomena such as pre-melting, enhanced adsorption of impurities, and other effects that introduced implications to LM 
PFMs in fusion

Interactions are
same in vapor
and liquid

Vapor: neutral atoms

Liquid: 
positive ions in
sea of negative
Fermi liquid

Different interactions
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Liquid Metals I: Basics

• How do liquid metals behave in a fusion environment?*

– We want to know how fast does it erode (e.g. test stands with energetic particles and/or plasma)

• Particles such as: D (fuel), He (from fusion reaction), impurities (metals, H, C, O)

– We want to test its surface properties and how it interacts with substrates/structural materials

– We want to also know how it behaves in complex environments such as a fusion device

PISCES-B Li-DiMES LIMITS

*both experimental test stands and computational modeling
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Surface Properties: Evaporation vs Sputtering

• Evaporation is equally as important as sputtering 
yield as both inject wall materials into plasma

• Lowest melting point metals with attractive properties 
for fusion PFMs: Li, Sn and their alloys

• Sn has an evaporative flux many orders of 
magnitude lower than Li
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Solid/Liquid/Gas thermodynamics: 
heat of fusion and heat of vaporization
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Erosion mechanisms in a liquid
• Erosion in a liquid is primarily dependent on the 

surface potential, U, of liquid atoms and the 
energy density deposition near the surface, FD

• In the liquid state a large number of atoms are in 
motion in a given volume

• Enhanced erosion mechanisms are typically 
characterized by an increase in magnitude of the 
emitted flux as well as a decrease in the average 
ejection velocity of eroded particles1-3

• Thermal sputtering and adatom ejection can 
increase with temperature

1. M.W. Thompson, Vacuum 66 (2002) 99.
2. P. Sigmund and M. Szymonski, Appl. Phys. A 33 (1984) 141.
3. D.A. Thompson, Rad Effects, 56 (1981) 105.
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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)

ARIES Pbase ~ 10-10 Torr, PH2O ~ 10-11
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Temperature dependence of lithium 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 and tokamak 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
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Secondary Li ion sputtering fraction

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 simulations and stratification model for liquid Li

• 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.



19
The Allain Research Group

Radiation Surface Science and Engineering Lab
rssel.psu.edu

Fuel retention (e.g. D retention) in liquid Lithium

• 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 temperatures 
(~ 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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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

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
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Stabilizing free-surface liquid Li layers

• Li-DiMES experiments 
• As indicated by Jaworski et al. “This usage of a porous substrate for stabilization of a free-surface liquid metal 

has been demonstrated in a diverted tokamak”

M.A. Jaworski et al. Nucl. Fusion 53 (2013) 083032

D.G. Whyte et al. Fusion Engr Design 72 (2004) 133

Nucl. Fusion 53 (2013) 083032 M.A. Jaworski et al
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Figure 6. Quiescent and transient currents measured with the HDLP
during a typical LLD run day. Each point represents an individual
discharge where the mean current during the discharge is shown by
the black triangles and the maximum value is shown by the red
squares.

Equation (19) can be re-arranged after solving for the
marginal stability condition (n = 0). The least stable modes
will be those that are aligned orthogonal to the applied field
and only stabilized by the surface tension. In the case of the
LLD, we consider a J⃗ × B⃗ force acting upwards while gravity
acts downwards. We further consider ρ = ρ2 ≫ ρ1. One finds
a critical wavenumber, kcr , as follows:

kcr =
√

jB −ρg

"
(20)

Alternatively, a critical current density can be obtained as a
function of wave length (k = 2π/λ):

jcr = 1
B

(
4π2

λ2
" + ρg

)
. (21)

In equation (21) one can see the effect of reduced wavelength
of the perturbation.

4. Results and discussion

The first notable result from operation with the LLD is that
no molybdenum influx was observed during most discharges.
As reported in [19], early in the run, when evaporations
had been performed on the LLD while cold, molybdenum
emission from the divertor was observed during MHD events.
After reaching temperatures above the lithium melting point
(181 ◦C), no such molybdenum emission was again observed.
This repeats the results reported with the CPS devices which
also indicated protection of the substrate material with liquid
lithium PFCs [10].

The next notable result is that no macroscopic amounts of
lithium were ejected from the LLD during the run campaign.
Figure 6 shows a set of measurements of the current entering
grounded PFCs during a typical run day as obtained with the
HDLP. A typical quiescent current in the SOL of NSTX is at
a level of 10 kA m−2. Transient currents due to disruptions
and ELMs can create currents entering the PFC an order
of magnitude above the quiescent level. In the worst-case
scenario, 100% of these currents will close across flux surfaces
through the PFC surface itself. This situation will result in the
largest possible forces tending to destabilize the liquid.

Before the operating space of the LLD can be placed on
a stability diagram, the expected wavelengths on the surface
must be estimated. Scanning electron microscopy has been
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Figure 7. Stability diagram for a liquid metal under electromagnetic
body forces (with gravity and surface tension stabilizing). NSTX
LLD operating space indicated (BT = 0.5 T). Comparison with
Li-DIMES experimental space also shown (BT = 2 T) [12]. No
ejection events from the LLD were observed during the run
campaign.

used on the porous, flame-sprayed molybdenum layer to
generate an estimated pore size of ≈ 20 µm. An additional
limit would be expected due to the depth of the fluid [22].
A conservative estimate on a droplet size limited by the fluid
depth would place an upper-bound at about 100 µm. In the
case of linear stability, then, the expected droplet sizes can be
placed between 20 < rdroplet < 100 µm.

Figure 7 shows the marginal stability curve as a function
of droplet radius for a number of magnetic fields. Also shown
in the figure is the approximate operating space of the NSTX
LLD as defined by the typical PFC currents measured during
discharges and the estimated range of possible droplet radii.
As can be seen, the NSTX LLD is predicted to be completely
stable against Raleigh–Taylor instabilities that might tend to
eject droplets into the plasma. This is consistent with the
lack of any observed ejection events. In the same figure, we
make a comparison with results from the DIII-D Li-DIMES
experiment which exhibited ejection of the lithium from a
25 mm diameter, 1 mm thick lithium sample at much lower
injected current densities [12]. From the stability diagram,
one can see that the Li-DIMES experiment is only marginally
stable. The strategy of reducing pore size to stabilize a liquid
metal was also implemented with the liquid lithium Capillary
Porous System developed by Red Star [10]. In experiments
in T11-M, it was found that by reducing the pore size of the
mesh used in the CPS, droplet ejection could be eliminated.
This usage of a porous substrate for stabilization of the free-
surface liquid metal has now been demonstrated in a diverted
tokamak.

The amount of power absorbed onto the LLD depends
on the strike-point position. Figure 8 shows a comparison of
absorbed power, as determined by calorimetry, as a function
of strike-point position. In figure 8(a) the total absorbed
power is shown and in figure 8(b), the fraction of power
absorbed by the LLD of that crossing the LCFS is shown.
For this shape of discharge and divertor flux expansion,
probe analysis has indicated that the particle flux footprint
is approximately 4–6 cm. With this wide particle flux, a
transition region between fully diverted onto the LLD and
fully off the LLD could be expected between 65 and 70 cm
and this is indicated in the data. For these discharges, then,

6
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Fig. 8. (a) Frames of visible atomic Li emission viewed from above shows macroscopic J × B movement of lithium off of the DiMES sample
caused by a non-disruptive MHD event (locked mode) starting at 5.110 s. Magnetic field (B), outer strikepoint (OSP) and jz geometry overlaid.
Inset shows ex situ photograph of lithium splash pattern and bared stainless-steel cup. Time history of exposure conditions at Li-DiMES near
a locked-mode (shaded area) that leads to lithium ejection by J × B forces are shown to the right. (b) Spectroscopic signatures of lithium
penetration to core plasma, including fully ionized lithium from core plasma using charge-exchange recombination spectroscopy (CXRS) of Li
III. Plasma conditions at Li-DiMES: (c) received ion flux density; (d) incident heat flux, and electron temperature; (e) incident current density.
The red dashed lines indicate times of frames shown at left.
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Fig. 8. (a) Frames of visible atomic Li emission viewed from above shows macroscopic J × B movement of lithium off of the DiMES sample
caused by a non-disruptive MHD event (locked mode) starting at 5.110 s. Magnetic field (B), outer strikepoint (OSP) and jz geometry overlaid.
Inset shows ex situ photograph of lithium splash pattern and bared stainless-steel cup. Time history of exposure conditions at Li-DiMES near
a locked-mode (shaded area) that leads to lithium ejection by J × B forces are shown to the right. (b) Spectroscopic signatures of lithium
penetration to core plasma, including fully ionized lithium from core plasma using charge-exchange recombination spectroscopy (CXRS) of Li
III. Plasma conditions at Li-DiMES: (c) received ion flux density; (d) incident heat flux, and electron temperature; (e) incident current density.
The red dashed lines indicate times of frames shown at left.

Li-DiMES experiments in 
DIII-D by Whyte et al. pointed 
to the importance of stability
of liquid surfaces under
tokamak conditions
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Persistence of Li layers at high temperatures indicated mechanisms linked with 
lithium/substrate interactions

5.4. RESULTS 106
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Figure 5.6: Atomic Li erosion yields vs. temperature during deuterium plasma bombardment in-
ferred from three different sets of experimental measurements of Li-I emission in Magnum-PSI.
The predictions of the adatom-evaporation mixed-material model (Section 2.6) for D/Li concen-
tration � = 1 (expected) and � = 0 are also overlaid.

M.A. Jaworski et al. Nucl. Fusion 53 (2013) 083032

• Significant reduction in Li erosion yield with temperature contributed to super-saturated region of implanted D
(β = D/Li concentration ratio)

• Jaworski demonstrated stabilization regime for liquid Li layers on nanostructured or porous substrates
• Recent work by Allain et al. showing that Li layers persist at temperatures above 900 C in addition to the 

formation of fuzz nanostructure for He irradiation

T. Abrams, et al. Nucl. Fusion, 56 (2016) 016022
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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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Model Integration of Various Beam-Target Interaction Physics in Computational 
Modeling Tools: HEIGHTS

A. Hassenein et al. Fus. Eng. Des. 2002
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Vapor shielding mechanisms

• During the early stages of an intense power 
deposition on a target material (i.e. divertor, 
limiter), a vapor cloud from target debris is 
formed above the bombarded surface.

• This shielding vapor layer could be either 
beneficial or detrimental depending on 
application.

• Macroscopic particles (MP) emitted into the 
vapor cloud will significantly alter the 
hydrodynamic evolution of the vapor plasma.

VAPOR CLOUD

droplet

Radiation 
Power

photon

photon

Liquid-Metal Layer on Divertor Plate
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Liquid Metals II: Applications

• What are the different ways we may apply a liquid-metal as a plasma-facing material?

– Inject a fast flow of liquid metal into the boundaries facing the fusion plasma

– Deposit a low-melting point thin film, then melt it facing the plasma

– Introduce the liquid metal slowly with some innovative techniques
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Different mechanisms for establishing liquid walls*

•    Gravity-Momentum Driven (GMD)

DIFFERENT MECHANISMS FOR
ESTABLISHING LIQUID WALLS

-   Liquid adherence to back wall by
     centrifugal force.
-   Applicable to liquid metals or molten salts.

•   GMD with Swirl Flow

-   Add rotation.
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•  Electromagnetically Restrained LM Wall

-  Externally driven current (   ) through the
    liquid stream.

-  Liquid adheres to the wall by EM force BJF
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•   Magnetic Propulsion Liquid Metal Wall

-   Adheres to the wall by

-   Utilizes 1/R variation in                  to drive
    the liquid metal  from inboard to the outboard.

BJF
rrr

×=

BJF
rrr

×=

OutboardInboard

Fluid In Fluid Out

is driven by

BJF
rrr

×=BJF
rrr

×=

BJF
rrr

×=BJF
rrr

×=

V
r

J
r

PΔV
r

B
r

⊗
1P

2P

gr

+
−

V
r



28
The Allain Research Group

Radiation Surface Science and Engineering Lab
rssel.psu.edu

Advanced Tokamak
3-D Hydrodynamics Calculation Indicates that a Stable Thick Flibe-Liquid

Wall can be Established in an Advanced Tokamak Configuration

Inlet velocity =  15 m/s;
Initial outboard and inboard thickness = 50 cm

Outboard thick flowing
liquid wall Inboard thick flowing

liquid wall

ARIES-RS Geometric Configuration
(major radius 5.52 m)

The thick liquid layer:

♦ is injected at the top of the reactor
chamber with an angle tangential to
the structural wall

♦ adheres to structural wall by means of
centrifugal and inertial forces

♦  is collected and drained at the bottom
of the reactor (under design)

 Toroidal width = 61 cm Corresponding to 10o sector
 Area expansion included in the analysis

&RQYHFWLYH⇤/LTXLG⇤)ORZ⇤)LUVW⇤:DOO⇤↵&/,))�

• Underlying structure protected by a fast moving layer
of liquid, typically 1 to 2 cm thick at 10 to 20 m/s.

• Liquid adheres to structural walls by means of
centrifugal force

• Hydrodynamics calculations indicate near equilibrium
flow for Flibe at 2 cm depth and 10 m/s velocity
(below).  Some contradiction between different
turbulence models needs to be resolved.
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Fast flowing liquid metal plasma-facing components

• Fast flowing liquid metal plasma facing components may prove to be an attractive alternative to 
handle both high steady state and transient plasma heat flux in a fusion reactor power plant, 
which would revolutionize control of the plasma-material interface.  
– Liquid metals continually replenish material and are self-healing, obviating lifetime concerns of solid 

materials, which erode with constant plasma bombardment.  

– In addition, certain liquids, e.g. lithium, can strongly improve plasma performance, leading to smaller, 
more economical reactor designs.

– There are however, several important knowledge gaps in these systems, including:

• managing the tritium fuel retention, 

• maintaining clean surfaces for reliable flow, 

• counteracting mass ejection forces, 

• determining operating temperature windows, 

• demonstrating helium ash exhaust
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Application of liquid Li in divertor region of NSTX at Princeton Plasma 
Physics Laboratory

• LLD in NSTX at PPPL demonstrated two important results in the context of plasma-liquid interactions:

• Mo influx disappears once lithium melting pt is reached during MHD events

• No macroscopic amounts of lithium were injected from the LLD campaign

• Computational modeling tools linked surface response theory of liquid Li to experimental data in a tokamak
• The importance of surface impurities such as oxygen and hydrogen (from water) became evident
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Delivering liquid metal and providing a stable interface between the PFM and the 
edge plasma is part of emerging work in the field

3 

Technology Description & Application 

Conceptual drawings of solid tungsten foam/liquid lithium protected 
divertor (not to scale); a nominally 1-mm thick layer of lithium will 
flow across a 3-5 mm thick open-cell tungsten foam (diffusion bonded 
to the divertor surface) that is filled with stagnant liquid lithium.  

SEM image of open-cell tungsten foam, which can be  
produced in various pore sizes and porosity levels  
(80% porous in figure shown) 

• An alternative to a solid plasma-facing component is proposed 
consisting of a thin (3 mm) layer of liquid lithium-filled tungsten foam, 
integrally bonded to the solid tungsten divertor surface, underneath a 
thin (~1 mm) surface layer of flowing lithium.  

• During high power transients, lithium loss from vaporization in localized 
areas may exceed the replenishment capability of the thin flowing 
surface layer, but stagnant lithium contained in the foam will mitigate 
high heating rates by vaporization as well as conduction through the 
high surface area 3-D tungsten foam ligament structure. 

14 Jaworski – Slow flow & high temperature LM PFM – FESAC TEC – June 20, 2017 

Design variables available for 
optimization 

• Porous surface geometry 
and type 
 

• Substrate material selection 
(e.g. RAFM+Li) 
 

• Alternative coolants and 
coolant pressures  
with new  
heat fluxes 
 

• Divertor chamber  
shaping and  
active injection 

100 μm 

Flame spray Wire EDM texture 

Rindt, PFMC 2017 

Jaworski, PPCF 2013 

Jaworski, FED 2016 

• Many concepts currently in development from macro-scale metal foam platforms for slow-flowing liquid 
metal to textured surfaces, e.g. see: 
I.E. Lyublinski et al., Nuclear Fusion, 57, (2017)

• Some groups are already examining adaptive PFC development testing hierarchical matrix systems that 
guide liquid metal in solid-based system at mesoscale; however much still at its infancy

Ghoniem and Williams, 2017

2

P. Rindt et al

1. Introduction

The robustness of the divertor remains a critical challenge 
on the way to practical fusion reactors. The plasma facing 
surface (PFS) must withstand  ∼10 MW m−2 for two full 
power years [1], while being eroded by the  ∼1024 m−2 s−1 
particle flux from the plasma. Meanwhile, on the millisecond 
timescale, transient heat loads must be expected of up to 0.5  
GW m−2 due to mitigated ELMs (30–60 Hz) [2, 3], or up to 80  
GW m−2 in case of an unmitigated disruption [4]. Additionally, 
neutron irradiation inevitably leads to material degradation 
[5]. Under these conditions even the state-of-the-art tungsten 
monoblocks [6] face a number of issues: melting [7], erosion 
limiting the lifetime [6, 8], and cracking of both the surface 
and bulk material [9]. Because of this, the monoblocks are 
heavily dependent on actively controlled heat load mitigation 
strategies [8, 10], and applicability in commercial generation 
fusion reactors is therefore highly reliant on the continually 
sustained success of such approaches, with little-to-no margin 
for error.

This work explores a novel design philosophy. 3D-printing 
of tungsten, in combination with the use of liquid metals 
(LM), is used to drastically reduce thermal stresses, and con-
sequently open up many new design possibilities. Currently, 
tungsten produced by additive manufacturing has a reduced 
strength compared to traditional manufacturing, but opens up 
new possibilities for the use of geometries which were previ-
ously inaccessible. Philips Medical Systems specifies shape 
tolerances as low as ±25 µm. This feature size is sufficiently 
small to enable good surface tension forces at the component 
surface to confine the LM. This technique can therefore be 
used to produce optimized porous substrates for LM based 
divertor targets, where the liquid serves to dissipate heat 
via evaporation and subsequent interaction with the plasma 
[11–14], while simultaneously providing the thermal connec-
tion across the voids in the porous tungsten. Therefore both 
thermal stresses in the substrate can be minimized, while the 
replenishing LM flow to the PFS can be maximized.

To demonstrate this, a pre-existing LM divertor concept 
is re-designed for additive manufacturing. A simple concept 
is taken in which the PFS is supplied passively with LM 
via wicking channels originating from a pre-filled internal 
reservoir [15]. Section  2 shows the design, and also tensile 
test results of the 3D-printed material. A numerical analysis 
of the internal stresses is discussed in section 3. Finally, the 
prototype is exposed to fusion relevant plasma conditions in 
the linear plasma device Magnum-PSI [16, 17], presented in 
section 4.

2. Design philosophy and resulting designs

2.1. Design philosophy

The above design principles were applied to the two designs 
presented in figure 1. 3D-printing was used to create a structure 
which has small dimensions in the direction perpendicular to 
the thermal gradient (i.e. horizontally in figure 1). The gaps in 
between these structures provide room for thermal expansion, 

and thus thermal stresses are reduced. The same principle was 
used in the monoblock design, but here the dimensions have 
been refined more.

Filling the structure with LM allowed for thermal conduc-
tion across the gaps, and also reduced the PFS temperature via 
vapor shielding. In this case lithium was used because it limits 
the surface temperature more strongly than the main alterna-
tive, tin. However, tin can also be used in principle if a low 
vapour pressure LM is desired. Without LM, the 3D-printed 
substrate would reach much higher temperatures for a given 
power loading due to its high porosity and lowered overall 
conductivity compared to bulk tungsten. The gaps in the PFS 
should also be bridged by the LM, thus eliminating leading 
edges.

The flow that replenishes the PFS utilizes capillary action, 
which was first used in mesh or felt based systems [11, 18]. In 
this case however, the high degree of control over the printed 
geometry was used to maximize the flow to the PFS. Structure 
sizes on the PFS were minimized (∼100 µm) to create high 
capillary pressure, while internal cavity sizes were maximized 
(∼2–4 mm) to reduce drag forces and to allow for more LM 
to be stored.

2.2. Resulting designs

Two different target designs were made: the ‘tree-type’ and 
the ‘V-type’. The void sizes in the tree-type could be tuned 
by branching the solid structure and by varying its thickness. 
The V-type consists of a number of stacked V’s, and thus the 
number of branches at any height is always the same. Pore 
sizes were only tuned by varying the material thickness. This 
design was intended to be more robust during handling. The 
pore sizes at the bottom of the tree-type target were set to 
4 mm and 1.6 g of Li could be stored in total. For the V-type 
this was 2 mm and 1.4 g.

A texture was printed on the PFS to enable wicking across 
the surface (figure 2). The pattern consists of dots equally 
spaced with  ∼125 µm between them, and a height specified 

Figure 1. Quarter sections of the two resulting designs, cut by 
electrode discharge machining (EDM). Left: tree-type. Right: 
V-type. The voids serve simultaneously as both reservoir for the 
LM, and as wicking channel up to the PFS. At the PFS the channels 
are only 0.1 ± 0.01 mm wide, as opposed to the 2–4 mm cavities at 
the bottom. Dimensions are in mm.

Nucl. Fusion 59 (2019) 054001

Rindt, 2019 Nucl. Fusion
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New directions in porous metal self-healing structures for extreme environments such 
as magnetic fusion

• Adopting self-healing properties or adaptive properties for materials exposed to harsh environments

• Foam and porous materials are becoming an exciting direction for self-healing metal-based materials in 
extreme environments of heat, pressure and radiation

• Design of smart porous nuclear materials used in nuclear fusion reactors

Allain and Kapat 2016
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Innovating	adaptive	PMI	with	porous	refractory	metals	
combined	with	liquid-metals	for	a	hybrid	composite	

a) Left picture shows the complete lithium percolation of Li 
droplets immediately on porous W substrate  

b) Right set of pictures show the progression of lithium percolation 
after Li droplets is placed on porous W at 350°C, within ~10s. 
Wetting angles as Li percolates labeled.  

E. Lang, A.Kapat, J.P. Allain, Deciphering surface behavior and deuterium retention in 
tin-lithium-coated fuzzy tungsten substrates, NME 12 (2017) 1352

Porous tungsten

110º

15º 70º

90º

250°C

350°C

~0s ~3s

~6s~9s

Key Issue: Wettability of liquid metal to substrate, in this case liquid Li wetting 
of porous W substrate materials (“hybrid” liquid-solid interfaces)

Other concepts to deliver a lithium interface

Lithium vapor box
(Goldston et al)

 1 

Slowly flowing and high temperature liquid metals as plasma-facing materials 
M.A. Jaworski1, R. Goldston1, M. Ono1 

1Princeton Plasma Physics Laboratory, Princeton, NJ, USA 
Email: mjaworsk@pppl.gov 

 
Renewable surfaces and power 
dissipation potential with liquid metals 
Liquid metals have long been proposed as a 
possible solution to several problems 
associated with fusion reactor operation [1].  
More recent works have emphasized 
resiliency of liquid components and the 
potential for enhanced power exhaust [2-4]. 
The difficulty of power exhaust has driven, 
for example, the European reactor design 
concept to a major radius of 9.1 m, still 
without successfully mitigating the heat-
flux problem [18]. These elements have 
risen in importance as challenges persist in 
expanding the operational space associated 
with plasma-facing components composed 
of solid plasma-facing materials such as tungsten where events such as local melting [5], surface 
cracking [6], and steady plasma erosion/redeposition [7] could all result in reduced reliability and 
shortened maintenance cycles that will reduce the uptime of a future fusion reactor.  This white 
paper provides an overview of the slowly flowing liquid metal concept as either tin or lithium.  
We further discuss the potential of lithium at high vapor densities to improve the performance of 
dissipative divertors and the near-term, technical approach to implementing such a scheme.  The 
remaining sections provide discussion on risks, maturity, and development pathways. 
Technical approach and technology results 
The technology associated with liquid surfaces 
that are slowly moving is shown in schematic 
form in figure 1.  The liquid surface is restrained 
against rapid motion with the use of capillary 
forces in a porous/textured surface and this 
general approach has been demonstrated stable in 
a number of limiter and divertor confinement 
devices [2].  While the figure considers liquid 
lithium, liquid tin can also be used with a 
corrosion resistant  structural material [8].  In all 
cases the use of a liquid surface eliminates 
problems of transient local melting of the surface, 
surface cracking, and uncontrolled plasma 
redistribution of surface materials.  Use of a 
replenishable surface allows further optimization 
of the surface so improve coupling to the primary 
coolant for higher power exhaust in some 
configurations [2,8,9]. 
A further advantage may be realized with the use 

Figure 1: A capillary-restrained, liquid metal PFC concept [2]. 

Figure 2: A radiating, liquid lithium divertor utilizing 
evaporating and condensing surfaces [3]. 

Capillary systems
(Jaworski, Tabares, others)

**Understanding the trade-off between
Fast-flowing liquids and static or slow-
flowing systems are the subject of 
current investigation
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Summary I: Advantages of LMs in fusion devices as PFMs

• Very high steady, and transient heat exhaust: 50 MW/m2 exhausted from electron beam heating; 
also pulsed 60 MJ/m2 in 1 µsec [22]

• Tolerable erosion from a PFC perspective: self-healing surfaces 
• No dust generation
• Eroded chamber material from the main chamber transported to the divertor could be removed via 

liquid flow 
• Neutron/dpa tolerance; underlying substrate would still have neutron-induced modifications, 

however
• Substrates below LM are protected from plasma-material interactions
• Liquid lithium specifically offers access to low recycling, high confinement regimes in certain surface 

temperature ranges
• Other liquid-metals such as Sn-Li alloys, Sn and Ga-based alloys could prove promising but their 

properties and behavior it’s still not well understood
• Molten salts such as Flibe as a PFM could also provide alternatives, again more research is needed
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Summary II: Challenges to LMs as PFMs in fusion devices

• Reliably producing stable LM surfaces and flows
• Understanding and controlling the LM chemistry
• Understanding liquid metal surface stability and interaction with plasma under relevant fusion 

reactor conditions (e.g. high-duty cycle, high temperatures, safety constraints, etc...)
• Acceptable temperature windows for specific integrated scenarios: choice of substrate/coolant 

able to provide for LM surface temperature control
• Fuel retention, recycling in liquid metals
• Corrosion issues involving large quantities of LM interfacing with substrate/bulk components at 

high temperatures
• Wetting vs dry-out effects asymmetric over substrate materials
• Neutron damage of solid-based substrate materials
• Understanding application of LM to a divertor vs the first wall
• Managing large He exhaust and tritium inventories
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Questions?
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Extra Slides
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• Good agreement code/data

D.G. Whyte, J.N. Brooks and J.P. Allain

Li-DiMES and computational modeling at the sheath
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Evolution and lifetime of a lithium droplet (MP) moving in Li vapor
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Fig. 8 Spatial evolution and lifetime of a lithium droplet as it moves in
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He diffusion in liquid Li

• For temperatures around 300 C, He 
diffusion in Li is about 5 x 10-4 

cm2/sec

• This could be lower due to He cavity 
formation in liquid Li

• Atomistic simulation is a helpful tool 
to guide understanding on how 
liquid Li may pump He particles
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Multi-phase and hierarchical design of the plasma-material interface: multi-scale 
porous materials

• Properties are determined by:
–Bulk mechanical strength, resilience and heat transfer
–Surface response to plasma exposureSci. Technol. Adv. Mater. 18 (2017) 732  T. FUJITA

(a) (b) (c)

Heater

Water

Steam

Sun illumination

Pump up

Heat transfer

Capillary Action
Hydrophilic

Channel

Exhaust
& Low thermal

conductivity

Figure 7. Steam generation by a thin porous graphene sheet. (a) An optical image of the piece of porous N-doped graphene sheet. 
(b) A schematic description of the heat localization system, which converts sunlight into steam using a piece of porous N-doped 
graphene as the steam generator. Thin porous graphene plays a versatile role in harvesting solar illumination as thermal energy. 
(c) An optical image of the steam generation process, in which the scrap from panel (b) is placed under the concentrated solar 
illumination. (Adapted from Ref. [98]. © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

or
Dealloying

Dealloying

Re-dealloying
Au35Ag65

Figure 8. Three basic strategies (1–3) of the hierarchical pore fabrication via dealloying. The details of the corresponding procedures 
are explained in the main text.

T. Fujita, Sci. Technol. Adv. Mater. 18 (2017) 732

• Steam generation from a thin porous graphene sheet.  Steam plume is generated 
by harvesting thermal energy from sunlight exposure


