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Abstract
Tungsten (W) has been selected as the Plasma Facing Material (PFM) to
be used in the divertor region of ITER. Despite the advantages such as good
thermal properties, high melting point etc. Transient events, like edge localized
modes (ELMs) and disruptions, can induce irreversible degradation on this
solid material limiting its lifetime. Use of liquid lithium (Li) as PFM however,
offers unique advantages in terms of heat handling capabilities and plasma
performance improvement. Furthermore a liquid metal does not present a
permanent deformation and degradation compared to a solid material. For all
these reasons, lithium is considered as an alternative PFM for future fusion
devices.
In this work deuterium (D) retention (a substitute for Tritium) on LithiatedW has been studied, by the development of necessary samples using a high
purity cold rolled tungsten sheet at 250◦ C, Lithiated by evaporation of pure
Li (99.9%) at 500◦ C under Helium (He) flow, (corresponding to Li deposition
on W) or He plasma conditions (Li deposition + implantation on W) under
a pressure of ∼ 3 Pa for all instances, in a device constructed and designed
at CIEMAT, Madrid for serving this particular purpose. Then deuterium uptake in the Li-W surface for the differently lithiated samples were studied at
250◦ C (sample temperature), using mass spectrometry and optical emission
spectroscopy (OES) under D2 glow discharge plasma (plasma voltage 100-250
V, plasma current of 250 − 300 mA and total fluence of ∼1023 D/m2 ) without
altering the physical or chemical state of the exposed samples.
The lithiated samples were also subjected to sputtering using Argon (Ar)
plasma and then analyzed for the new surface conditions. Post-mortem Nuclear Reaction analysis (NRA) and Laser induced breakdown spectroscopy
(LIBS) are used to probe aspects related to retention in these PFMs with
depth profiles. The analysis indicates a higher D uptake for lithiated W surface
under He flow, compared to Lithiation under He plasma conditions (atomic
D/(Li+W) rates between 0.40-0.50) in addition to implanted Li differences
which correlate with particle balance calculations, depending on the chemical
state of the Li-W layer and treatment used.
Finally a mathematical model for implantation of W-PFM with Li and
separately D implanted on W is adapted. This is used for comparisons with
experimental values to fully aid the understanding of the underlying processes
involved in the enhanced pumping action established on lithiated-W which
could serve as the future reactor PFM and address Li-W interactions.
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Chapter 1
Introduction
Everything not forbidden by
physics is compulsory
Murray Gell-Mann
Particle Physicist

1.1

Energy Crisis: Climate Change & Fusion
Energy

Humans have flourished despite wars, famines, natural disasters and epidemics
given the significant advantages of evolution that have been passed down to
us over a hundred thousand years of Homo-Sapien development. Evolution, a
phenomenon filled to the brim with complexity driven by uncertain principles
of order occurring within assured disorder (claimed by the second law of thermodynamics: increase in entropy) has led to the development of the one of the
most multifaceted mysteries of all, the human brain. Human development, in
history of the Earth at this time, is at stake due to an unprecedented exponential growth of science, technology, research resulting subsequently to natural
resource exploitation and population explosion, leading to a questionable rationale behind the development model and human direction. With the increase
in all these parameters of development, encompassing all the very basic needs
of the human race, an enormous rise in demands of usable energy (electricity,
chemical, heat, light, sound etc) has inadvertently occurred. The BP Statistical Review of World Energy, 2015 [1], indicates the following trends as shown
in figure 1.1. It is clear that populations and gross domestic product (GDP)
are the most noteworthy drivers of growth in energy demand. Extrapolations
based on existing trends show by 2035, the world’s populations reaches 8.7 billion adding another 1.6 billion to the number of people with increasing energy
needs. Over this same period the GDP in terms of purchasing power parity
(PPP), is expected to double anticipated from heightened development in the
fields of computing and transportation. Meanwhile the shares of oil & coal as
5
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primary energy sources are predicted to fall, thus leading to a 30% void in the
energy production sector.

Figure 1.1: (a). Population, (b). Gross Domestic Product, (c). Energy source
shares in 2015 and projections to 2035 [1]

These projections clearly would put a severe strain on the existing energy technologies in providing a stable source of continued, non-intermittent,
on-demand power (a challenging problem faced by many renewables). Nonrenewable are infamous for the ways in which they continue to afflict climate
change, global warming (S.Arrhenius estimated that a doubling of CO2 concentration would lead to an increase of 4-6◦ C of the earth global temperature
back in 1900) and runaway polar melting (point of no-return recently surpassed
in 2014) leading to an increase in ocean levels. Though there have been several
different phases in history with variable temperatures (∆T > 5 K) and CO2
concentrations (> 1000 ppm), human evolution has happened over a considerably colder period [2]. The actual impact of energy consumption can be
understood from the modest Kaya Equation (named after Japanese professor
Yoichi Kaya) [3] in which CO2 is the main greenhouse gas of world emissions,
contributed primarily from human & industrial activity.
CO2 =

T OE
GDP
CO2
×
×
× P OP
T OE GDP
P OP

(1.1)

Here, T OE is the world energy consumption equivalent which means ton oil
equivalent, 1 T OE = 11600 kWH = 42 billion joules. “CO2 /T OE” is the
amount of CO2 that we must let go in the atmosphere to get a given amount
of energy. “T OE/GDP ” is the amount of energy we have to use to get a euro
of GDP. The ratio “GDP/P OP ” is frequently used, and can distinctively be
called “production per person” or creation of wealth. This equation then translated to its literal meaning gives the following:

1.1 Energy Crisis: Climate Change & Fusion Energy
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Figure 1.2: (a). Consumption of fuel and correlation with, (b). Greenhouse
carbon content by tonne oil equivalent of final energy, for various types of energies
[1] [3]

CO2 emissions = Carbon content of the energy * Energy intensity of the economy * Production per person * Population
From this equation it can be estimated that in order to achieve gross goals
of growth of GDP of country and decrease of CO2 emissions we should have
fossils fuels decreasing by 2.7% per year, while “carbonless energies” (renewable and nuclear altogether) should increase over 5% per year, to be multiplied
by almost 8 in 40 years. Additional information recently acquired for the G7
summit (8-June-2015) at Kruen in Germany, directly acted upon these projections, where the leaders of the world’s major industrial democracies have
resolved to wean their energy-hungry economies from carbon fuels. Under direction from Angela Merkel (the “Climate Chancellor”) they have pledged to
reduce global greenhouse gas emissions by 40-70% by 2050 and backed a global
target for limiting the rise in average global temperatures to 2◦ C. Resolutions
and global decisions would be finalized in the UN Climate change conference
summit by 200 nations in Paris in December 2015, but this step by the G-7
is vital to this direction. Thus, in a few decades we will see only renewables
as top contenders on the energy market. Actually that day is unavoidable
and indispensable in terms of the numbers of years humans have taken to
reach the current level of development. The elephant in the room has already
been addressed several times now, which gives us the impetus to contribute
towards the goal of seeing this day as soon as possible. Despite the enormous
availability of renewables that we see at this stage, a very prominent issue is
related to inconsistency in terms of delivered power and the temporal fluctuations of the same. This is of course understandable given that the climate
is also going to change further drastically by the time we can finally see the
coming of such non-fossil fuel dependent days, but undertakings such at the

8
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G-7 summit assist our goal. Though the change in global temperatures is expected to exceed 2◦ C, the consequences of changing environment and climate,
effectively alters the renewable resources development and implementation to
related world climate issues. These projected increases would be altered as
climate change becomes more apparent, understandable from the above description of the Kaya equation, meanwhile maintaining development level and
GDP. This is an unavoidable issue all countries irrespective of their development would need to face. Nevertheless this fact is not very surprising given
the previous knowledge of major energy shifts in history. Previous energy production techniques and distribution are already well developed and in use in
major networks under ownership of corporates which have invested a lot on
the infrastructure, any new technology would take at least 40-60 years to reach
the state of comparable implementation ability. The new technologies really
need to jump start and push through many decades of obstacles, which the
nuclear fusion industry is presently going through. It has formerly taken approximately 50 years to replace wood as the major energy source to coal during
the industrial revolution. Hence, the expected delay in the implementation of
renewables. If anything a chance to learn from the mistakes made previously
are surely tied towards greater percentages in renewable and nuclear energy.
Fusion with its challenges is not considered as a practical contender, but this
has to change by 2035. Nuclear Fusion is demonstrated as a functional principle every morning, when the sun shines. Energy from the fusion reactions
in the sun are captured and processed by various organisms that have evolved
under this energy source, for billions of years. The next section revolves around
how we can capture its potential in a controlled manner on Earth for advancing
sustainably in the future.

1.2

Magnetic Confinement Fusion

Nuclei are made up of protons and neutrons, the mass of a nucleus is always
less than the sum of the individual masses of these constituents due to the
nature of the strong nuclear force acting over a distance of the nucleon radius
(1.75 − 15 fm). The difference is a measure of the nuclear binding energy
which holds the nucleus together. The nuclear binding energy per nucleon
(proton and neutron) thus can be represented as a function of the mass number.
Figure 1.3 shows this relationship [4]. Masses of the nuclei are smaller by
∆ m compared to the individual constituents. Any fusion reaction employs
Einstein’s famous equation mass energy equivalence relation to convert
this mass defect into energy ∆ E = ∆ m c2 . For light nuclei (Mass number
A < 60) it is in the orders of MeV, hence a 6 orders of magnitude greater than
the energy released in chemical reactions of fossil fuels. Thus making it any
day, a better alternative. The binding energy curve in figure 1.3 also indicates
why fusion for light nuclei would release more binding energy per nucleon
fused than fission, which is considerably more probable for heavy nuclei above
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Figure 1.3: Nuclear binding energy ∆ E per nucleon as a function of mass number
‘A’ [5]

this range. Since the strong nuclear force acts over distances of the order of
the nuclear radius, above these ranges coulomb repulsion starts to dominate.
It is essential that light hydrogenic (or isotopes) atoms are stripped of their
electrons to enable the nucleus to collide with another such species of ion
straightforwardly. This is a binary collision occurring between the two ionic
species (they may be same or different isotopic species) and a plasma consists
of these entities and the stripped away electrons but maintaining overall global
neutrality.
In order to overcome the coulomb repulsion between the positively charged
particles (nuclei) so that the strong nuclear force of attraction becomes dominant, leading to the two nuclei coming together to form a new nuclear species,
sufficient kinetic energy in the ions motion of the order of several hundreds of
KeV is required to be gathered. Once brought together by providing external
energy, the probability that they come to fuse to form another nuclei is represented by the Ptun or the tunneling probability, this is often referred to as
the collision-cross section for a given nuclear reaction. The higher the cross
section, the higher the probability of the reaction taking place. eZ1 and eZ2 are
charges of the colliding nuclei and ν their relative velocity. Ecrit represents this
critical external energy that needs to be provided to the nuclei for overcoming
the repulsive forces and h is the Planck’s constant. [6]


Z1 Z2 e2
(1.2)
Ecrit ∝ Ptunnel ∝ exp
hν
From the figure 1.4 it is obvious that the higher probability of fusion reaction due to larger cross sections lies in the D + T → He4 + n + 17.6 MeV

10
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Figure 1.4: (a). D-T nuclear reaction, (b). Collision Cross Sections for D −T, D −
D, D − He3 , P − B 11 , P − Li6 as a function of particle energies [7]

reaction and is energetically also more favorable. This 17.6 MeV is divided
as inversely proportionally to the particles masses that carry away the energy
from the reaction. Thus a fusion reaction actually is a thermonuclear reaction.
Assuming that all this is occurring in vacuum so that the ions do not actually
collide with species that are not desirable nor thought of as possible candidates
in attaining fusion. Different confinement systems are able to ensure the fusion
reaction in various ways. Gravity is one such confinement type which is the
source of the kinetic pressure for ions to fuse with each other, on the stars such
as the Sun. On earth however we do not have this resource at our disposal
considering we do not know specifically know how to manipulate the force of
gravity, as it is not very well understood nor completely assimilated within the
scope of our current explanatory theories of which quantum mechanics and reductionism dominates (however if we were to understand this, it would give us
more possibilities for exploring fusion). The foremost conceivable system for
fusion on earth is magnetic confinement fusion. It is well known that charged
particles such as ions undergo a process of entrapment or motion along lines of
a magnetic field. This is described by the Lorentz force in which a charged
particle having a velocity along a given direction is in the presence of a magnetic field (‘lines of force’), undergoes a helical motion along the direction of
the magnetic field, also called gyro-motion (from the word gyrate). The radius
of this motion is called the Larmor Radius given in equation 1.3.
rL =

mv⊥
q|B|

(1.3)

Here m, q and v⊥ are the mass, charge and velocity components of the charged
particle perpendicular to the magnetic field vector B. For B of several Tesla
the Larmor radius of hydrogen isotopes with a temperature of 10 − 100 eV is
typically a few hundred of µm. This is an action of the magnetic force on a
charged particle due to the force of electromagnetism. Note that the action
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due to magnetic field is a cross product hence the revolution around the flux
lines. But the revolution has a center which drifts along an electric field. This
is due to the nature of action of the electric field on the charged particle itself. This component of the force causing revolutionary motion on the charged
particle, combines with the drift in it center leading to helical motion around
the fixed lines of flux as seen in figure 1.5 (a). Depending on the charge of
the species ions or electrons, the helical motion is in opposite directions. It is
obvious that neutral species need to be ionized in order to be confined by this
mechanism otherwise they will escape. In case of naturally occurring gases
they can be ionized by applying a very high voltage thus stripping the electrons from the atom’s nucleic force of attraction and freeing the atoms of their
electrons producing ions. So now in place of randomly moving neutrals, ions
are confined to magnetic lines of force. Assuming a general understanding of
magnetic confinement fusion (MCF) from the above generalization of magnetic
field trapping, we are commonly acquainted with two main devices tokamaks
and stellarators which are essential to this discussion and will be briefly explained in this section. Both the devices have certain attributes that make
them alike and then certain other features that completely differentiate them.
There are historical reasons as to why, of the two devices the one leading in research for achieving controlled fusion (and ignition) is the tokamak. There are
related reasons as to why stellarators are lacking in this direction but are now
quickly catching up. Tokamaks have had the lead for long and are also funded
with greater enthusiasm in general. It is important however to understand
the mechanism behind magnetic confinement fusion (MCF) and the specific
aspects within it that lead to the main difference between the two machines.

1.2.1

Tokamak ingenuity: The First MCF Attempt

It is required that the trapped ions do not escape our magnetic bottle containing the fields. The easiest way to avoid doing this is by converting the bottle
into a torus, in which the ends meet up. But this leads to the complication,
that the field lines are no longer straight. Due to this there is a drift vertically
across the field lines on the charged species called the ExB drift. This is true
for any magnetic fusion machine with a toroidal configuration. This would be
naturally followed by a charge separation due to the motion across the field
lines and hence neutrality would be destroyed and confinement would be lost
quickly. This is unfavorable for fusion, since charged particles need to be moving towards each other and not drifting apart across the field lines. The way to
resolve this is by an additional magnetic field in the poloidal direction. In the
case of a confined plasma in a vacuum sealed container, the toroidal field as we
saw could be provided simply by loops of currents running around the poloidal
cross section throughout the torus. It was the Russians, Igor Tamm and Andrei Sakharov in about 1950 [9] who realized that the additional poloidal field
which could solve the problem of drift and charge separation, could be generated by the plasma itself. This could be done by inducing a plasma current
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Figure 1.5: (a). Drift of charged particles in a magnetic field, (b). Obtaining the
rotational transform for tokamaks [8]

in it, (the plasma itself being a good conductor) by means of a transformer at
the center of the tokamak. At that point in time with geometrical symmetry
a compulsion, this was a resourceful solution. The combination of the poloidal
and toroidal fields leads to a net field which is called the rotational transform; as seen in figure 1.5 (b). this makes the charged species gyrate from the
top of the toroid to the bottom and back towards the top, hence preventing a
complete vertical charge separation. Another significant aspect to this is that
the field lines should always close on themselves. The number of times they
need to go around the torus in order to do that is called the toroidal number
m. The number of times they revolve around the radius of the torus before
closing in on themselves is the poloidal number n. The ratio of m/n gives the
safety factor. It determines the stability of the plasma as the plasmas that
rotate in the toroid poloidally with an equal number of times as toroidally are
less susceptible to instabilities. The nested field lines going around the torus
in closed loops form a surface through the torus and it is essential that the
field lines lie on this surface; this is called the flux surface. Along a given flux
surface with constraints of geometric symmetry it can be estimated that the
properties of the plasma such as its temperature, density etc. remain the same
approximately. The flux surface practically guarantees perfect motion of the
charges species along the flux surface and hence giving supplementary control
to its movement. This is crucial for confinement. However not all plasmas
are collision-less (disturbing the existing orbits of the nuclei), this brings in
additional complications that need to resolved.

1.2 Magnetic Confinement Fusion
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Inescapable Faults: Toroidal Plasma Current

For tokamaks the toroidal field coils (TFC) produce the toroidal field. Each
new TFC added, leads to escalations in expenses and weight / complexity.
Though a minimum number of them are required to generate the toroidal field
and reduce the ripple (fringing of field lines) due to the spacing between the
coils. It has been found that transport of the impurities in the plasma is
larger for higher ripple, hence it is advantageous to reduce ripple [10], with
more number of TFCs. However the space occupied for diagnostics that get
the plasma properties, without which it is akin to running a machine in the
dark, is reduced. The case of increasing costs of construction then becomes a
very tangible reason in a real world scenario. It has been found that certain
configurations (not perfectly circular) but ‘D’ shaped plasmas are optimum for
tokamak operation and control [11]. This puts additional constraints on the
geometry of the devices and the space available at the centre for diagnostics and
repair of the main transformer primary in case of a failure. The soviets from
their ingenuity as we saw before, decided to use to the plasma itself in order to
generate the poloidal field to obtain the total rotational transform. They did
this by inducing the current in the plasma, using a winding along the center of
the torus which ran a current in the primary winding. Depending upon how
much current is run through the plasma. The resulting rotational transform
would be tweaked. However the various instabilities in plasmas were the lesser
known evils in those times. Hence, there is imperfect control since plasmas
under different conditions can behave in different ways. The case of sudden
loss in all confinement due to these instability such as ‘kink modes’, ‘saw teeth’
and ‘resistive’ ,‘neo classical tearing’ modes, limits performance in the plasma
leading to a complete loss of stored energy in the plasma [12]. These can cause
severe damages to plasma facing components present on the inner sides of the
tokamak leading to permanent damage. It is in principle possible to develop
disruption mitigation techniques which follow a method of current tailoring
thereby affecting the rotational transform profile. Magnetohydrodynamic
(MHD) stability is low in these cases nevertheless. The density in tokamaks is
also limited by a certain greenwald density limit because of destabilization
of magnetic islands by radiation losses [13] . The plasma current is proportional
to the time rate of change of the solenoid current transformer primary. This
leads to a shot like operation in which the current is increased from a negative
value to a large positive value. Of course running several tokamaks in a shot
like operation could be a solution but these further increases costs and is
highly impractical. The mechanical and thermal stresses generated on the
structural component due to this shot like operation could also be a real cause
for structural failure. All the while, this requires higher investments in damage
resistant steels and superior components manufacturing technology to reinforce
their strengths. For the small times scales of operation and to provide feedback
for current tailoring is an engineering challenge that has yet to be met or put
into operation. For these purposes, additional coils are required around the
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tokamak further increasing the already rising costs of the engineering excellent
plasma facing components, diagnostics and coils. It seems to be the case of
additional complexities in the face of existing problems, thus a revamp in the
whole idea was required to face the adding complexities.

1.2.3

Stellarators: Modifying the Rotational Transform

Figure 1.6: (a). LHD Flux Surface geometry in the vicinity of the magnetic axis
(the transform is generated by the poloidal rotation as one moves around the torus
and right the flux surfaces, (b). Magnetic Flux surface and coil construction in the
W7-X, Greifswald, IPP [14]

The primary difference between the stellarators and tokamaks can be understood within the domain of how the rotational transform is created for both
machines. Stellarators have a design, in which there is no dependence on the
plasma for the rotational transform, and it is not necessary to induce a plasma
current for the generation of the rotational transform, this makes them a serious candidate for a fusion machine besides the existing tokamak (lacking this
feature) since continued operation becomes a possibilty. The Insight for the
development has been granted to Lyman Spitzer of Princeton Plasma physics
lab, he individually came up with concept of a stellarators [15]. Further Spitzer
and Mercier proved mathematically that there are three ways of producing a
rotational transform of a toroidal magnetic field. They expanded Maxwell’s
equations in the presences of a magnetic field; here the average number of
poloidal turns of a field line in one toroidal revolution can be expressed as an
integral along the length l once around the magnetic axis.

Z L
1
µ0 J
dl
l
0
ι= =
− (coshη − 1)d − τ )
−N
(1.4)
q
2π 0 2B0
coshη
Here J is the current density on the magnetic axis, N is the integer of
topological origin eη = r2 /r1 the elongation of flux surface, d(l) the tilting
angle with respect to the curvature vector κ = db/dl where b = B/B is the
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unit vector along the magnetic field B and τ (l) = (dκ/dl) × (b × κ)/κ2 denotes
the torsion shown in the figure 1.6 (a). There are three main ways of twisting
the magnetic field resulting from this analysis. [14]
1. Driving the toroidal current, this allows the machine to be axisymmetric
making it easier build but like seen before it is non-steady state, (already
in existing tokamaks).
2. Elongating the flux surfaces and constructing them such as the LHD
device in Japan.
3. Making the magnetic axis non planar, so that τ 6= 0 hence flux surfaces
are not guaranteed and they need to be generated by finely engineered
coils down to the mm. Making it non-axisymmetric in many cases such
as the TJ-II at Madrid, Spain.
The entire rotational transform is generated by specifically designed and constructed coils, conductors of the toroidal machine, thus giving something close
to complete control on the motion of charged particles in the flux surfaces
and the rotational transform itself. It is a better idea to use the latter in
place of the former in light of the various different phenomena that have been
discovered in recent times that makes the operation of tokamaks much more
complicated than stellarators as steady state machines. Stellarators could easily avoid all problems simply by specifying the entire rotational transform on
its own magnetic coil configuration. The realization that many of the problems tokamaks face can simply be overcome, not by tending to techniques to
reduce or address those inherent problems but rather by making complex coils
geometries, is the key towards a future reactor. The analysis was of course
numerical to be more precise and hence it took larger time for the concept to
be accepted in the MCF community as a viable solution to the above problems
thus the deferral in stellarator technology advancements. The Russians again
experimentally determined, by using helically twisted coils around a toroidal
chamber and additional poloidal coils that it was indeed possible to run a
continuous discharge without the necessity for a plasma current. Without the
need for the plasma current, activities could now be focused entirely on the
plasma shaping and heating, which if sustained well would lead to the steady
state operation machines envisioned for reactor scales. Instabilities such as
‘kink modes’, ‘saw teeth’ and ‘resistive’, ‘neo-classical tearing modes’, are absent making it disruption free. The toroidal current is however not completely
eliminated; stellarators have a bootstrap current (in low collision mode) and
Pfirsch-Schluter currents parallel to the magnetic field since the perpendicular current is not divergence free. However the magnitude of this current is
substantially smaller than compared to tokamaks. It is possible to contain
neo-classical tearing modes that may arrive from such currents. Stellarators
unlike tokamaks do not experience the plasma terminating disruptions, [14].
In stellarators the plasma density is also not limited by greenwald density [16]
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but rather by how radiation is lost form the plasma core. This hence depends
on the concentration and the loss of impurities. They can operate at higher
densities compared to tokamaks due to this fact. The primary problems of
disruptions is completely eliminated, however due to the lack of toroidal symmetry additional problems arrive such as the ‘ripple’ transport. Numerical
calculations can make sure the flux lines are closed however; transport losses
such as this contribute to a decrease in confinement. The problems in ripple
transport were overcome by a physicist named Allen Boozer. [10] The challenge in stellarator development is to design the outer flux surface (OFS).
At the Max-Planck Institute for Plasma Physics it was understood that the
last outer flux surface could be enclosed by an overall twisted toroidal surface. This outer twisted toroidal surface could be generated using specifically
twisted or fringed conductor coils placed next to each other giving rise to the
overall stellarator field configuration. A remarkable example of this is W7-X
at IPP Greifswald, one of the largest stellarators of its type which uses superconducting coils to generate a very high magnetic field. The accuracy in
engineering of the coils however it of principal importance due to the necessity of the perfect last closed flux surface (as the rotational depends on this
absolutely and wholly). However the design also has some additional advantages since the coils are individually constructed, any problems in one of the
coils could be easily resolved by removing this and replacing it immediately to
resume activities on the machine. The higher aspect ratio, of the stellarators
also provides for greater space in the inner circle of the High B field side. Thus
increasing access and allowing placement of diagnostics and heating devices for
the plasma in this space. The number of configurations thus for a stellarators
are numerous considering the machine can be tweaked in design for improving
and optimizing the aspect ratio, cross sectional shape, current or magnetic
field strength. The method chosen by the VMEC code can resolve this issue
[17], this code makes guarantees on the presence of the nested flux surfaces.
It is a crucial aspect in stellarators that alpha particle pressure Pα ∼ τs ∼
3/4
Te /ne is proportional to slowing down time, this is smaller than compared
to tokamaks, credited to the ability of the stellarator to operate above the
greenwald limits. We are also aware that in fusion power Pf us ∼ n2e Ti2 , the
−5/2
alpha particle pressure scales as pα ∼ ne ,therefore increasing the density
brings down the alpha particle pressure which is great to reduce the losses
due to impurity transport and radiation. The advantages are very clear making it a steady state, high density, disruption free continuous machine but
with complex geometry. However the existence of unconfined particle orbits
such as those for alpha particles can lead to high neoclassical transport of
the thermal particle species. The effective diffusivity scales as the following
3/2
De ∼ eef f T e7/2 /ne B 2 R2
Here eef f is the quantity that symbolizes confinement quality, vd is the
drift velocity , Te is the electron temperature and R is the major radius of
the device. Due to higher Te scaling, neoclassical losses are higher at high
electron temperatures. The transport regions on the outer edge are attributed
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Figure 1.7: Collisionality Regimes for tokamaks and stellarators [14]

to turbulence losses. The so-called ‘mono-energetic’ diffusion coefficient versus
collisionality, ν ∗ = νR/ιv, where ν is the mono-energetic pitch-angle-scattering
frequency, R is the major radius and v is the speed of the particles. Stellarators
as we have seen have neoclassical transport due to fiction between the bulk
ions and impurities, this is high due to the 1/ν ∗ regime, therefore transport
of particles dominates almost the entire plasma volume. The magnitude of
this transport can be reduced significantly by making the field approximately
quasi-isodynamic, so that the thermodiffusion and the radial electric field is
small.

1.2.4

Ignition: Reaching self sufficiency

A system in which the energy produced in D-T reactions compensates and
provides an excess of the energy required for bringing the particles together is
crucial to reach ignition. The neutrons released from the reaction are used to
generate heat and further breed tritium (currently only gathered from CANDU
fission reactors), their supply otherwise remains a scarce on earth. The ignition
criterion [18] can be derived from a simple energy balance in a fusion reactor.
nτE T =

12kT 2
hσυi Eα (1 + 5/Q)

(1.5)

Here n is the density of colliding particles, τE is the energy confinement time
that is the quality to the total energy insider the reactor volume (∝ T ) divided
by the total power losses from the reactor volume, T is the temperature of the
colliding particles in the reactor which are assumed to be maxwellian, hσυi
[m3 s−1 ] is the mean of the product of the reaction cross-section and the relative
velocity of the colliding particle and Q is the ratio of the power release by the
fusion reactions the external heating power. Ignition is this reached when
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Figure 1.8: Fusion triple product against operation (pulse) duration for various
magnetic fusion devices [6]

Q = ∞, when nτE T ∼
= 3 × 1021 m−3 skeV at T ∼
= 10 keV, However the fusion
reactor can operate economically at finite Q > 1. This approach for the triple
product or the ignition criterion is obtained for different experimental reactors
in the figure 1.8 and plotted as a function of pulse operation time.

1.2.5

Future Reactors: Steady State Machines

These efforts are culminating towards the global effort on the International
Thermonuclear Experimental Reactor (ITER) which is essentially a tokamak
with a configuration and design based on the specifications given in table 1.1.
ITER is to be operated in H-mode “High Confinement” mode. This mode
was observed during an experiment in 1982 by Prof. Fritz Wagner when a
sudden change was observed in the behavior of the plasma as the heating
was steadily increased. Losses abruptly dropped and the turbulence at the
edge plasma almost disappeared. The transition from a low confinement to
an H-mode is the most relevant single advancement in the history of fusion
reactors since then. The mechanism of the H-mode include the appearance of
a ‘edge transport barrier’ however also leading to an increase in the pedestal
pressure and steeper particle transport gradients which in the end lead to
the production of quasi-periodic type instabilities called edge localized modes
(ELMs). They maybe of several types depending on their origin, duration and
energies (similar to solar flaring there are abrupt moments of intense energy
bursts followed by periods of stability). Each ELM leads to sudden steep
jolt in the temperature faced by plasma facing reactor materials which cause
significant damage. However ITER would be equipped with additional coils
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Figure 1.9: International Thermonuclear Experimental Reactor parts 1.Vacuum
Vessel, 2.Heating, 3.Magnets, 4.Blanket, 5.Divertor, 6.Diagnostics, 7.Cryostat [19]

to control these ELMs. Hence we have seen that tokamaks with its inherent
problems may be able to achieve ignition with the ITER, but may not be
able to sustain this for longer periods due to pulsed operation. DEMO is
the future fusion demonstration reactor for practical electricity generation,
this will have features from ITER but will be flexible to accommodate results
from Stellarators like W7-X and future devices, as this is crucial for the long
term goals of achieving steady state working conditions. Though difficult to
construct and build, stellarators will be engineered with better facilities to
account for the preciseness required. The flexibility that it provides allows
for the development of various configurations depending on the conditions for
operation. The performance is limited only by neoclassical transport but this
also possibly remedied by field optimized stellarators for operation at high
densities. H-mode plasmas have also been demonstrated for Stellarators like
W7-AS with edge localized modes and may bring new concepts to the table for
DEMO. Although the projected performance of W7-X is an order of magnitude
lower than that of ITER, results would be available sooner and would go a
long way to give further understanding of the machines capabilities towards
contributing for the DEMO.
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Parameter

Attributes
500 MW (700 MW)∗

Fusion power

≥ 10 (for 400 s inductively driven burn)

Fusion power gain (Q)
Plasma major radius (R)

6.2 m

Plasma minor radius (a)

2m
15 MA (17 MA)∗

Plasma current (Ip )
Toroidal Field at 6.2 m radius

5.3 T

Installed auxiliary heating

73 MW

Plasma volume

830 m3

Table 1.1: Values for characteristic plasma parameters for ITER. ∗ Increase possible with limitation on burn duration [20]

1.3

Main issues facing ITER like MCF machines

There are several issues being researched in the fusion community with ever
increasing enthusiasm due to the repercussion involved in their effects on a
machine in the scale of ITER. Here a brief description of the main challenges
facing such a machine will be discussed. These have been noted in brief from
a discussion at a summer school at IPP, Garching given by R.Pitts to get a
general perspective of the primary problems. ITER would demonstrate the
feasibility of fusion for energy development and generation purposes, therefore
to design and operate a machine at an operational scale that satisfies this goal
an amplification factor (Q ≥ 10) is a challenging problem, here Q is the fusion
performance in a long pulse operation, given by the following equation.
Q=

F usion P ower
Input P ower

(1.6)

The input power to this machine would be around 50 MW for which the output form this equation is expected to be 400 − 500 MW . The secondary aim
is to achieve a steady-state like operation in ELMy- H mode as discussed in
the previous section. The main idea is as simple as confining a D-T plasma
previously discussed in the section 1.2, in which alpha - particle heating is
sufficient enough to sustain the ‘burn’ and this form of heating dominates all
other external sources of heating, neutrons released would be used for tritium
breeding since the world stock of tritium is around 30 Kgs at the current estimates. The costs of such a machine are at an estimated 15 billion euros
and would take upto the year 2020 for the development and infrastructure
phase to be completed. This would also include later, 20 years of operation
post construction after initiation. Being a project that combines expertise and
components from many different nationalities it becomes an organizational,
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international and management issue at the uppermost scales. Quality assurance becomes an issue since materials from different nations are many times
used in tandem, for the same purposes. Being a multi-national experiment it
also is a testing platform for many contending fusion technologies, components
and their relevance to the long term fusion project as a first step towards a
larger, more capable DEMO reactor. DEMO would be constructed after ITER
to demonstrate, create and sustain a fusion reaction for sufficiently long time
scales fulfilling extraction of usable energy and electricity generation as the
primary purpose. The main challenges being faced by an experimental project
such as ITER can be summarized here:
1. The problem of plasma facing components (PFCs) erosion and damage
from neutrals, ions and fast moving particles. ITER operation might
exceed technological limits of actively cooled PFCs, most damage is expected from intense bombing of hot neutrons.
2. The issues facing tritium breeding, and the tritium fuel cycle is a major
challenge for all D-T fusion devices. ITER will test to resolve these issues
- 6 different modules from different perspectives have been proposed as
probable solutions, all would be tested.
3. To repair and replace complex components is nuclear environment under damage from edge localized modes is significant challenge. Remote
handling using state-of-the art systems for blanket and divertors are necessary.
4. Plasma control and plasma shaping due to various instabilities such as
ELMs in the plasma, real time systems for controlling and shaping the
plasma is essential since instabilities can drive huge disruptions.
Few other problems worth mentioning are the engineering problems involved
for production, procurement and installations of 80,000 Kms of superconducting cables (N b3 SN ) that is required to wire up 18 TFC magnets. In comparison
the Large Hadron Collider, ‘LHC’ at CERN has only 7600 Kms of superconductors. Due to the mode of pulsed operation, it is feared that fatigue may
degrade the magnet structure over time. Hence they need to be pressurized to
be used with pressures upto 6,000 tonnes using rings of glass fibres. The divertor of the ITER where a significant proportion of the fusion energy and also
the helium ash is exhausted would face large particle fluxes and thus operate
at engineering limits. Hence, it needs to be well designed and equipped with
the most resilient plasma facing materials. Tungsten is the chosen material for
this purpose in ITER. It has a high melting point, high thermal conductivity
and low sputtering yield. Ultra high vacuum is also required to be maintained
to avoid impurities from disrupting the plasma. This is also a challenge since
for a vessel of 830 m3 plasma volume containing many different components
welded together, any contaminants trapped in these components would constantly leak into the chamber and alter the vacuum. Of these issues the focus
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in this thesis is on erosion and damage of PFCs during plasma operation, especially connected with the divertor region. Hence the next sections discusses
some of the main complications in detail along with their potential candidates
for resolving them.

1.4

Plasma Facing Components: Requirements
& Challenges

Plasma facing components are the first line of defense from the hot plasma and
also the neutrals that emerge from them. They include the first wall, which
undergoes maximum interaction to the plasma second only to the divertor.
The divertor is the region of the tokamak where all the heat from the plasma
is extinguished and particles after losing their collision energy, are quenched.
Heat removal and particle exhaust is predominantly the role of the divertor.
Tritium breeding blanket modules are also plasma facing components however
there are designs to integrate them with the first wall. Since these interaction
are really strong, it becomes vital to determine the materials that would be
resistant and survive the longest under such conditions. As a consequence
it also becomes necessary to study the interactions that lead to resolution
of these problems and to study how certain materials have improved performances when compared with materials not well suited for fusion. The main
assessment criteria for qualifying components are the lifetimes of the materials, (the longer it lasts under energetic plasma exposure the more resilient the
components remain) formation of sputtered and eroded debris. Radioactivity
that affects the PFCs eventually also becomes a concern after long runtimes,
especially in large experimental devices. Under reactor operation the immediate consequences are on energy and particle exhaust on PFCs. Power leaving
the reactor must be converted into a usable form of heat from the PFC materials. Power carried by neutrons will be converted to heat in the blanket wall
and would also breed tritium. Hot neutrons from the plasma also cause modification of micro-structure and degradation of mechanical stability. Finally
after the alpha particles that have been quenched of their energy having been
used beforehand to heat the plasma, they must be removed, this (helium ash)
can choke the plasma burn if not removed. Transport of this helium ash can
also be studied using various diagnostics and is an important line of research
for future devices.

1.4.1

Plasma Limiters & Divertors: Function & types

In this above presented scenario it is quite obvious that direct contact of the
plasma with the wall would be detrimental to operation. Hence the edge of
the plasma must be controlled. The last closed flux surface (LCFS) forms the
magnetic surface immediately beyond the first wall. It is important to maintain
this boundary. The particles that in one way or another end up escaping the
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plasma would collide with the first wall causing sputtering, damage to first wall
components and causing impurities into falling back into the main plasma. The
wall could also retain hydrogen isotopes which may or may not come back into
the plasma (depending on recycling) leading to an indeterminate situation on
concentration of fuel in the main plasma. It is important that this should be
avoided as any impurities decreases the temperature by radiation from high Z
(atomic number) elements known as ‘line radiation’. A divertor is an essential
region, detrimental to the proper operation of a magnetic confinement device
through which escaping ions and ‘ash’ are removed using auxiliary magnetic
coils. The boundary between the confined plasma and the divertor is called
separatrix. The challenge with the plasma wall interaction is the particles
that escape the plasma can cover a wide range of energies and fluxes, thus
there can be no identical engineering and plasma physics boundary conditions
for analysis with computer codes. This leads to an uncertain situation with
respect to impurity production, formation of hydrogen wall inventories and
the related recycling processes. Particles bombarding the divertor or wall
would undergo many basic processes, electron hitting the wall would produce
secondary electrons which are remitted back. Ions hitting the wall would be
converted to neutrals and a part of the incident ions would be re-implanted in
the wall, released at some other time during operation affecting the inventory.
Charge exchange processes also take place, after these neutral are released
back into the plasma, they then escape the plasma and cause re-sputtering of
PFCs. The different processes that dominate plasma wall interactions and their
respective effects relevant to the PFC damage are described here in table 1.2
with as much details as possible. The equation for particle reflection coefficient
Rn and energy reflection coefficient RE relevant to the table 1.2 are given
below and they can be determined by computer simulations where the particle
trajectory and the energy transfer in the scattering process can be calculated
using binary collision models.
number of ref lected particles
number of incident particles
energy of ref lected particles
RE =
energy of incident particles

Rn =

(1.7)

The diffusion of neutral hydrogen affecting the inventory is described below by
a transport equation for the concentration of c(x) of free atoms in a depth of
x.
δ2c
δcT
δc
=D∗ 2 +Q−
(1.8)
δt
δx
δt
Here Q is the source of implanted hydrogen atoms and cT is the concentration
of trapped atoms. The maximum concentration of atoms is found at a depth
approximately equal to the mean ion range Rp . From here the atoms diffuse
back to the surface as well as deeper into the bulk material. D is the diffusion
constant. [21] The sputtering yield Y is given by the equation given below and
can be used to determine the number of atoms ejected for a given incident ion
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of fixed energy. For different targets on bombardment with D yield varying
values of Y .
Y =

average number of sputtered particles
incident ions

Effects

(1.9)

PWI type

Sources

Precedence

Reflection

Low energy ions & Collisions with nuclei, Particle reflecneutrals back scat- surface potential mod- tion coefficient
tering
ification
‘RE ’

Implantation, Energetic electrons, Recombination with Transport equaatoms,
diffusion tion includes difdiffusion & ions neutrals
through material
fusion, trapping
re-emission
& Implantation
Sputtering

Ion and neutral atom Removal
of
PFC Sputtering yield
collision cascade
atoms by energetic ‘Y’
collisions

Chemical
erosion

Hydrogen plasmas, Volatile compounds 500 − 60◦ C
high energy particle with target material
bombardment

Sublimation Evaporation of fluid Surface diffusion & 800 − 2000◦ C
further sublimate pro& evapora- materials
duction, carbon protion
duction
Desorption

Arcing
melting

Water,
cleaning Additional source of Possible to reagents & manu- plasma impurities
move using glow
facturing
process
discharge
residues

& Molten droplets of Sudden cooling of Only when metmetals, field emission droplets in plasma als are used as
causing breakdown of wall materials
discharge

Table 1.2: Processes dominating plasma-wall interactions & their effects on the
PFC

1.4.2

The Scrape Off Layer

In continuation with the edge plasma and its effects, the region of the plasma
beyond the separatrix is called the scrape off layer. This region is of great
interest since all the main interactions of plasma with the wall lie in this region.
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Figure 1.10: (a). Unwrapped view of the limiter (scrape off layer) in a magnetically confined plasma, (b). Schematic of the divertor of tokamak [21]

The LCFS can be confined with either a limiter configuration or a divertor
configuration as described in figure 1.10. Outside the LCFS the field lines
collide with a limiter or the wall components. The particles thus produced
and the power transferred to these regions can be estimated using a simple
model. With the plasma density and temperature as a function of minor
radius described approximately by an exponential decay. A purely diffusive
model along with transport in perpendicular direction can be used to calculate
decay length (λn ) as a function of perpendicular diffusion coefficients (D⊥ )
and ion sound velocity (cs ). The rate N⊥ of particles per unit poloidal length
W diffusing across the separatrix into the SOL should be equal to the rate
2Nk particle per unit poloidal length streaming along the magnetic field lines
towards the limiter plates.
D⊥ n(a)
= ΓLc W and
λn Lc W
Nk = n(a)Cs λn W = Γλn W

N⊥ =

(1.10)

Here 2Lc is the connection length as given in image 1.10(a). and the ion sound
velocity (Cs ) can be defined as,

1/2
Te + Ti
Cs =
(1.11)
mi
Here Te and Ti are electron and ion temperatures respectively and mi is mass
of the ions. Solving these two sets of equations, it is possible to determine an
exponential decrease of n with a decay length of λn = (Dk Lc /Cs )1/2 . Inserting
typical parameters, a decay length in the range 1 − 5 cm is obtained. In case
of a machine like ITER the α - power heating would be in the range of ' 200
MW considering a radius of ' 6 m the heat flux obtained is ' 100 MW/m2 ,
this value is far greater than the engineering limits of any material known or
fabricated so far for fusion purposes [21]. In divertors infrared themrography
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can be utilized to determine the power flux density loading with high time
resolution. In divertors the exponential function specified by SOL fall off
length at the outer midplane λq represents the processes in the SOL [22]. In
this case the positive aspect of impurities arising from the above sources must
also be considered: under certain conditions and high densities, impurities are
confined to divertor region of tokamaks. The line radiation from these light
impurities can be used to spread the power flux over larger areas of the vessel
thus changing the power load onto the divertors. In this way by covering the
divertor with an impurity on purpose (called a radiative divertor) is helpful to
the system. The requirement thus is heavily reliant on the fact that energy can
be eliminated from the system in other ways like radiation from impurities (or
pre-divertors) and charge exchange processes. This kind of radiative cooling
is achieved by impurity seeding of different impurities such as (argon, neon,
etc.) However N2 has been considered as the most likely candidate [23]. But a
number of problems associated with N2 such as ammonia formation have also
to be addressed.

1.5

Liquid Metals & Lithium for Fusion

In the light of the fact that solid PFCs have low erosion lifetime and heat-flux
handling as described in the last section, it is a well-known fact that liquid
metals can out-perform the solid PFC approach[24]. The suitability of tungsten(W) is far from certain in magnetic confinement devices. The problems of
wall erosion and re-deposition of wall and divertor materials is an issue that
may not be solved with such solid PFCs. The problem however remains that
irrespective of the choice of the solid PFCs, sputter erosion, transport effects,
permanent damage and T retention in the bulk, are going to weaken them,
liquid metal PFCs have high potential to resolve each of these issues. Local
melting of components due to excessive heat loads have been reported in many
machines such as Alcator C-MOD [25] and Textor [26]. The melting of W tile
in the divertor region indicate that these damaging events can affect the reliable operation when the plasma is in contact with the tiles. Transients and
disruptions cause irreparable damage to PFCs in such devices. Hence ELMs
and their type, frequency become major concerns for proper operations. As
already discussed in the earlier section sputtering causes severe damage and
must be controlled at all costs. Since most of the power loading occurs in the
divertor region, research is focused on divertor technology with recent papers
clarifying that upto ≈ 1000 of kgs of materials could be eroded and circulated
in a power reactor [27]. Many derivatives of divertors such as the snow flake
divertor and the Super- X point configurations try to address these problems
[28]. However the uncertainties during operation, ion bombardment [29] are
likely to underestimate the true erosion, re-shaping and re-distribution of PFC
material. With such many uncertainties (even with tungsten), applicable to all
PFCs it is essential that research along the lines of liquid metal divertor as an
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alternative are necessary. The advantages presented by a liquid metal PFC are
many compared to a solid PFCs (such as tungsten). The most important is the
regeneration and renewal of the PFC surface that can be made continuous, as a
part of the implementation of a liquid metal system. In tokamak experiments
they have been shown to be viable options [30] thus making them promising
candidates for reactors. Liquid metal divertors are resistant towards dust formation (due to W erosion in solid PFCs), Helium (He) accumulation, blister
formation and bursting of He bubbles. In solid PFCs these produce structural
changes such as fuzzy W for He irradiated surface. However power levels of
high magnitude have been shown to be sustained by Liquid Metal (LM)-PFCs
[31]. Neutron damage to PFCs open up other Pandora’s box of issues for heat
load handling and large amounts of efforts are being spent on tackling such issues for solid PFCs for an economically viable reactor. In LM-PFC the surface
can be renewed after each exposure to plasma in continuous systems, hence
surface damage on long term scales in negligible. Recrystallization and redeposition in this situation does not take place. Only the substrate retains the
high neutron dosage but still remains indirectly in contact with the plasma.
Development of a flowing liquid metal system requires only a D-D plasma, and
testing operation in laboratory experiments can continue for further proof of
principle. Possibilities of extraction of tritium from flowing systems remains
an advantage with recycling of liquid metals as possibility in a low resource
constrained enviro ent. Therefore recollection of evaporated and embedded
materials removed from the reactor by sputtering is a possibility, this kind
of impurity filtration can be carried out in tandem with hydrogen inventory
recollection. All these make LM-PFCs and Divertors an exciting possibility
to resolve current issues plaguing solid PFCs and one step solution that solids
face. The table 1.3 gives a list of the most relevant liquid metals for fusion
applications and their relevant properties. In order to tackle one of the primary challenges in fusion, lithium (Li) has been found to be very effective. Li
is the lightest alkali metal with a mass number of ∼ 7 and a density of ∼ 0.53
g/cm3 and exists as a solid at room temperature. It has a low melting point of
180.54◦ C. And a workable upper temperature of ∼ 650◦ C (as observed in the
FTU). It is chemically compatible with reduced activation ferritic-martensitic
(RAFM) steel over the whole temperature range. Being a highly reactive alkali metal it also reacts readily with hydrogen including its isotopes deuterium
and tritium, carbon and oxygen, hence being able to provide strong pumping,
low recycling and forming stable compound with them. All these properties
make it an attractive competitor as a plasma facing component. In previous
experiments application of small amounts of lithium have led to drastic improvements in the device operation, reductions in recycling, operations at H
mode, and increase in fusion power output. The improvements in confinement have been confirmed in devices like EAST (China), NTSX (USA), TJ-II
(Spain), RFX (Italy). Applications of around ∼ 20 mg of Li coating on the
PFCs resulted in increment of fusion power output by a factor of two due to
reduced recycling. With reduction in recycling the edge plasma density de-
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Properties

Symbol(units)

Lithium

Tin

Gallium

Atomic number

Z

3

50

31

Atomic weight

A (amu)

6.94

118.7

69.72

Mass density

ρ (103 Kg/m3 )

0.57

6.99

6.095

Melting point

Tm (◦ C)

180.5

231.9

29.8

Boiling point

Tb (◦ C)

1347

2270

2403

σ (mN/m) at Tm

0.4

0.55

0.69

η (Pa.s) at Tm

0.25

1.85

0.95

∆Hvap (kJ/mol)

147

296

256.1

Thermal conductivity

κ at Tm (W/m.K)

45

30

50.9

Molar Heat Capacity

Cmol (J/mol.K)

24.86

27.11

25.86

Surface tension
Dynamic viscosity
Latent Heat of vaporization

Table 1.3: Values for characteristic qualitative parameters for different liquid metals [32]

creases, the electron temperature rises. This leads to a significant lowering of
edge plasma collisionality.
There are no adverse effects that have been noticed from the introduction
of lithium in a machine. Due to its low ‘Z’ it is ionized at ∼ 6 eV with a full
ionization at Z = 3 at 120 eV . Hence it does not radiate in the hot plasma core.
The total amount of core contamination also remains below 1% . Due to its low
melting point it would be present in a liquid state in a reactor environment.
With increase in temperature the partial pressure of lithium also increase as
shown in the figure 1.11. [34] As Li evaporates it becomes quickly ionized
which cools the divertor due to radiation losses. This cooling is observed in
several experiments such as described in [35] however the Li does not cause
radiative loss effects in the core plasma hence is retained at the edges and
divertors. The radiative losses can be as high as 1.2 keV per injected lithium
ion, which pertains to about 100 KJ per mole of lithium atoms [34]. Thus for
the divertor temperature range 30 − 300 eV the power level of non-equilibrium
lithium can exceed the coronal limit. This makes lithium ideal for operation as
a PFC. The devices which have detected significant benefits of lithium coating
to their respective PFCs include CDX-U / LTX (USA) [36], CPD (Japan)[36],
HT-7 (China)[37], EAST (China) [38] (both superconducting), FTU (Italy)
[39], NSTX (USA) [30], T-10 and T-11M (Russia)[36], and TJ-II (Spain) [40].
Out of this TJ-II is stellarator type with disruption free operation. The rest are
tokamak devices with CDX-U / LTX , CPD and NSTX spherical configuration
of low aspect ratio. NSTX and EAST also are divertor type tokamaks which
are suited for H mode plasma in the presence of Li. It is proposed that edge
electron confinement improvement with reduced density and edge recycling
is likely to be aiding H-mode transition by increasing electron temperature
near the edge. All the results indicate Li PFC coating enhanced the plasma
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Figure 1.11: Partial pressure of lithium as a function of temperature [33]

performance by increasing confinement time and establishing a better plasma
edge temperature via reduced recycling. Also high secondary electron emission
could be contributing to enhanced plasma performance observed in TJ-II [41].
A summary of the activities on Li experiments and all related research can be
found in [42]. In the TJ-II the lithium/boron coating produces a remarkable
reduction in the recycling of hydrogen by about 10% and helium to about 80%
as calculated from pump out density which leads to clear transition to H-mode,
doubling the plasma energy confinement [40].

1.5.1

Lithium Capillary Porous Limiter & Limitations

The divertor PFCs are going to be facing the highest heat fluxes as discussed
in the previous section, however by covering the surface with lithium, an
important radiative edge / divertor cooling was observed and demonstrated.
The capillary porous system (CPS) has a high potential of handling heat flux
through a capillary action and high surface tension. This has a tendency to
keep the CPS porous metal surface replenished through capillary tubes from
a Liquid Lithium [LL] reservoir (upto 50 MW/m2 ) for several seconds [44] .
Provided the CPS system is saturated with LL, the CPS surface is able to
tolerate and survive through the high heat fluxes. CPS as a protective system
has been shown to work in the FTU experiment as well. It was noticed that
a ‘virtual’ toroidal limiter was formed which redistributed the heat flux to the
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Figure 1.12: Two possible designs for liquid metal-protected targets in a reactor
divertor (a). Evaporable liquid metal advanced coating (ELMAC) (b). Integrated
liquid metal adavaned target (ILMAT) [43]

tokamak vessel first wall by radiative processes hence decreased the load onto
the limiter [39]. The mechanism behind this is explained with the generation
of convective flows to manage the effects of localized heat load fluxes. The
following issues with using Li are to be addressed in further research work as
per the recent 2nd lithium applications for fusion symposium in 2012 (ISLA3)
[45].
1. Handling high divertor heat flux - The radiation is very high ∼ 100
MJ/mole of Li, in a low confinement chamber it should be possible to
provide this easily however, it is not currency possible to keep the CPS
surface free of lithium compounds (this would constrict the flow of pure
LL)
2. Removal of impurities from LL - During a steady state operation it is necessary to purify LL by removing D,T and other compounds continuously.
The rate at which this should be done is 1 liter/sec .
3. Removal of high steady state heat flux - A method using a closed LL
chamber which allows for vaporization and ionization would allow the
uniform spreading of heat to the surrounding divertor wall, hence resulting in removal of heat an order of magnitude lower.
4. Flowing LL in magnetic fields - LL being a liquid metal would be easily
affected by electromagnetic forces it encounters. It is envisioned that
a closed system carrying LL in a loop for circulations and purification
would be able to run at lower power to resolve this problem.
5. Corrosion by Li - An issue to be addressed is the corrosive nature of
lithium being a reactive alkali metal, LITER stainless steel containers
would be operated for multiple years at high temperatures of 600◦ C
Lithium could react with copper, aluminum and ceramics. Segregation
is key to resolve this issue
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6. Safety of flowing LL - A large quantity of flowing LL can be addressed by
the methods being researched by IFMIF since they handle upto ∼ 1 ton
of flowing LL [46], the proposed barrier consists of gases such as Argon.
Using inert gases like He could also be helpful for divertor heat exchange,
as the safety of lithium system is also enhanced.
7. Compatibility with hot first wall - The reactor first wall will be at high
temperatures of ∼ 500◦ − 700◦ C in order to keep it clean. The LL divertor temperature would be around ∼ 200◦ − 450◦ C to avoid Lithium
evaporation. However this has been found to be an advantage because
particles and gases tend to migrate to lower temperature regions in the
vacuum plasma system within a reactor. Also the H isotope retention
of Li at these temperature is lower hence could be advantage [41]. The
hot first wall would still retain varying amounts of impurities depending
on the coating of LL that has been provided. In case of W, at different temperature since droplets can also condense on the surface, while
implantation takes place due to higher plasma energies. Retention of
fuel could be an issue that has to be addressed. This forms the primary
motivation of the research work described in this thesis.
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Chapter 2
Experimental setup
2.1

Glow Discharge Setup

Figure 2.1: Overview of the setup built and designed to perform W-Li-D retention
experiments with in-situ diagnostic capabilities.

Seen above is the setup for performing experiments on glow discharge plasmas for studying W-Li-D interactions. The experiments were carried out in a
vacuum chamber entirely designed, constructed and built at CIEMAT, Madrid
as the flexibility that comes associated with laboratory experiment is considerable in comparison to subjecting W to similar interactions in the TJ-II. Hence,
the requirement for the experiment. The setup as seen in figure 2.1 basically
consists of a main chamber with a coaxial heating element (rolled thermocoax)
33
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that can reach upto 300◦ C and higher, depending on the conditions that need
to be simulated inside the vacuum chamber, along the stainless steel wall a
type ‘K’ thermocouple is also fitted which provides feedback to the heating
power source for controlling and regulating the wall temperature. The main
chamber is fitted with a I.C manometer to measure pressures to the range of
10−6 − 10−9 Torr. Directly underneath the chamber a turbo-molecular pump
in placed in series with a rotary pump which generates the central vacuum
for experimentation. Inside the chamber there are stainless steel meshes positioned far away from the primary plasma region. On the topmost point of
the chamber an electron gun necessary to provide a source of electrons and
initialize the plasma, is placed. This is operated with a separate power supply.
The chamber is also attached to three digital flow controllers from a single port
which can be adjusted with an analog pressure controller for allowing Helium
(He), Deuterium (D) and Argon (Ar) flow separately or together as per necessity of the experiment (in our case they are all used separately). The stainless
steel (SS) wall on the insides has 3 perforations at central level necessary for
the following purposes
1. A port on the left allowing the gases to reach the Residual Gas Analyzer
chamber (SRS RGA 100).
2. One large port right in front to let the light from the plasma emissions through the optical window for the making optical emissions spectroscopy measurements.
3. A port on the right for the incoming electrode that provides the current
for the plasma.
The main chamber further includes a valve that leads to the RGA chamber,
this consists of an RGA attached at the top as can be seen in the figure 2.2.
The RGA is also fitted with a turbo pump in line with a rotary pump for
reaching pressures upto 10−9 Torr directly in the analysis chamber. This forms
the differential pumping system. The RGA is fitted with a sensitive ionization manometer which is able to measures pressures in this range easily. Beside the turbo-molecular pump in the image, is the rotational speed regulator
which controls the pumping speed of the RGA (important in making particle
balance calculations). The optical emissions spectroscopy (OES) instrumentation is placed right in front of the optical window with good efficiency in the
400−800 nm range and a spectral width of ∼ 0.5 nm. A focusing lens with wide
aperture and ∼ 30 cm focal length is placed in front of it to capture maximum
light from the optical window and focus it on the small diffraction slit of the
OES device. A photomultiplier is used to enhance the signal from the OES
which is then measured from an RS-232 port coupled multimeter connected
to computer. The millivolts recorded correspond to the intensities of different
frequencies of emitted light from the optical view port. These are calibrated
with respect to the speed of measurement of the OES equipment (running at
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Figure 2.2: Data acquisition systems and diagnostics present in the experimental
system

Figure 2.3: Oven feed-through for the Li-oven and optical window for optical
emission spectroscopy
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0.5nm/sec). One of the vacuum feedthroughs for the Li oven as seen in figure
2.3 is fitted with two leads which follow into the Li-Oven necessary for evaporating the Li and also two other leads which are connected to the thermocouple
required by the power source for regulation of Li-oven temperature. The front
side as visible is fitted with an optical window with a manual shutter which
can be manipulated during Li-evaporation / deposition / implantation to prevent Li from sticking and covering the cool glass window placed exterior to the
main W-wall. Externally it connects to the main power supply for the oven
placed inside the chamber, specifically isolated from the wall heating, hence
the effects of wall heating are not transformed or carried over to the heating
of this oven. A ‘K’ type thermocouple placed directly inside the oven, is used
to control and regulate the temperature of the internal area of the over. The

Figure 2.4: Front and side view of electron gun

figure 2.2 shows all the data capturing and acquisition devices used for the
setup. The wall is heated by a variac transformer not seen in this image as it
is placed below the entire setup. However two leads from the transformer join
the feedthrough which connects the wall and coaxial heating elements. Two
more leads are used for the thermocouple which is connected to a multimeter
and monitored through another coupled RS-232 connection to acquire data
using a PC. The different gases used for Li deposition, implantation, sputtering and calculating the retention are also seen here. Next to the digital flow
controller input also is placed the electron gun power source which can be used
to trigger the plasma by releasing energetic electrons. Both these instruments
are placed on top of an ‘antique’ DC three phase type power supply with an
inbuilt voltage and current readout. The power supply leads to a feed-through
to the anode placed inside with a circular copper head isolate from the wall and
the oven with the help of Boron-Nitride (BN) insulation cylinder. The Li oven
heating power source is a much more advanced power supply for oven heating
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with feedback control using the readout directly from the thermocouple. The
temperature can be increased manually or automatically hence with greater
precision over temperature. The electron gun was constructed using a small
W element wound and placed through a copper shielding as seen in figure 2.4.
The gun also carries a ground connection in case of a short circuit (problems
with short circuit occurred during the course of experimentation). This is important since many times during experimentation a drift of the plasma towards
the electron gun occurs causing a huge short circuit, leading to the tripping
and safety shut down of all systems (the TJ-II data acquisition systems were
shut down due to a large drift of this nature and all data was lost). Another
two leads of the electron gun are connected to the high voltage mesh which
provides the electrons, arcing from the W-filament under the application of
high voltages from the electron gun voltage source.

2.2

Tungsten Wall & Lithium Evaporation Setup

Figure 2.5: Top view of the W-wall and Li-oven inside the vacuum chamber

Plasma facing wall primarily used in this experiment has the dimensions of
13.5 cm×51.3 cm×0.1 cm, It is comprised of 99.9% pure tungsten acquired from
Special Metals and Products, technologies located in Barcelona, Spain. It is
installed in two parts to occupy the inner coaxial heating element of the vacuum
chamber, the total height of which is 25 cm. Directly beneath the chamber the
turbo-molecular pump is visible. The pump is covered by a stainless steel
(SS) gauze to prevent impurities from falling onto the blades directly. In the
figure 2.5, three of the ports are visible. The W sheets are designed and cut out
exactly to occupy the slit position without blocking them from the diagnostics.
Both sheet ‘1’ and sheet ‘2’ are cut in this fashion and placed on top of each
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other skewed by a trivial angle to the chamber, overlapping by around 3 cm
however this does not seem to affect the Li deposition or plasma performance.
Within the chamber also visible is the oven with its resistance coming at a right
angle through the edge of the optical port (preventing any hindrance of the
light from the optical port), the connections for oven are so adjusted that they
lead from behind the W-wall (and external to the plasma region) preventing
contamination and sparking in the main glow discharge. To the left, in the top
view of the chamber the port leading to the RGA analysis chamber is located.
Tungsten samples to be analyzed using LIBS are placed in between the walls at
different points but mainly opposite to the oven located above the line of sight
of the oven and near to the oven, at the same height. The oven is placed slightly
closer to the left port of the chamber to avoid sparking and arcing between
the electrodes (placed on the right) in the presence of plasma and gases. A
view from the electron gun port is also placed in the lower left of the image in
figure 2.5. This shows another SS gauze that has been placed to keep the W
wall pressed against the coaxial heating element to ensure good contact and
stability during expansions and contractions on heating. The Li evaporation

Figure 2.6: Details of oven construction and design

oven was constructed and designed at CIEMAT to serve the purpose of this
experiment, the details of the oven are clear in figure 2.6. The resistance is
wound around SS cylindrical chamber with a small hole of 10 mm in aperture.
The winding is then wound tight around the oven using a containment vessel
which can be tightened with the help of simple 10 cm bolts. The thermocouple

2.3 Data Acquisition & Diagnostics

39

to the resistance is placed at the bottom of the vessel. However the use of
this thermocouple was discontinued with discrepancies noticed during initial
experiments of Li-evaporation. A new ‘K’ type thermocouple was directly
placed inside the oven and then taken out from the optical port after having
removed the original thermocouple connections through the feedthrough. A
schematic pencil outline of the entire chamber and the RGA setup can be seen
in figure 2.7.

Figure 2.7: Experimental Schematic: 1.Pumping system, 2.Manometer (Bayard
Alpert), 3.Capacitance manometer, 4.Diaphragm (Differential pumping), 5.Anode,
6.Concentric SS liner, 7.Gas inlet, 8.Optical window, 9.Mass spectrometer, 10.Electron gun

2.3
2.3.1

Data Acquisition & Diagnostics
Residual Gas Analyzer (RGA)

A quadrupole mass spectrometer consists of two essential parts: an ionizing
zone and an ion collection zone. The ionizing zone, ionizes the gas into positive
ions and thus imparts a specific mass to charge ratio (m/z) to different ions.
The ion separation zone consists of 4 cylindrical poles. The axes of the poles
are placed in a square like configuration, the ions travel along the diagonal
direction of this square. The poles are basically electrodes on which a DC
voltage and an AC voltage are applied simultaneously. The frequency and
the amplitude on oppositely facing poles is always the same. However the
DC voltage is superimposed over this AC voltage. For a positive DC voltage,
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Figure 2.8: RGA functioning and schematic [47]

low m/z ions are filtered and for negative DC voltages the high m/z ions are
filtered. By carefully selecting these voltages a window can be created in which
only a particular species with a specific m/z ratio survives without crashing
on the quadrupole filter. By hitting a collector electrode on the other end of
the filter, a current is generated which is then measured and can be linked to
a particle pressure through calibration. This value is converted to the number
of atoms being desorbed eventually by particle balance calculations on the
plasma described in the next chapter. Calibration is performed on the mass
spectrometer of the device using gases stored in pressurized cylinders provided
on site. The gases are He, D, Ar and were introduced electronically from
digital flow controllers from cylinders using a precise micro valve. Each gas
was introduced into the vacuum chamber in staggered intervals of 15 seconds.
Current values from the mass spectrometer were measured for each increment
in gas pressures and recorded into the data acquisition system. For this the
currents of the mass spectrometer could eventually be linked to actual partial
pressures of different species. From the ideal gas law, we have the following
definition for calculation number of particles per unit time.
P

dn
PS
dn
dV
= RT
→
=
dt
dt
RT
dt

(2.1)

Here, S = δ V /δ t is the pumping speed, V is volume, P is pressure, T is the
temperature (300 K), R is the gas constant. Using this equation and knowing
P , S (varies for different gases), R and T , δ n/δ t can be determined. Thus a
measured mass spectrometer current can be eventually converted in a number
of particles desorbing per unit time. Given in figure 2.9 is the calibration curve
determined for D2 gas. In the regime of pressure beyond 10 mTorr the pumping
speed of the system changes due to the increasing flow and this explains the
offset. In our experiments the working regime is around 40 mTorr so it is
essential that we use the slope of this part of the curve or above this region.
The saturation of the RGA does not occur in the same range as depicted in
the graph and a probable increase in pressures upto ∼ 10−4 Torr in the RGA
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Figure 2.9: Calibration curve of Deuterium gas for RGA in setup

chamber would lead to a saturation. In experiments this saturation is avoided
using the differential pumping system explained in sections 2.1.

2.3.2

Optical Emission Spectroscopy (OES)

Emission spectroscopy is one of the most fundamental diagnostic methods for
plasmas. Since it can be used for many varying types of plasmas at low and
high pressures without temperature limits, makes it a very flexible device.
Moreover it does not affect the materials, being non-invasive for substances
being studied for its constitution and properties. Spectroscopic measurements
allow for determination of the plasma composition and temperature, however
it is required that spectral resolution is about 0.01 nm or better. The temperature calculations involve line deconvolution, numeric simulation and not
easily computable in lack of this resolution. Molecular spectra obtained from
the plasma can be degraded by the spectra from diatomic molecules. Determination of plasma composition however from the molecular spectra is a difficult
process since it is spread over in a extensive range of wavelengths and so numerous bands overlay each other. The measurements are performed for glow
discharge plasmas, in which collisions of plasma particle with electrons cause
the particles of the plasma to be excited to higher electronic levels. These
excited atoms and ions in the discharge plasma create a unique emission spec-
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Figure 2.10: (a). Visible light spectroscopy schematic, (b). Photomultiplier tube
[48]

trum to each element when they return to the ground state on relaxation. A
single element generates a number of distinctive emission spectral lines. The
light generated in an emission of such a discharge can be said to contain a
collections of spectral lines produced by the elements in the target and the
plasma itself. The light then leaves the plasma through the optical window
in the chamber, gets focused and collected by the convex lens placed right in
front of the window. This light is then made to hit a diffraction grating, the
extraction of the emission spectrum for the target takes place. The intensity of
an emitted spectrum is the indicator of the concentration of the element in the
sample. Photomultiplier tubes are used to measure this intensity extracted
for each element in a given range of scan of the wavelength and magnify it
several fold to make a clear distinction from the background signal processed
by the spectrometer. This is done by emitting electrons when photons strike
the cathode. These electrons are then accelerated towards a series of dynodes
of increasing voltages. Additional electrons are generated at each dynode, the
amplified signal is collected and measured at the anode. This data can then
be used to perform qualitative and quantitative analysis of the plasma and the
elements present within it.
g∗ −∆E
hc
N∗
= e kT and ∆E =
N0
g0
λ

(2.2)

Here, N ∗ are the atoms in the excited state, N0 are the atoms in the ground
state g ∗ /g0 is the statistical factor, −∆E is the energy difference , k is the
Boltzmann constant, h is the Planck’s constant, c is the speed of light and T
is the temperature.
Hence the wavelength of emissions from the estimated energy difference
between excited states and ground states can provide the information on type
of excitation and element excited.
S = KN

(2.3)

Here S is the Intensity of the line of a given wavelength, K is the proportionality constant and N is the number of atoms in the excited state. Calibration
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Figure 2.11: (a). Li line emissions from collisions in glow discharge setup (b).
OES for our system and overall schematic

curves for plasma emission spectrometry are most of the times a plot of the
output current or voltage of a transducer as a function of analyte concentration. When the range of concentrations is large, log-log plots are employed
instead. Using a well calibrated a lot of qualitative data can also be extracted
from OES measurements.

2.3.3

Laser Induced Ablation Spectroscopy (LIBS)

In a reactor such at ITER, in order to monitor and judge the status of the first
wall divertors correctly it is necessary that an in-situ method be implemented.
This would prevent the need to remove and break the vacuum for analysis
of damages on the PFCs. Laser based method [49] have taken precedence in
this need as they are flexible with spectroscopic techniques as the possible diagnostic. This method is really adaptive, based on the intensity of the laser
and the duration different layers of a required PFC can be probed and analyzed. It could be utilized to develop an inventory of hydrogen isotopes or
for the determination of deposits in tokamak discharges. The image in figure
2.12 (a)-(d). Shows the schematic of the process that could be used for such
purposes using laser based techniques. Lasers used for this purpose should
have low divergence in order to provide the necessary power densities at the
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Figure 2.12: (a). Laser interaction with target and removal of surface material
by ablation, (b). Plasma formation from breakdown, (c). Expansion and element
specific emission (atomic and ionic) (d). Crater dependence on laser pulse duration

surfaces. It is mainly a spectro-chemical technique in which an intense laser
pulse is shot at a target in vacuum to determine the elemental composition,
via generation of high temperature micro plasma followed by time-resolved
optical spectroscopy [50]. This method is extremely fast compared to other
competing technologies by including multi-elemental analysis, light from all
constituent can be collected without bias. The analysis can be performed
from far off distances, the spatial resolution is about ∼ 1µm and the depth
resolution is micron to sub-micron.These methods work in the following way:
the sample initially absorbs the energy from the laser by a pulsed radiation
field. The pulses can be of order of nanoseconds, but it can also be performed
with pico- and femto-second laser pulses. The absorbed energy is then rapidly
converted into heating, resulting in vaporization of the sample (ablation) till
the boiling point temperature of the material is reached. The removal of this
particulate matter from the surface leads to the formation of vapor above
the surface. The laser pulse is continued to be operated thereby illuminating
the vapor plume. The vapor is then condensed onto sub-micrometer droplets
that leads to absorption and scattering of the laser beam inducing the strong
heating, ionization and plasma formation. The dynamical evolution of the
plasma plume is then characterized by a fast expansion and subsequent cooling. Approximately 1µs after the pulse, ionic emissions may be identified in
the spectrum using spectroscopic methods. Figure 2.13 shows a schematic
of the LIBS process. For the samples developed in this work LIBS analysis is
performed using neodymium-doped yttrium aluminium garnet (Nd:YAG) laser
operating at the fourth harmonic (266 nm, CFR, Quantel, 80 mJ) as the source
of the laser ablation. The emitted optical signal is simultaneously recorded by
two spectrometers. The first one is an echelle-type spectrometer (ME5000,
Andor Technology, spectral range 230 − 975 nm) coupled with an intelligent
charge coupled device camera(iCCD). The second is a vacuum UV (VUV)
spectrometer (McPherson, 234/32 V M , spectral range 115 − 300 nm) coupled
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Figure 2.13: Emission based spectroscopy from ablated surface [50]

with the iCCD camera (iStar DH740, Andor Technology). The measurements
were done under He and Ar atmosphere at low pressures staring from 103 P a
in order to ensure the condition of the local thermodynamic equilibrium. The
electron density of the plasma plume was determined from the Stark broadening. In case of the W sample with Li implantation, the Li I spectral lines in
the near infrared (NIR) range is used because of the numerous spectral lines
of W I-II line in the other region of the UV-NIR spectra recorder by echelle
spectrometer. Supplementary W, II-III lines are recorded by VUV spectrometer in order to obtain more precise electron temperature for the calibration
free LIBS evaluation of each element quantity. The evolution of Li, W and D
emissions with number of laser shots is used to reconstruct the concentration
profile of these elements in the sample.

2.3.4

Nuclear Reaction Analysis (NRA)

It is a nuclear based method that can be used to obtain the concentration
vs. depth distribution for target chemical elements in a solid thin film. The
principle of NRA is the same as Rutherford back scattering (RBS), in this
method the relationship between a scattered particle’s energy before and after
a scattering collision with a particle is known, this ratio is the kinematic factor
and can be defined using the particle’s incident energy E0 , the mass of the
incident particle and target particle, m1 and m2 respectively and the angle
through which a particle is scattered θ. The equation below sheds light on this
relationship. [51]
Escatter
=
K=
Eincident

"p
#2
1 − (m1 sinθ/m2 ) + m1 cosθ/m2
1 + m1 /m2

(2.4)

A setup in which a detector is positioned to collect particles back-scattered off
a sample allows for the determination of the mass of atoms within the target
sample. This is the basis behind the RBS analysis. The detector placed at
different angles depending on the incident beam of atoms records a spectrum
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Figure 2.14: Principle of nuclear reaction analysis

of energies dependent on the masses of the atoms in the target sample as well
as the depth of the target sample. The spectrum can then be analyzed to
determine the masses of the atoms in the target sample, their relative abundance, as well as depth of the sample. The abundance of each atom within
the target can be given by the equation below. The difference between this
techniques is that in NRA the particles used to produce the spectrum are not
the particles that were originally incident on the target sample but the released
protons from the nuclear reaction. These particles are the product of a nuclear
reaction in the target sample, the ions originally incident on the sample, and
the atoms contained within the sample. In this case the smaller products of
the reaction, the protons are detected. Y = Ns σ(θ)Ω Q Here Y is the yield
expressed as in terms of the density of target atoms (Ns ), a differential cross
section σ(θ), detector solid angle (Ω), and number of incident particles(Q).
The reaction 3 He + D → p + α is used to determine the depth profile and
the total content of deuterium atoms by this method of the near-surface in
solid layers. It allows for a larger depth range, as it does not need grazing
angles of the incident and exit beams. By analyzing the energy spectrum of
the emerging α particles, the reaction provides the depth profile of D in the
surface layer. The protons from the reaction can be used to determine the
total D inventory. This reactions cross section has been calculated by several
authors between 1952- 1987. A review of this data can be found in [52]. Generally NRA requires the differential cross sections at specific angles. However
at the 3 He energies of greater than 1 MeV, the cross sections is independent
of the angle in the center-of-mass system, while at higher energies the angle
dependence has to be taken into account [51]. The protons emitted from the
reaction with energies in the range 11.7 − 13.4 MeV were detected using a wide
angle surface barrier detector with a a depletion depth of 700µm [53].

Chapter 3
Conduction & Results
3.1

Experimental Procedure

With the setup described in sections 2.1 - 2.2. It was possible to fabricate samples of W under different lithiation environments. It was decided to perform
experiments so as to make samples in a systematized order. The experiments
were piloted as three main investigatory ideas and two supplemented ideas to
aid in the understanding of the overall process :
1. The W-wall was surface lithiated with evaporated Li in the presence of
He gas flow. As only surface deposition was expected in the case of a
simple flow, the sample was then subjected to a pure D2 plasma in order
to estimate for retention.
2. The lithiated W-wall (under He flow) was sputtered using an argon
plasma thus leaving the W surface with lower levels of surface deposited
Li. This surface was then subjected to pure D2 plasma again in order to estimate for retention. Following this the surface was completely
cleaned using ultra sound in distilled water and then oven dried after
alcohol treatment.
3. The W-wall was lithiated with evaporated Li facilitated by a helium
plasma. Expected that the helium would provide energetic collisions
accelerated by the plasma sheath on the W-wall and hence lead to a
portion of the lithium being implanted into the W-wall. This surface was
then subjected to pure D2 plasma again in order to assess for retention.
4. The lithiated W-wall (under He plasma) was then sputtered using an
argon plasma, thus leaving the W surface with lower levels of surface Li
but leaving the implanted Li in place as some implantation is expected
from an accelerated ion deposition on a surface. This surface was then
subjected to pure D2 plasma again in order to check for retention.
5. This was followed by an experiment on the W-wall after thoroughly cleaning with ultrasound and distilled water, oven drying the surface, after
47
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removal from the experimental vacuum chamber. This left the W-wall
only with implanted Li and hence provides an entirely new surface for
experimentation.

3.1.1

Pre-Experimental Setup

A new W sheet was placed in the cylindrical chamber in two separate pieces
(the dimensions are as described in section 2.1). An oven was placed with
the resistance wound around the oven. The resistance is placed so that it
does not interact with the plasma and the wires are taken around the W wall
using the optical port made in the sheet. The wires were covered with teflon.
They were placed making sure there is sufficient opening for the spectroscopy.
Li oven was filled with 2.5 grams of pure 99.99% Li after being cleaned of
the paraffin, in which they are preserved to prevent oxidation. It was cut
into smaller pieces and placed in the oven as soon as possible in an operating
atmosphere of Argon and then immediately sealed using the heavy top flange
of the chamber. Before closing an SS metal gauze was placed to keep the wall
in place accidental movements of the chamber at the bottom and the top. Two
other holes are included in this sheet. One for the RGA port and another for
the anode. The anode is placed in a position so that the oven is well away
to avoid sparking, this is clear in figure 3.2. Three separate samples of W are
placed in the chamber sized about 1 cm× 1 cm at different positions to be used
as samples for LIBS / NRA analysis. One near the top of the chamber, one
at the bottom and one near the oven itself. It was made sure that there were
no gaps between these samples and the wall to avoid plasma instabilities. The
oven was operated at 450 − 500◦ C for the Li evaporation. The wall (Twall ) was
kept at a constant temperature of 250◦ C. A heat resistant teflon joint for the
upper seal was placed as it does not react with Li (unlike copper joints) and
is also easier to manipulate for multiple chamber openings and closures.

3.1.2

W-Lithiation using Helium Gas Flow

The experiments were initiated with wall conditioning at 250◦ C for about 2
hours in order to desorb all the gaseous impurities lying on the wall, this was
followed by an Argon glow discharge plasma for a duration of 45 minutes,
that further prepares the surface for the experiments. At 300◦ C Hydrogen
to the level of 4.00E − 9 Torr was seen and markedly increased from earlier
value at a RGA pressure of 7.0E − 9 Torr showing that the lithium present in
the oven was also degassing absorbed hydrogen. The chamber pressure was
recorded as 7.06E − 6 Torr by the emission gauge near the wall. After the
hydrogen level reached the background, the heating of oven was stopped but
the wall was continued to be maintained at 250◦ C . Immediately after the wall
conditioning, Li evaporation was begun under Helium flow. The evaporation
was started at 450◦ C however the temperature was quickly increased to 500◦ C
and the timer clocked for a total period of 30 minutes of evaporation. The Li
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evaporation formula in section 3.3 gives the amount that was evaporated in
this regard. After evaporation of Li and deposition on W-wall using the He
gas flow. A D2 plasma was run for 30.55 minutes duration this corresponds
to a fluence of ∼ 1023 D/m2 . This was sufficient to give rise to a saturation
seen in the figure 3.3. Optical emission spectroscopy scans were also performed
during this time for the D2 plasma. All calculation for particle balance were
performed soon after. The table 3.1 shows the various characteristics of the
plasmas during the entire experiment, here Ar is used only for glow discharge
wall conditioning prior to lithiation.

Plasma(Gas) & Pressure(Torr)

Chamber(Torr)

Flow(sccm)

VP (V)

IP (mA)

Argon - 1.51±0.05 × 10−2

5.2±0.2 × 10−7

99.0

200

200

−6

64.9

-

-

9.3±0.2 × 10−7

48.9

120

300

−2

Helium (gas only) - 2.30±0.05 × 10
Deuterium - 3.87±0.05 × 10−2

5.6±0.2 × 10

Table 3.1: Values for characteristic plasma parameters for different discharges for
lithiation of W under He flow.

Figure 3.1: Deuterium Plasma after W lithiation under Helium flow seen from
the optical window
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3.1.3

Li Deposited-W, Sputtered with Argon

After the initial experiment, the lithiated-W surface was taken out and analyzed for the deposition that was observed as seen in figure 3.2. The copper
anode seen in the top-right inset shows areas of higher sputtering, this could
have been caused due to excessive sputtering of Li at these points during lithiation. As the Li layer starts to develop on the anode it seeds the growth and
accumulation of more Li causing the bubbles seen in the top-left inset. On
removal of Li these areas look cleaner and exposed to the copper layers underneath. The surface also shows higher levels of Li deposition near to the
Li-oven as seen in the bottom left inset where Li bubble formation is higher.
However regions away were more cleanly deposited with Li, sections cut out
from these areas are used for making samples to be tested further using ex-situ
diagnostics. However, before the cleaning and observation was carried out the

Figure 3.2: Lithiated W - preliminary experiments depicting the chamber, Wwalls, and electrodes after lithiation

lithiated surface was altered by sputtering the lithiated samples with an argon
Plasma, this was supposed to get rid of excessive surface deposited Li, thereby
reducing the overall retention of D after the D2 plasma. Figure 3.3 shows the
clear retentions differences, these are more for the Ar sputtered lithiated layer
of W. The difference in the magnitude of the Li emitted during the optical
emission spectroscopy (OES) after sputtering is also much less compared to
the first case. The D2 partial pressure recorded by the RGA dips, as the gas
is ionized and slowly rises as the implantation on the lithiated wall increases
and reaches a pseudo-saturation. This also points towards saturation of D
plasma retention on the wall, hence the experiment is stopped after a period
of this saturation, which last for 30 minutes. The details of the experiment are
summarized in table 3.2. Here, Ar plasma is used only to sputter lithium from
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the already lithiated W. In figure 3.4 it is obvious that the lithium emission at
671 nm drops from 0.07 to 0.06 due to sputtering (away of Li) by Ar plasma and
this also results in less retention of D since the α − 656 nm line emissions drops
from 0.09 to 0.086, both D and Li emission lines are within the standard error
bars limits of the two respective successive experiments. The drop in the OES
count intensities can be attributed to the change in plasma parameters as the
plasma voltage drops from 120 V (in first W-lithiation) to 100 V (W-lithiated
sputtered case) as this voltage is directly related to the emission intensity and
is a clear indicator of the concentrations of the elements in the experiment.
Thus OES shows clear signs of dropping D and Li elemental content in the
experiments in relation to the drop in plasma parameters.
Plasma(Gas) & Pressure(Torr)

Chamber(Torr)

Flow(sccm)

VP (V)

IP (mA)

Argon - 1.58±0.05 × 10−2

2.9±0.2 × 10−7

98.0

80

250

−6

48.6

100

300

−2

Deuterium - 3.3±0.05 × 10

3.9±0.2 × 10

Table 3.2: Values for characteristic plasma parameters for different discharges
under Ar-sputtered lithiated-W under He flow
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Figure 3.3: Partial pressure plots for D2 plasma before and after sputtering with
Ar on Li deposited W, against experimental time
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DE OES (before Ar sputter)
DE OES (after Ar sputter)
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Figure 3.4: OES intensity plots for D2 plasma before and after sputtering using
Ar on Li deposited W, against wavelength

3.1.4

W Lithiation using Helium Plasma

The procedure for the experiment was the same as for deposition under He gas
flow, but the only difference being during evaporation of Li, the W-wall was
subjected to He plasma which was to facilitate implantation of the directly Li
into the wall but this varies the implantation to deposited Li ratio, thereby
changing the retention characteristics of the W-wall, one of the goal was also
to measure by how much this changed and it is summed up in section 3.5. The
table 3.3 shows the various characteristics of the plasmas during the entire
experiment. Here Ar plasma was used for glow discharge wall conditioning
prior to lithiation and not for sputtering. Here the specific protocol for lithiation using He plasma is described in detail. This protocol was repeated for
a few experiments till the process was closely monitored and enabled to be
replicated.
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Plasma(Gas)&Pressure(Torr)

Chamber(Torr)

Flow(sccm)

VP (V)

IP (mA)

Argon - 2.1±0.05 × 10−2

3.0±0.2 × 10−6

104.0

150

250

Helium - 2.3±0.05 × 10−2

9.3±0.2 × 10−7

64.4

70

250

Deuterium - 4.3±0.05 × 10−2

9.3±0.2 × 10−7

47.8

100

300

Table 3.3: Values for characteristic plasma parameters for different discharges for
lithiation of W under He plasma

Figure 3.5: Helium plasma in the absence of Li evaporation seen from the optical
window with inset image of Li evaporation

Li Evaporation & Deposition protocol :
1. Temperature of Li evaporation oven was increased till 450◦ C just under
He gas flow from room temperature.
2. As soon as 450◦ C was reached the He plasma was initiated with the
parameters as judged from the earlier Li evaporation experiments by
trial and error (using the Li evaporation formula mentioned in the next
section).
3. Continued increasing of temperature of the Li evaporation oven to 500◦ C
within least possible time with the power supply during the next 5 minutes.
4. A steady He plasma was produced and observed for various characteristics as they evolved with the increase in Li evaporation.
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5. Optical emission spectroscopy measurements were made simultaneously
and recorded from 640 − 750 nm, as lines at 656 (Hα) and 671 nm (Li)
were the expected peaks in this range.
6. The temperature of the oven was increased till stability was attained at
500◦ C it was noticed that the Vp also started dipping to around 40 Volts
suggesting a lower plasma potential from the initial 70. Ip also increased
till 350 mA to compensate for the decrease in Vp meanwhile holding the
power value same.
7. The heating of oven was stopped after 30 minutes of He plasma at 500◦ C.
8. The temperature of the oven was allowed to drop immediately afterward,
it was noticed that the plasma potential started rising again to 70 V
again, the plasma current re-adjusted to 250 mA.
9. After another 15 minutes the He flow was stopped to allow the drop in
temperature of the oven to begin the D retention test experiments in the
absence of any evaporating Li.

Figure 3.6: Lithiation of W (implantation and deposition) using He Plasma seen
from the optical window

D2 plasma details :
1. On initiating the D plasma, it was observed that the pressure fell but
not significantly during the plasma generation (leading to a loss in the
plasma). A stable plasma was achieved and an OES spectrograph was
recorded from 420 nm.
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2. The pressure drop was caused due to Li forming compounds with D
immediately and hence it was speculated that the uptake of D being
high in this period resulted the depression in pressure,. In the trend line
for D it was also found that it saturates after about half an hour of the
plasma, though the experiment could be run for longer time scale. 30
minutes from previous operations gave evidences of saturation in this
direction as can be seen in figure 3.7. This shows the uptake of D to
the walls after molecular D is greater than that of W and we expect to
see a significant difference with Li evaporated in the presence of the He
plasma in place of just flow. This expected trend is clearly evident in
figure 3.7 as saturation is reached faster.
Lithiation with He flow
Lithiation with He plasma
U.s cleaned after He plasma
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Figure 3.7: Partial pressure plots for D2 plasma after being exposed to different
lithiation environments against experimental time

3.1.5

Li Deposited & Implanted-W, Sputtered with Argon

Following the outlined procedures at the beginning of the chapter. The lithiated W under He plasma was then subjected to sputtering using an Ar plasma
the details of which are present in table 3.4.
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Plasma(Gas)&Pressure(Torr)

Chamber(Torr)

Flow(sccm)

VP (V)

IP (mA)

Argon - 2.1±0.05 × 10−2

3.0±0.2 × 10−6

104.0

150

250

Deuterium - 4.3±0.05 × 10−2

9.3±0.2 × 10−7

47.8

100

300

Table 3.4: Values for characteristic plasma parameters for different discharges for
Ar-sputtered lithiated-W under He Plasma

3.1.6

Ultra Sound Cleaned W-wall

The W-walls after their lithiation and D2 plasma exposures were removed
from the setup and cleaned thoroughly using an ultra sound cleaning system
in distilled water and then dried in an oven at 200◦ C with the surface exposed
to an inert gas, after alcohol treatment. The W wall was then placed back
into the system carefully in the same position as the earlier experiments, to
reproduce the exact same conditions as previously exposed to. The W-wall
was then subjected to heat conditioning under vacuum and followed by an
Argon glow discharge for a duration of 45 minutes, followed by this procedure
a pure D2 plasma was initiated for the duration of 30 minutes. The plasma
details are given in table 3.5.
Plasma(Gas)&Pressure(Torr)

Chamber(Torr)

Flow(sccm)

VP (V)

IP (mA)

Argon - 1.5±0.05 × 10−2

2.3±0.1 × 10−6

102

180

250

47.3

250

300

−2

Deuterium - 3.3±0.05 × 10

−6

3.0±0.1 × 10

Table 3.5: Values for characteristic plasma parameters for different discharges for
Ar-sputtered lithiated-W

3.2

Simulations & Modeling

Monte-carlo simulations using a binary collision model and amorphous target
approach developed by James F. Ziegler (updated 2013 Version), were performed to determine the implantation depths of Li (and ion distributions).
This does not include ion channeling effects and recombination of knocked off
atoms however. The forces considered by this model are the electronic forces
operating between the ions and the target atoms. Strong and weak forces
are neglected in this model. Using this a 3-D distribution of ions in the solid
amorphous target can be obtained. Other details such as penetration depth,
the concentration of vacancies and distribution of sputtered atoms can also be
obtained. First simulations were of Li ions on W under an applied voltage of
100 V as seen in figure 3.8, followed by simulations of D ion on W. These were
performed with a voltage 125 V as seen in figure 3.9, to determine implantation
depths for the inclusion and calculation of D retained per Li and W combined,
hence giving the total retention for lithiated-W which could be compared with
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No of Li Ions
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C99

Li (100eV) on W 3-D Ion distribution profile
Average Ion Range = 15A
Figure 3.8: Simulated ion distribution profile of Li on W with 100 eV energies

the experimental particle balance calculations. To determine the D retained
in the various lithiation cases is described in the next section. From the simulations it was obtained that the penetration of D on W as seen in the figure
3.9 had an ion range value of 30 Å, with this value the penetration of D within
the bulk of W was calculated. It is known that the D is exposed to a volume
of W which is around 2.30175×10−10 m3 calculated from the dimensions of the
W sheet. This can be divided by the volume of a unit cells of W, each unit
cell being of the volume in a body centered cubic cell, giving a value equal to
3.155 × 10−29 m3 . Thus giving the total number of unit cells the implanted D
interacts with at these depths, giving a value equal to 7.294 × 1018 cells. Now
each cell has two atoms of W therefore the total number of atoms of W, D
interacts with becomes 1.4589 × 1019 atoms. This can be used for calculations
of D retention per atom of W and then give combined ratios of D retention
for Li and W combined. The implantation range of Li in W at the energies
of 100 V is around 15 Å and hence it can be said that even with these energies a majority of the Li is deposited on the surface of W-wall. The ratio of
the deposited to the implanted Li can be calculated by integration of the ion
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distribution over a given depth range.

No of D Ions
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D (125eV) on W 3-D Ion distribution profile
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Figure 3.9: Simulated ion distribution profile of D on W with 125 eV energies

3.3

Particle Balance Calculations & Optical
Emission Spectroscopy

Particle balance calculations were performed on the data recorded from the
Deuterium depletion on the various lithiated tungsten walls to give an idea
of the retention in tungsten. This can be done by locating the pressure of
the D2 gas flow after shutting down the plasma (and saturation reached) and
then subtracting this maximum from the area covered by the pressure Vs time
graph of D2 gas from the moment the plasma is started to the point it is
stopped. This correspond to a duration of 30 minutes. The total flux of Deuterium atoms on the surface of the lithiated tungsten can be calculated and
this compared for the different lithiation cases. The data from the particle
balance calculations must also correspond with NRA.
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The formulas used for the calculations are given as under. Deuterium
Retention formula:
Z tf
(Pgas − Pplasma )dt = Ddep
t0
(3.1)
Ddep × η0 × na × 10−3
Retained atoms of D =
κD2 × 750.2 × SW
Here tf is the final time of the plasma, t0 is the instant the plasma in initiated.
Pgas , is the saturation value in the plasma gas pressure. Pplasma is the pressure
recorded for a particular channel of the RGA. Ddep is the deposited deuterium
atoms per unit area. The table 3.6 sums up the calculations done for different
experiments that were performed and their respective retention. In the formula
η0 is the locksmith’s number, na is the number of atoms in a molecule, 750.2
is the conversion factor for Torr to pascals, SW is the surface area of tungsten
sheet, κD2 is the RGA constant for the Deuterium gas. The lithium evaporation
formula gives the quantity of lithium evaporated at a given temperature and
pressure:
(133.3 × exp(18.4 − (18759/(Toven + 273))) × Tevap × AO )
gms
Levap = p
(2 × π × 1.1526 × 10−26 × 1.38 × 10−23 ) × (Toven + 273))
(3.2)
Here Levap is the evaporated lithium in gms, this also includes the factor the
partial pressure of Li at different temperatures, AO is the oven area from
which the Li evaporates which is roughly equal to 1.852 × 10−4 × π, Tevap is the
evaporation time for which the oven is heated, Toven is the temperature of the
oven at which it is heated, the square root contains all the different values of
constant needed to calculate the exact Li evaporated, therefore from the above
two equations the deuterium retained per Li and W is given by:
Dratio =

ND
(NLi + NW )

(3.3)

Here Dratio is the ratio of the number of Deuterium atoms Retained per Li
and W, ND is the number of D atoms, NLi is the number of Lithium atoms
evaporated and deposited to the surface, and NW is the number of atoms
of W interacting with the implanted/ deposited Deuterium determined using
SRIM plots. For determination of W particles interacting with the Deuterium
implanted in section 3.2:

no of unit cells × Nu =

P enetration depth × 0.135 × 0.550
3

(3.4)

Å

Here P enetration depth can be determined from SRIM for a given calculation which is found above and Å is the lattice constant for tungsten (3.160 Å),
Nu is the number of unit cells interacting with Li, the rest are dimension of
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the W sheet. The results in table 3.6 indicate towards retention being affected
after lithiation since the retention of D in the lithiation layer is saturated with
chemical bonds of lithium forming compounds.
Particle balance summary :
Exp Description
No.

VP (V) IA (mA) Dretention
D/m2

D/(Li + W )
Ratio

1

W
+
Li 120
Dep (He F low)

0.3

1.25±0.17 E22 0.49±0.06

2

W
+
Li 120
Dep (Ar Sputter)

0.3

6.94±0.98 E21 0.27±0.03

3

W + Li Imp + 100
Dep (He P lasma)

0.3

1.09±0.15 E22 0.42±0.06

4

W + Li Imp + 120
Dep (Ar Sputter)

0.3

7.27±1.03 E21 0.28±0.04

5

W (U.S cleaned)

250

0.2

7.26±1.03 E21 -

6

W (no Li exposure)

250

0.3

4.45±0.63 E21 -

Table 3.6: Values for retention and characteristic plasma parameters for different
lithiation environment experiments

Experimental data indicates that D retained in case of W-lithiation with
pure He flow is, ≈ 1.15 times larger than W-lithiation in case of He plasma.
This can be found by simply taking the retention ratio of the number obtained
from W + Li Dep (He F low)/W (no Li exposure) and the number obtained
from W + Li Impl +Dep (He P lasma)/W (no Li exposure). OES data for the
two cases specifies that the D retention ratio as ≈ 1.76 times greater for flow
lithiation, these values correspond to an extent within their error bars. OES
further shows that a proportion of implanted lithium remains after complete
cleaning with ultra sound, which points towards Li implantation after Wlithiation under He plasma, also predicted from simulations. It can be assumed
that Ar sputtering reduces the surface deposited Li content but does not get
rid of it completely because of which the retention drops considerably but
not completely since the implanted lithium remains in the W lattice. Also
Ar sputtering can implant deposited Li atoms further or implant the already
implanted Li atoms deeper during the He plasma Lithiation. The ratio of the
D retained per W and Li atom also is highest for He flow lithiation (0.492)
compared to He plasma lithiation (0.429) and all sputtered cases. This points
towards better retention capability in the case of He flow lithiation.
OES data was used to get a qualitative understanding of processes during
lithiation and interaction of the plasma with lithium as they are quite indicative

3.3 Particle Balance Calculations & Optical Emission Spectroscopy
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Figure 3.10: Deuterium Plasma OES comparing Lithiated-W with He flow and
He plasma and Ultra sound cleaned W containing implanted traces from He plasma
lithiation

of the physical processes dominating the experiments. Here in figure 3.10 a
comparison of the OES spectra from different lithiation environments suggests
that D retention is highest and the Dα peak has a magnitude of 0.095 in case
of He flow lithiation compared to the 0.072 peak for He plasma lithiation and
least (0.027) in case of ultra sound cleaned W. The values are well within the
error bars and hence comparable. The peaks of Li emission (671nm) are also
indicative of the Li present on the wall during the emission spectroscopy as the
OES is taken during D2 plasmas. The peak is highest for He flow lithiation
0.074 and drops to 0.011 in successive cases, He plasma lithiation case being
intermediate at 0.042. The data suggest that the experiments were running as
per their variations in lithiation environment.
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3.4

Conclusions & Future Work

1. Simulations carried out estimate that of the 106 Li ions simulated on W
with energies of 100 eV under a Maxwellian energy distribution, the ions
that reach beyond a depth of 3.160 Åm (W lattice parameter) are a significant proportion. By integrating the 3-D Li-ion distributions plots it
was found that 50% of total Li from the plasma is present within a depth
of 15 Åm, and consequently 95.8% - 96.6% of Li was present till the maximum depth of 31 − 32 Åm in W, within this depth range, coincidentally
50% of total D from the plasma (with energies of 125 eV) was found to be
implanted, from earlier simulations. In this region (0 − 32 Åm) twice the
amount of Li atoms can be found than D atoms assuming a maxwellian
distribution. Combining the effects of this, a 2 fold increase in retention
could be expected from Li implanted in W (due to formation of compounds with D), within this given depth range, under the assumption
that all the Li in the W lattice reacts with D (Li:D::1:1). However particle balance calculations indicate that the D retention in W lithiated under
He plasma conditions is ∼ 2.45 times higher, determined by taking the
ratio of retention of W +Li Impl+Dep (He P lasma)/W (no Li exposure)
and W lithiated under He flow conditions is ∼ 2.81 times higher (ratio
of W + Li Dep (He F low)/W (no Li exposure)), compared to the non Li
exposed retention in W.
2. This higher retention could be attributed to additional surface deposition of Li, larger in the case of only W-lithiation with He flow (as no
implantation takes place in this case whatsoever) and all of the Li can be
assumed to be deposited on the surface, hence providing more Li in direct
exposure to D plasmas increasing retention. It is experimentally also evident, that retention in W-lithiated-Ar sputtered samples dropped by ≈
33.30% in case of He plasma lithiation, determined by taking the ratio of
W + Li Impl+Dep (He P lasma)/W + Li Imp+Dep (Ar Sputter) and by
≈ 44.47% (ratio of W + Li Dep (He F low)/W + Li Dep (Ar Sputter) )
in case of He flow lithiation from particle balance calculations. This
suggests that a particular amount of lithium related to this drop in
retention could be eroded or removed due to Ar-sputtering. This experimental reduction in D retention from particle balance calculations
suggests that the implanted Li is ≈ 25.9% (determined by taking the
ratio of ((W + Li Imp +Dep (Ar Sputter) − W (no Li exposure))/W +
Li Impl+Dep (He P lasma)) of the total Li that has been evaporated
under He plasma. Simulations of W-lithiation with He plasma show that
26.8% - 31.6% of Li (say 30% of total Li) can be found from the upper
W surface to a maximum depth of 9 − 10 Åm by integration of the ion
distribution in this range.
3. Further significantly and importantly, sputtering from simulations with
Ar plasma suggests that upto 100% of Ar ions can be found at this depth
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range of 10 − 11 Åm. Thus Ar would sputter the upper 10 − 11 Åm leading to this net loss (26.8% - 31.6%) of Li from the overall distribution of
Li implanted W, this is close to the experimentally estimated (25.9%) of
Li implantation in the same depth range. Hence the mathematical models are in good agreement and coincide with experimentally determined
values within error limits.
4. With respect to the experiments carried out for this work, it is planned
that small samples (1 cm × 1 cm) that have been produced would be
sent for testing Laser induced breakdown spectroscopy (LIBS) testing
at the Department of Experimental Physics Faculty of Mathematics,
Comenius University, Slovakia. This would give a detailed idea of the
Li depth profile and the retention of D in the differently lithiated samples. Further surface morphology analysis could also be performed with
electron microscopy to gain a better understanding of how the surface
reacts to different lithiation environments. Sufficient time could be dedicated to separate experiments with higher plasma temperatures and a
higher temporal resolution OES could be used to determine this. Use of
higher W-wall temperatures (reactor wall at 500◦ C) could also provide
some resolutions to the D retention issue due to only implanted lithium
(apparent in experiments with 250◦ C). Use of high flux linear devices
(pilot-PSI, Magnum, PISCES) to expose samples to higher flux densities are also highly relevant towards testing for reactor like conditions.
These kind of experiments shed light on the many interactions going
on, where the plasma interacts with Li and plasma facing materials in
tandem. The logical next step would be to see how retention could be
affected in Li coated PFCs in relation to the plasma interaction directly
in tokamaks (such as in the CDX-U or the LTX [Lithium Tokamak Experiment]). In-situ methods such as LIBS or Lased induced desorption
spectroscopy (LIDS) techniques could be used for the retention analysis and cross checked with the results from RGA and OES spectra at
the site itself. Simulations which take into account recombination effects
and ion channeling effects could produce greater accuracy in simulated
results with multiple impinging ions simultaneously interacting with the
lithiated-W surface.
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