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Abstract
Tungsten has been chosen as the material for the divertor in ITER. Despite
its good thermal properties: high melting temperature, compatible thermal
expansion and others, certain plasma events, like ELM relaxation or general
plasma disruptions, can produce substantial damage to the material, thus reducing its operational lifetime. It’s proposed that the application of liquid metals (LM’s) could provide numerous advantages such as improved heat handling
capabilities and resistance to permanent structural damage. Liquid lithium is
one of the materials proposed as a plasma facing component, however, one of
the main issues when considering liquid lithium application to fusion devices
is its hydrogen isotope retention.
The main goal of this work was to devise an experimental set-up and develop an experimental procedure to produce lithiated samples under hydrogen atmosphere and investigate the uptake of hydrogen using Laser Induced
Desorption (LID). The experimental procedure consisted of depositing layers
of lithium in hydrogen atmosphere on tungsten (W) and stainless steel (SS)
targets at different sample temperatures. Lithiation was performed by evaporating pure Li (99,9 %) at 450 ◦ C from resistively heated oven. Afterwards,
the samples were moved to the LID analysis chamber without exposure to the
atmosphere. Hydrogen desorption from the samples was induced by Nd:YAG
laser and the amount of released hydrogen was measured using Residual Gas
analyser.
During this work two experimental set-ups were designed and assembled.
One for lithiation procedure in hydrogen environment and another for Laser
Induced Desorption (LID) measurements. For this measurement the Nd:YAG
laser was refurbished and calibrated to operate with its full 1.1 J power.
The results indicated a moderate difference in hydrogen uptake from gas
phase at different sample temperatures, also showing the importance of the
hydrogen pressure during the lithiation procedure.
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Chapter 1
Introduction
The increasing rate of humanity’s technological advances have already greatly
increased the life expectancy of every human being. And this trend is predicted
to continue as average life expectancy has more than doubled (from 25 years to
65 for men and 70 for women) over the past 2 centuries Ref. [1]. It is estimated
by the UN Department of Economic and Social Affairs that the average life
expectancy at birth by the end of 2050s will increase from 64.6 years to 74.3,
reaching the total global population between 7.4 and 10.6 billion depending
on different growth scenarios [2].

Figure 1.1: Estimated World population 1950-2000, and projections 2000-2050

This rapid population increase naturally corresponds to increase in the
demand for energy - electricity. It is estimated that the global electricity
consumption increased by approximately 60% over the span of 13 years [3]
and is foreseen to continue increasing. However, majority of this energy is
produced from fossil and non-renewable resources.
Currently the majority of electricity is obtained from fossil fuels (see Fig.
1.2). The limited amount and non even distribution of these resources are of
5
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Figure 1.2: World energy production from different sources of energy in percent
for 2013, data from [3]

great concern to the current economical and political situation. Also, generation of electricity from these resources create a significant amount of CO2
gasses, contributing to the worsening problem of global warming. These problems makes us to look for other possible energy sources.
One possible solution to the growing energy demand which can be considered ”green” are the renewable sources. However, they are significantly more
expensive and they are known for being intermittent. This is the limiting
factor for the application of these sources, nonetheless it is usually solved by
creating a supplementing energy grids where different sources start generating
electricity by different means, depending on the environmental factors (wind,
tides, etc). Such large systems makes the implementation of renewable energy sources even more complicated and costly. Because of these factors the
renewable sources are sometimes considered impractical.
A different approach for the problem is the nuclear fission energy. As it does
not produce CO2 gasses during operation and the efficiency is quite high, it
generates a big amounts of radioactive waste which requires a strict supervision
and management. Additionally, the possibility of the nuclear accidents pose a
great risk and even though new security measures are constantly introduced,
even one nuclear disaster can have a considerable damage in sizeable areas.
For example: Chernobyl nuclear disaster, in Pripyat, Ukraine in 1986: over
6.000.000 people and an area of 2600 km2 were affected; Fukushima Daiichi
disaster in 2011: over 1.000.000 people and an area of 1260 km2 were affected
(affected people are considered ones who lived in areas contaminated with
cesium-137 at levels of more than 1 curie per square kilometer, affected area size of the exclusion zone) [4].
Due to these reasons a new, green and efficient energy source is needed
which could satisfy humanities’ growing energy needs. Nuclear fusion is great
solution to this problem, which could providing safe, environmentally friendly
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and almost inexhaustible energy. However, achieving nuclear fusion on Earth
is very challenging, and it requires effort of the scientists from all over the
World.

1.1

Fusion

Fusion is a process when two light nuclei collide with each other with sufficient
energy to form a heavier nuclei. During this process a tremendous amount of
energy is released. This reaction is considerably cleaner and safer than the
fission reaction as no long term radioactive waste is produced, additionally
the fusion conditions are very strict - when these conditions are not met, the
plasma temperature simply decreases and reactions stop. It is estimated that
1000 MW fusion power plant would require 250 kg of fuel (Deuterium and
Tritium) per year, while coal power plant would require 2.7 million tons of
coal and 27 tons of uranium for fission power plant.
It is known that the mass of nucleus is always smaller than the mass of its
constituents, for example: mass of Helium atom - 4.002602 u, while mass of 4
protons - 4.029104 u. This effect arises from the strong nuclear forces which
are known to act over small distances (orders of fm). The observed mass
difference represents the binding energy which holds the nucleus together and
is often represented as binding energy per nucleon (proton and neutron). The
relationship is shown in the figure 1.3. Since mass and energy is related by
Einstein’s equation E = mc2 , it is possible to generate energy by fusing lighter
elements into heavier ones (until Fe group elements).

Figure 1.3: Binding energy per nucleon as a function of mass number [5]

From the figure it is obvious that there are two ways to generate energy:
splitting heavy atoms into lighter ones (nuclear fission) or joining light elements
into heavier ones (nuclear fusion) [6]. The most promising reactions are:
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D2 + T 3 → He4 + n1 + 17.6M eV

(1.1)

D2 + He3 → He4 + H 1 + 18.2M eV

(1.2)

D2 + D2 → T 3 + H 1 + 4M eV

(1.3)

D2 + D2 → He3 + n1 + 2.35M eV

(1.4)

However the first reaction (D+T) will most likely be used for the next
generation fusion reactors as this reaction can occur at lowest plasma temperatures while providing the highest interaction cross section [7, 6]. These two
parameters (particle energy (temperature) and cross section) are are the most
important in regards to fusion. As nucleus are positively charged, there is
Coulomb repulsion between them. The particles must have sufficient Kinetic
energy to overcome this repulsion before coming close to each other, where
strong nuclear force starts to dominate.
The reaction products (neutron and helium) will share 17.6 MeV in the
form of kinetic energy, inversely proportional to their masses. The neutron,
produced during the deuterium tritium reaction will escape the plasma, penetrate the plasma wall and deposit most of its energy in the blanket, where this
energy will be converted into heat and afterwards, using conventional steam
turbines, into electricity. The produced He particles will stay in plasma and are
expected to heat the plasma, thus reducing required external heating energy
[6].

Figure 1.4: Cross sections of several fusion reactions [7]

It is quite simple to obtain deuterium - 1 litre of water contains approximately 30 milligrams of deuterium, however the availability of tritium in nature
is very limited. As tritium is fast decaying radioactive isotope, it has to be
produced in situ at the fusion reactor. The current proposal is to produce tritium during the reactor operation by using the escaping neutron. This neutron
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will react with the lithium in the reactor blanket, breeding tritium required
for the fusion reaction. There are two ways to produce tritium from lithium:
Li63 + n10 → He42 + T13 + 4.8M eV

(1.5)

Li73 + n10 (f ast) → T13 + He32 + n10 (slow)

(1.6)

Lithium 7 is more abundant (more than 92 % of naturally obtained lithium
is Li7 ), but reaction with Li6 is simpler to initiate and therefore will be dominant in tritium breeding in future fusion reactors.

1.2

Magnetic confinement

As it was seen in figure 1.4, the cross section for the reaction depends highly
on the energy of the nucleus. For the easiest fusion reaction (D+T) the goal is
to use energies between 10 and 100 keV, which corresponds to temperatures of
millions of degrees Kelvin. Naturally, currently there are no known materials
able to withstand such heat loads. Therefore the current approach to the
fusion is to isolate the plasma contact from any of the materials. This can be
done easily by using magnetic fields as at these temperatures gas is completely
ionised and behaves according to Lorentz law:
m

∂~v
~
= q(~v × B)
∂t

(1.7)

, here m is mass, q is charge, v is a velocity of a charged particle, and B is a
homogeneous magnetic field.
From the cross product it is seen that the particle only has the component
perpendicularly to the magnetic field and it’s velocity in the perpendicular
direction will not be affected. Such particle will move in helical motion along
the magnetic field lines with Larmor radius rL and cyclotron frequency ωc .
rL =

mv⊥
q|B|

(1.8)

~
−q B
(1.9)
m
, where m - mass of the particle, q - its charge, v⊥ - its perpendocualr velocity
component, B - magentic field [8].
Such motion motion is illustrated in Fig. 1.5.
This approach allows one to confine the particles within a limited volume,
however it is impossible to build an infinite length solenoid. Early attempts
were to use magnetic mirrors (MFTF - Mirror Fusion Test Facility), however
not all the particles could be confined using this configuration, thus leading to
big losses [8].
Currently, the most promising magnetic configuration for particle confinement is connecting the beginning and the end of the magnetic field lines while
ωc =

10
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Figure 1.5: Helical motion of the charged particle in homogeneous magnetic field
[9]

creating a torus shaped device. However, the magnetic field in such devices is
not homogeneous, and generates another velocity component to the particles,
known as the drift velocity vd
v~d =

~
F~ × B
qB 2

(1.10)

It is seen that this drift velocity creates charge separation, which in turn
creates a vertical electric field, which together with B field creates E × B drift
which pushes all the particles towards the reactor wall, thus destroying the
confinement.
To avoid this, the common practise is to produce a magnetic field line
twisting. In this case the drift velocity changes direction as the particles move
in the toroidal direction of the device. This line twisting is known as a safety
factor and is used in determining the stability of the plasma in a reactor. It is
defined as a number of poloidal turns of the magnetic field lines over 1 toroidal
rotation around the torus: q = m/n , m - number of toroidal turns, n- number
of poloidal turns.
There are two approaches for generation of the magnetic field line twisting
in such devices. One of the approaches is the addition of poloidal magnetic
field. In the Tokamaks it is generated by the current induced in the plasma
using the transformer effect (Maxwell-Faraday’s law):
~ = −∂ B/∂t)
~
(∇ × E

(1.11)

However, as known from Biot-Savart law, it is impossible to keep changing
the magnetic field indefinitely, thus the tokamaks by design can only operate
in pulsed mode. Additionally, the plasma current can develop instabilities,
leading to plasma disruptions and energy losses towards the reactor wall, thus
producing great damage to the device. Also, as the central part of the device
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is occupied by the central solenoid and toroidal magnetic field coils, there
is a difficulty of protecting them from neutral irradiation, which produces a
degradation of these elements [10].

Figure 1.6: Diagram illustrating the tokamak principle [11]

Another approach in making twisted field lines is the use of complicated
shape field coils, as indicated in Fig. 1.7. There are no plasma current in
these devices, thus it is possible to avoid current induced disruptions and it
also allows to operate such a device in a continuous mode. Also, the magnetic
configuration can be completely controlled by the external coils allowing a
complete operator control over magnetic surfaces. One of the main differences
between tokamaks and stellarators is that as tokamaks retain 2D symmetry
around the torus, the stellerator plasma must always be described in 3 dimensions. The ability to use 2D symmetry in tokamaks allows to use certain
simplifications when considering macroscopic plasma behaviour. As the central solenoid is not needed for the stellarators, the problem of radiation damage
to the central elements can be minimised.

Figure 1.7: Diagram illustrating the stellarator principle [11]
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Chapter 2
Materials for fusion
Developing a materials suitable for a fusion reactor is a very challenging task.
Not only these materials have to be able to withstand high stresses and temperatures, they must be able to maintain these properties during the reactor
operation - be resistant to neutron irradiation. The D-T reaction produces
neutrons with an energy of 14.1 MeV with a fluxes reaching 1018 m−2 s−1 [12].
It is difficult to design and test materials at these conditions as even at nuclear fission power plants, as the average energy of generated neutrons only
reach around 1-2 MeV. Also the α particle generation in fission reactors are
considerably lower than the one expected in fusion devices. Thus, in order
to investigate materials for fusion reactors a separate facility must be built
(IFMIF), which could mitigate the fusion conditions.

2.1

Plasma facing components

Plasma facing components (PFC’s) are components of the reactor which directly interact with fusion reaction products. These components are: plasma
facing first wall - which experiences the almost the maximum interaction with
the plasma, divertor - which handles all the exhaust heat and particle load
of the plasma, and breeding blankets - responsible for tritium breeding from
neutrons.
Aside from being able to handle extreme heat loads and being resistant
to neutron irradiation these materials must also exhibit a number of other
properties: lifetime - resistance to erosion by other particles during the operation as this would influence the lifetime of other elements and the purity of
the plasma , low fuel retention - tritium is a radioactive element which will
inescapably be implanted or trapped within the PFC’s, good thermal conductivity and thermal expansion coefficient - how well the generated heat can be
transferred to the other form of heat, resistance to thermal shocks and fatigue
- corresponds to the material’s capability to handle certain instabilities in the
plasma, low activation - after a long operation times some atomic transmutations are expected to take place and produce radioactive isotopes, mechanical
stability - as high energy neutrons produced during device operation increase
13
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the embrittlement and degradation of overall mechanical stability, and many
others.

2.1.1

Limiter and divertor configurations

The main idea behind MCF (Magnetic Confinement Fusion) is to reduce and
control plasma interaction with the PCF’s (Plasma Facing components) to
prevent plasma wall erosion and damage to the vacuum vessel. To achieve
this it is necessary to control the formed magnetic surfaces and especially the
magnetic surface at the edge of the plasma. It can be done in two ways:
inserting a slab of material (limiter configuration) or by changing the shape
of magnetic field at the bottom at the reactor by adding additional coils and
thus creating a specific region where the escaped particles hit the limiter like
plate (divertor configuration). In both of the approaches the Last Closed Flux
Surface (LCFS) is formed - the last magnetic surface where magnetic field
lines close on themselves. After this there is a thin area, called Scrape Off
layer (SOL), which ends at the specific strike points, where all the escaped
particles and reaction products (He ash) are guided.

Figure 2.1: Limiter and divertor configurations [13]

In case of a limiter, the fast particles in the SOL region strike the limiter
causing erosion, implantation, sputtering and recycling. These processes generate production of pollutants which can diffuse back to the main plasma and
cause plasma cooling by radiation losses and fuel dilution. Due to this fact it
is preferred that limiter materials are light elements and/or materials which
are capable of handling high heat loads. C and Be can be chosen because of
low Z (atomic number) and suitability for high thermal loads, or W and Mb
due to their good thermal properties and low sputtering yields. Nevertheless,
because of their high Z, only very small amoaunts of these materials can be
tolerated in the plasma.
The divertor region is created by adding additional coils at certain location
of the device (most often the bottom) and creating a magnetic null point or
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X point (refer to picture 2.1). The particles outside the LCFS are directed
towards specific strike points on the divertor plates. However, as the thickness of SOL is very small a high thermal loads are concentrated on very small
surface area on the plates. This creates another challenge of finding materials and engineering solutions capable of handling such thermal loads. The
divertor approach allows to better protect the plasma from contamination by
impurities, as they are generated further from the main plasma column. Additionally, the generated impurities in this region can be more easily ionised
and swept back to the target before they have the opportunity to enter the
confined plasma region. This approach usually makes the size of the device
bigger thus increasing its costs.

2.2

Liquid metals for fusion

Currently, tungsten is considered the most suitable solid divertor material due
to its high thermal conductivity, low sputtering yield and high melting point.
However, the use of tungsten as a divertor material exhibits several problems,
such as: material erosion and re-deposition on other elements, thus reducing
their operational lifetime, fuel retention, transport effects and structural disintegration under prolonged operation. Liquid metals (LM’s) are expected to
solve most of these problems [14, 15, 16, 17, 18].
It has been observed that localised W tile melting takes place during disruptions and may compromise the whole element of the reactor. In this light,
the use of liquid metals as a plasma facing components provides the ability to
recirculate and regenerate them in a continuous mode. This approach allows to
avoid the problem of dust formation, He caused embrittlement, and volumetric
swelling - structural disintegration of the material. The recirculation and regeneration systems could allow to avoid neutron irradiation caused long term
damage as well as tritium retention in the material. It has been estimated that
the maximum allowed tritium amount retained in the reactor vessel is around
700 g [17]. As liquid lithium also exhibits high hydrogen isotope trapping coefficient which makes it a perfect candidate for particle exhaust material with
the possibility of simpler tritium extraction.
Additionally, the high hydrogen solubility leads to lower recycling at the
plasma edge and could improve plasma edge temperature (in the case of all
PFC’s were composed of liquid lithium) [19, 17]. Additionally, its high thermal
capacity and low atomic number shows big promise when taking into account
high thermal load handling and low plasma contamination [14]. It is estimated
that thermal load limit for the solid tungsten divertor is approximately 520 MW/m2 , which is almost an order of the magnitude lower than the ones
expected in a Fusion reactor of 3 GW power [14, 15, 20, 21, 18].
Lithium exhibits high reactivity with hydrogen isotopes, carbon, oxygen,
and low reactivity with reduced activation ferritic-martensitic steels (RAFM)
which are currently proposed as structural materials for the reactor. Addition-
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ally, this strong reactivity with reaction elements improves the overall pumping
of the system and may be the reason for the improved confinement in the H
mode and reducing the L-H mode transition threshold. This has been observed
in number of cases (EAST (China), NTSX (USA), TJ-II (Spain)), as H mode
was achieved after full or partial lithiation of reactor first wall [14, 15, 17].
However, this poses a question about liquid lithium compatibility with the
tungsten first wall of the reactor, which will be heated to a high temperatures
(500-700 ◦ C) in order to keep it conditioned [14, 20, 19]. The divertor of
liquid lithium also has to be kept at the temperatures in the range of 200
◦
C to 450 ◦ C to keep lithium liquid, but with low evaporation rate (refer to
figure 2.2 for lithium partial pressure as a function to temperature). This is
seen advantageous as condensation tends to happen at the parts of the reactor
with lowest temperatures. Also, the evaporated lithium becomes ionized very
rapidly and is seen to reduce the heat load of the divertor by radiation losses.
As lithium gets ionized very quickly the penetration of lithium to the core
of the plasma is very low and does not induce radiation losses in this region.
Despite all these benefits, the hot tungsten first wall is still expected to retain
varying amounts of lithium and impurities associated to it. This calls for
investigation of the amount of retained fuel within the lithiated tungsten and
the possible enhancement of the sputtering [14, 22, 17].

Figure 2.2: Lithium partial pressure of as a function of temperature [23]

There are two different approaches for the application of liquid lithium as a
divertor material. The first one directly employs moving liquid lithium within
the vacuum vessel. This can be done using special trenches or creating free
falling curtains. These techniques were tested with a limited success. Another
approach is to use capillary porous systems (CPS) where high surface tensions
forces liquid metal through the porous mesh [14, 24]. This allows good coverage
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of the component with low risk of splashing and droplet formation and also
providing great surface replenishing. It gives a such a divertor a good tolerance
towards the transient heat load fluxes, observed during ELMs relaxation and
disruptions [14, 21, 17].

Figure 2.3: Designs for liquid metal protected targets for liquid metal divertor a)
Evaporable LIquid Metal Advanced Coating (ELMAC) b) Integrated Liquid Metal
Advanced Target (ILMAT) [14]

Other liquid metals besides lithium were proposed as PFM’s - tin (Sn) and
gallium (Ga). A liquid gallium curtain was tested in several tokamaks [14, 25].
Gallium exhibits very low hydrogen retention, is liquid in a wide range of
temperatures and has low vapour pressure in those temperatures. However,
it is highly corrosive with most of the proposed structural materials. Due to
these facts, the research on the liquid gallium as a PFC has greatly decreased.
On the other hand, liquid tin is attracting more attention primarily due to
its low hydrogen retention. Despite this, it has been observed that liquid tin
exhibits de-wetting when coupled with CPS systems and oxide reduction is
required to improve the wetting conditions [14, 24].
Properties

Units

Lithium (Li)

Tin (Sn)

Gallium (Ga)

3

50

31

amu

6.941

118.71

69.723

103 kg/m3

0.535

7.31

5.9

Melting point

◦

C

180.54

231.93

29.76

Boiling point

◦

C

1342

2602

2204

Atomic number
Atomic weight
Density

Thermal conductivity

W/m · K

85

67

29

Specific heat

J/(kg K)

3570

217

371

4.6

2.2

12

Thermal expansion

10

−5

K

−1

Table 2.1: General properties of materials proposed as PFC’s [26]
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Chapter 3
Laser applications for deposit
analysis
For the deposit analysis (fuel or products retention in plasma facing elements
or blanket materials) usually lasers with pulse length τ up to the order of
nanoseconds are employed. This allows to treat all the light surface interactions
in macroscopical scale - all the energy delivered by the laser can be treated
with a simple heat conduction equation (Fourier’s heat conduction law):
dQ
= −k∇T
dt

(3.1)

This is because the relaxation timescales are orders of magnitude (ps) or
shorter. This is particularly useful as the descriptions of such processes in
terms of macroscopical events are better understood and sometimes can be
treated with simplified approaches.

3.1

Laser irradiation

With the invention of the laser it has been applied to increasing amount of
fields. Its application ranges from domestic to industrial and medical fields
due to its high directionallity, coherence and monochromacy and others. As
different fields apply different prospects, all of these properties are used in
material science allowing to investigate the surface layers to great accuracy.
It is known that the laser deposits its energy in the irradiated surface
and near-surface region of the material down to certain penetration depth,
which is characteristic of the laser frequency and the material. The energy
may be deposited either by exciting free electrons or by exciting electronic or
vibrational transitions in atoms, ions, molecules or optically active defects [27].
Laser induced desorption (LID) - is induced by electronic transitions including
valence photoexitations. It differs from other desorption induced by electronic
exitation methods by smaller input energy provided by the energy quantum
and the absence of the inner shell Auger processes [28] .
19
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The details of the surface alteration - such as large-scale material removal
is also influenced by surface roughness, thermodynamic or hydrodynamic surface roughening, it’s instabilities, and by the sample atmosphere. Also, it is
highly dependant on the laser intensity and its distribution as well as lasers’
frequency. And finally, it is necessary to take into account processes like internal reflections, phase changes at internal grain boundaries and laser light
interaction with the ejected particles. Typically, in most of the metals, the
optical excitation skin depth - the depth in which the laser light intensity falls
off to 2/e - is usually of the order of tens of nanometers [27].
Single photon induced desorption length scale can be expressed as:
dmicro = τvib · vs

(3.2)

where τvib is the phonon vibration period and vs - speed of sound. Usually the
values obtained from this expression are in the order of 10-100 nm.

3.2

Laser based emission techniques

Laser irradiation based desorption techniques are very appealing when considering sample analysis without removing them from their initial environments,
like for example ITER inner wall tiles.
This has lead to the development of several laser based methods for wall
characterisation: Laser induced Desorption spectroscopy (LIDS), Laser induced Ablation spectroscopy (LIAS) and Laser induced Breakdown spectroscopy
(LIBS). All of these methods are based on heating small spots of the sample
(or inner wall of the tokamak) with intense laser radiation and observe the released hydrogen isotopes and the ablated wall material by spectroscopic means
[29].

Figure 3.1: Illustration of laser based analysis techniques [30] : a) LIDS b) LIAS
c) LIBS

3.2 Laser based emission techniques

3.2.1
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Laser induced desorption spectroscopy (LIDS)

Method is based on using short laser pulses (1.5-5 ms) during the reactor operation to thermally desorb the hydrogen from the irradiated sample spot. The
released hydrogen isotopes are spectroscopically detected from characteristic
line radiation at the edge of the tokamak plasma.
It has been observed [29, 31, 32] that the release of hydrogen during LIDS
cycle for W or Be can be incomplete. The released hydrogen fracture depends
on how deep the hydrogen penetrated into the material, which is related to
the material exposure temperature. It was also proven that the increase of
laser spot temperature up to W melting temperature causes a release of all the
absorbed hydrogen which was not desorbed during normal LIDS operation.
During the laser irradiation the heat propagates perpendicularly from the
surface down and along the surface. In perpendicular direction it is possible
to obtain the temperature from the following expression:
√
2I κ √ −Z 2 √
t(e
− πZerf c(Z))
(3.3)
T (z) = T0 + √
π K
√

K
with Z = 2√zκt and κ = cρ
, where T0 - starting temperature, K, c, ρ are the
heat conductivity, capacity and density of the material [29]. However for the
layered deposits the thermal properties might vary a lot an cause overheating
of the the material. This leads to the difficulty of differentiation between
thermal desorption of hydrogen and disintegration of the deposit. In the lateral
direction the reported propagation is ≈ 100 µm for 3mm diameter irradiation
spot. This area corresponds to ≈ 13% of the central spot. It is important
factor to take into account as hydrogen is not completely release from this
area and it affects the measured results.
Aside from the uncertainty of the irradiation area, LIDS provides relatively
accurate results providing proper conversion factors which are dependant on
ne and Te at the edge of the plasma [29, 32].
The desorption rate can be estimated by the equation [33]:

dθ
= νeE/RT θn
(3.4)
dt
where E - activation energy and ν - desorption pre-exponential, θ - adsorbate
coverage and n - order of reaction.
and the approximate desorption temperatures can be estimated using heat
rate analysis:
E
νTP
E
= ln(
) − ln(
)
(3.5)
RTd
β
RTP
−

), TP - peak in the desorption
, here β is the heating rate (for LIDS β ≈ Ttm
0
rate, Tm - maximum surface temperature, t0 - length of laser pulse [33].
It is possible to evaluate the desorption temperature (Td ) from the previous
equation, however, the obtained results are not exact as the exact heating rate
in LIDS is not sufficiently well defined. This evaluation can be improved by
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considering the desorption rate, however the expression becomes considerably
more complicated [34].

3.2.2

Laser induced ablation spectroscopy (LIAS)

The method is similar to LIDS, however in this case the sample is irradiated
with shorter pulse (ns) and the material is ablated (melted or sublimated). The
emitted particles are detected in similar matter as in LIDS, using spectroscopic
means.
During the irradiation, emitted neutral particles propagate towards the
edge of the plasma and after interacting with it produces emission of characteristic line radiation. This is used to characterise and quantify the amount of
released particles (hydrogen and the melted material) from the sample area.
To determine the quantitative value of the amount of hydrogen and the
deposit it is important to to have a quantitative measurement of photons
emitted by these species. By employing the spectroscopic conversion factors
relevant for the location of the measurement and by checking for different
ionisation states, it is possible to convert this signal into absolute amount of
emitted atoms.
The accuracy of the method is determined by the spectroscopic detection,
the knowledge of plasma edge parameters and the choice of correct conversion
factors. it is necessary to take into account the influence of the ablation on
the edge plasma parameter values and ratio between molecular and atomic
hydrogen which is escaping into the plasma column.
Since the absorption depth in the metals is bigger than the laser spot
(usually), it is possible to solve the heat conduction equation in one dimension
[35].
∂
κ ∂T (z, t)
α
∂Z(z, t)
=
[(
)
]+
I(z, t)
(3.6)
∂t
∂z Cp ρ
∂z
Cp ρ
Light intensity (I) can be obtained from typical Beer-Lambert equation:
I(z) = I0 (1 − R)e−αz

(3.7)

where µ mass attenuation coefficient which can be expressed as µ = 4πkext /λ
here kext is the extinction coefficient, x - penetration depth, I0 - initial intensity,
λ - irradiation wavelength, R - reflectivity of the sample which changes during
sample irradiation [29].
However, in most of the cases it is simpler to assume a cuboid shaped
affected area of the sample with no heat propagation in the lateral direction to
the surface of the sample. The minimum energy required for the sublimation
of material of mass m = ρV , according to ref [30].
Emin = V ρ(cspec ∆T + Cv )

(3.8)

where V - crater volume, ρ - density of material, ∆T - temperature raise to
sublimation temperature, CV - specific evaporation heat, cspec - specific heat
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capacity, also the laser energy must be higher than the heat conductance of
the material.

3.2.3

Laser induced breakdown spectroscopy (LIBS)

Above certain threshold of power the laser light interacts with ablated material
and produces a plasma plume. This is known as laser induced breakdown
spectroscopy (LIBS). As the laser produces it’s own plasma it is possible to
investigate materials without running the tokamak (LIBS does not require
independent plasma).
It is a widely applied method to analyse the composition of solids - from
characterizing artworks to analysing rocks in Mars. This method is very attractive due to its low limitations, LIBS can operate on various pressures,
atmospheres, on large objects and distances...
LIBS and LIAS are produced by the same laser pulse, however their signals
are separated in time and space. However the energy density of LIBS must
be sufficiently high to obtain stoichiometric ablation, but avoid clusters or
droplets. It is possible to perform LIBS analysis over long distances with the
spatial and depth resolutions of the order of 1 µm.
The method principally works by laser beam ablating the material, creating
a dense vapour cloud which contains certain amount of free electrons. The continued irradiation by laser accelerates these electrons which then transfers this
energy to ions and atoms thus heating the plasma and increasing the density.
This increase in plasma density leads to increase in laser energy absorption.
This plasma absorption which also works as a shielding limits the ablation
rate of the sample material. This generated plasma usually exists much longer
than the laser pulse which instigated it. During this time the formed plasma
plume tends expands thus reducing the density, temperature and radiative ion
recombination. Escaping neutrals produce LIAS at the edge of this plasma
[29].
As is in the case of LIAS the conversion of LIBS signal to relative composition of the material and the hydrogen content is the very important step in
the application of this method. Most commonly LIBS calibration performed
by making empirical comparison with reference samples which are as close as
possible to the analysed surfaces (also known as slope method). The optimisation of measuring conditions (to reduce background radiation) and employing
multiple measurements to improve the statistics are the common ways to improve the accuracy of the obtained data. It is worth noting that the obtained
results depends highly on the ablation process itself and LIBS plasma influence
on the layer properties, such as heat conduction and laser light reflection, and
the atomic properties of the layer materials [29, 36].
Another method to obtain the relative composition of the ablated materials
is to use the calibration-free method. It is based on time resolved density and
temperature measurements from atomic and ionic emission lines, which can
derived from Stark broadening and Saha-Boltzman plots. The measurement
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time window must be taken when light transmission and local equilibrium conditions (LTE) are observed. In addition, method depends on the assumption
of stoichiometric ablation of the irradiated spot. By comparing line radiation
results during this time window with the atomic database constants allows
the evaluation of the relative fractions of the materials. This type of measurement requires a good atomic data, time resolved density and line emission
measurements [29, 37, 36].

3.2.4

Evaluations

To employ NdYAg laser with energy of 1.1 J and laser pulse length of 6 ns.
This corresponds to laser power of 183 GW.
It is stated that for LIBS operation the minimum required power density
must be 0.5 GW cm−2 [30]. To employ the current laser for this operation type
and assuming the minimum required power, the maximum irradiation spot
radius would be approximately 3.4 mm.
To use LIAS technique it is necessary to take into account the sublimation
temperature of the investigated material. The minimum energy required for
the sublimation, according to ref. [30]:
Emin = V ρ(cspec ∆T + Cv )

(3.9)

where V - crater volume, ρ - density of material, ∆T - temperature raise to
sublimation temperature, CV - specific evaporation heat, cspec - specific heat
capacity, also the laser energy must be higher than the heat conductance of
the material.
Value

Tungsten

Lithium

Stainless Steel (316)

ρ, kg/m−3

19300

534

7870

∆T, K

3670

428

1648

4482,16

21022,9

6196.43∗

0.13

3.57

0.49

3.7450

5.0364

4.3218∗

170

85

13

0.602

0.941

0.646∗

CV , kJ/kg
cspec

kJ
kgK

kext
kth , W/m · K
R

Table 3.1: W, Li and Stainless steel properties for 1064 nm radiation, *- values
approximated from Fe properties [38, 26, 39]

ρ - density of material, ∆T - temperature difference from room temperature
to sublimation temperature, CV - specific evaporation heat, cspec - specific heat
capacity, kext - extinction coefficient, kth - thermal conductivity, R - reflectivity.
The extinction coefficient is required to calculate radiation penetration depth
using Beer - Lambert law:
I(x) = I0 · e−µx
(3.10)

3.2 Laser based emission techniques

25

where µ mass attenuation coefficient which can be expressed as µ = 4πkext /λ
here kext is the extinction coefficient, x - penetration depth, I0 - initial intensity,
λ - irradiation wavelength [29].
It is possible to evaluate the temperature rise at the surface of the sample
during laser irradiation using the following equation [40, 41]:
2αI0 (1 − R)
(Dt)1/2 (1/π)1/2
(3.11)
kth
here D - thermal diffusivity (D = kth /(ρcspec )), α - absorption coefficient,
I0 - light intensity reaching the sample, R - reflectivity, τ - length of laser pulse,
kth - thermal conductivity.
This expression is a great simplification assuming that thermal properties
stay constant during the laser irradiation and only applicable when irradiating
surfaces where optical absorption length α−1 is smaller than thermal diffusion length (Dτ )1/2 . This indicates that most of the energy is absorbed at
the surface of the sample, and it is possible to treat the problem as surface
temperature absorption.
In the case where volume absorption takes place (optically transparent
material), the equation takes form [41, 40]:
T (0, t < τ ) =

T (z, t) =
1 α
e
+ 2α

2 (Dt)

z
αI0 (1 − R
2(Dt)1/2 ierf c[
] − 1/αe−αz +
k
2(Dt)1/2

× (eαz erf c[α(Dt)1/2 −

z
]
(Dt)1/2

+ eαz erf c[α(dt)1/2 +

(3.12)
z
])
(Dt)1/2

However, this form is also a simplification assuming a spatially uniform
light source on a semi-infinite transparent solid. Usually the complexity of
equations for sample heating becomes increasingly more complicated when
taking into consideration additional effects [40].
Material

Temperature increase
∆T

∗

Thermal diffusion length

Absorption depth

(Dτ )1/2 , µm

α−1 , nm

Stainless steel (SS)

1250

29

19,6

Tungsten (W)

481

130

22,6

105

16,8

Lithium (Li)

115,9

∗∗

Table 3.2: Estimated thermal properties during laser irradiation on target materials. Laser wavelength λ = 1064 nm, laser spot radius rspot = 0.001 m, laser pulse
length τ = 0.25 ms.
∗

- optical and thermal properties were considered constant during irradiation.
∗∗
- the reflectivity for 1064 nm radiation on solid lithium is ∼ 90 %, however
this value decreases as lithium temperature increases
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Chapter 4
Experimental set-up
To measure Laser induced desorption from Lithiated samples at hydrogen environment, two setups were assembled: the Li deposition chamber and LID
chamber. All the experiments were performed in vacuum vessels designed
and constructed in Centro de Investigaciones Energeticas, Medioambientales
y Tecnologicas (CIEMAT), Madrid.

4.1

LID set-up

The LID setup consists of Nd:YAG laser and main vacuum chamber equipped
with Residual Gas Analyser (RGA) to record the released amount of hydrogen
from the sample during the laser shots. For the higher time resolution the
RGA was configured to operate in the leak detection mode, however we were
limited to only measuring one element at a time. The schematic representation
of the experiment is presented in the figure 4.1.
The chamber was equipped with 2 optical windows: one for laser light
introduction, another for possible adaptation of the same set-up for LIBS in
later experiments. For the pressure measurement in the main vacuum chamber
ionization gauge (operational in the range 10−4 − 10−9 Torr) was used. For
vacuum generation a turbo-molecular pump coupled with rotary pump were
used allowing to produce vacuum in the order of 10−8 Torr. For a sample
introduction a special 30 cm long manipulator coupled with a gate valve was
used. This was done to avoid sample contamination while transporting it from
Lithium deposition chamber.
The procedure of moving the sample between two vacuum chamber was
performed by over-pressurising the chamber with argon gas before detaching
the sample manipulator from the chamber to avoid the atmospheric contamination and possible chemical structure change. In the atmospheric conditions
the deposited lithium films tends and form lithium carbonate. This is clearly
visible as the colour of the formed films quickly changes from metallic grey to
black. The procedure of moving the sample was performed over time of 5 to
10 minutes. In the atmosphere Li surface may go through following reactions
[17]:
27
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Figure 4.1: Schematic representation of LID experimental setup. 1- optical windows, 2 - Pumping system, 3 - Manometer, 4 - Mass spectrometer (RGA), 5 - Valves
for sample introduction, 6 - Sample manipulator and holder, 7 - Vacuum chamber

4Li + O2 → 2Li2 O

(4.1)

2Li + 2H2 O → 2LiOH + H2

(4.2)

LiD + H2 O → LiOH + HD

(4.3)

Li2 O + CO2 → Li2 CO3

(4.4)

2LiOH + CO2 → Li2 CO3 + H2 O

(4.5)

Before introducing the sample into the chamber, a pre-pumping of the
manipulator was performed using mobile vacuum unit. This allows to reach the
pressures of approximately 10−6 Torr within the manipulator, before opening
the main chamber valve. Not only this allows to maintain high vacuum in the
main chamber, but also prevents from main chamber vacuum contamination
by water or other molecules.

4.1.1

Nd:YAG Laser

LASER - the name stands for ”Light Amplification by Stimulated Emission of
Radiation”. In the case of Nd:YAG, a flashlamp situated close to the lasing
medium gives of a lot of radiation. SOme of that radiation is absorbed by
the lasing crystal (Nd:YAG) and stored within the excited state [42]. Over
time a transient state known as population inversion can be created - when
higher amount of electron population is stored in the excited state than in
the ground state. This energy is then extracted from the lasing crystal by
taking a precise control of spontaneous and stimulated emission. By returning
the photon emitted during spontaneous emission back into the laser crystal
the process of stimulated emission takes place. This process stimulates exited
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atom to go to a ground state while emitting a photon with the same energy
and phase as the photon which initiated the transition [42, 43]
For the experiment the main harmonic (1064 nm) of such a laser (Neodymiumdoped yttrium aluminium garnet - Nd:YAG) was used. It ’s a solid state laser
where a small fraction of Yttrium (Y) ions are replaced by Neodymium (Nd).
The typical flashlamp was used to produce a laser pumping and to generate
population inversion inside the lasing crystal. The laser can be operated in
long pulse mode (0.25 ms) or q switch mode (6 ns). During this experiment the
long pulse mode was used in order to avoid high energy density on the sample
and creation of a plasma plume (LIBS). However, in subsequent experiments,
to perform laser induced breakdown spectroscopy (LIBS), the laser must be
operated in q switch mode.
Nd:YAG crystal is a four level medium, with possible emission wavelengths
of (946, 1064, 1123, 1319 nm), however 1064 nm is most dominant one and the
device is usually optimised to produce this emission wavelength. The pumping
for this medium can be performed either by 808 nm or 869 nm radiation.
Nd:YAG lasers provide substantial gain with moderate pumping [43].
During certain experiments a 50:50 beam splitter was used to attenuate
the laser power of 1.1 J without losing the integrity of the laser spot. The
power of the laser was measured using thermopile and semiconductor sensors
with a typical fluxmeter. The laser head and its components are illustrated in
fig. 4.2.

Figure 4.2: Laser and its components used for LID experiments
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Residual Gas Analyser (RGA)

During the experiment Residual Gas Analyser (SRS RGA 100) was used. It
is a mass spectrometric device used in high vacuum environments. A typical
RGA consists of: an ioniser, separator zone (4 cylindrical poles) and an ion
mass detector [44].
The ioniser performs the ionisation of the gases into positive ions. Most
commonly it is done by electron impact ionisation - a beam of electrons is
created from the heated filament, which are later accelerated and directed
towards the gas molecules. After the collision between the electrons and the
gas molecules they exhibit a specific mass to charge ration (m/Z).
Most commonly the separation zone consists of four cylindrical rods. These
rods create an adjustable DC and AC electric fields in between these poles.
The frequency and the amplitude of the opposite rods are always kept the
same, however the DC and AC voltages are superimposed on each other. By
adjusting the DC and AC voltages a conditions are created in which only ions
with a certain mass and charge ratio can pass through the separator without
hitting one of the quadropole rods. By performing a scan of DC and AC
voltages it is possible to acquire the mass spectrum of the analysed gas [44].
At the other end of the device the particles are collected either by Faraday
cup or Secondary Electron Multiplier (when higher resolutions are required).
This generates an electric current which can be related to the particle pressure
during the calibration. This can later be converted to the number of desorbed
particles.

Figure 4.3: RGA schematics [45]

Calibration of the device could not be performed using direct injection of
the gas in the chamber as this would provide a linear calibration. However, in
this case, the desorption of the hydrogen takes place in a strong outburst
and a difficult calibration method had to be chosen. This could be done
using amorphous C:H films with well known hydrogen content and particle
density. However, the exact knowledge of the laser spot its energy distribution
is required to employ this method. Another way to perform the calibration
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is to perform a complete thermal desorption (TDS) from a secondary sample
prepared at the same conditions and comparing globally obtained data (TDS)
with the local one (LID).
During the experiments the device was operated in leak detection mode
as it allowed greater time resolution (up to 100 ms or less). However, in
this operation mode only one element spectrum could be detected (amu 2 molecular hydrogen). This mode was chosen in order to record as much time
refined spectrum as possible, due to the fact that hydrogen was released from
the sample in very short outbursts, presumably - outburst length is assumed to
be on the same order as the laser pulse length due to high thermal diffusivity
of metals.

4.2

Li deposition chamber set-up

Lithium deposition was performed in another vacuum system in order to maintain the level of vacuum in the main LID chamber. The schematic representation of Li deposition system is presented in figure 4.4. The evaporation
can be performed at various hydrogen pressures, however pressure range 0.1-1
Torr were chosen to simulate the pressures (magnetic and neutral) at the divertor region at the tokamak during the reactor operation. Since ionization
gauge only functions in high vacuum range (10−4 to 10−9 Torr), the system
was equipped with additional capacitance manometer capable of operating at
medium vacuum conditions and measuring pressure up to 1 Torr.

Figure 4.4: Li exposure chamber schematic representation with a - top view and
b - front view. 1 - Optical windows, 2 - Li evaporation oven, 3 - Valves for sample
introduction, 4 - Sample manipulator and holder, 5 - ionization gauge, 6 - Gas
inlets for Ar and H, 7 - Capacitance manometer, 8 - Li oven and thermocouple
feedthroughs, 9 - Vacuum pump valve, 10 - Pumping system, 11 - Sample heating
element, 12 - Pyrometer
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To simulate the element heating in the tokamak, and for the purpose of
outgassing the sample, the chamber was equipped with tungsten heating filament, capable of heating the sample up to the temperatures of 530 ◦ C. This
temperature was measured by Optris optical pyrometer, capable of measuring
temperatures in the range of 150 to 1200 ◦ C. This was done by placing the device outside the vacuum chamber and adjusting it to the surface of the sample
through one of the optical windows installed in the chamber.
Another optical window was used to optimise the positions of sample, heating element and Li evaporation oven in order to produce good quality hydrated
lithium coatings. The orientation of different elements (sample, heating element, and lithium evaporation oven) within the chamber is shown in figure
4.5. Lithium oven was covered with 1 cm aperture disc to direct the flux of
evaporated material, and placed approximately 1 cm below the lowest edge
of the sample in order to have a clear view of the sample from the pyrometer optical window. A K type thermocouple was added directly to the oven
(as seen from the figure) to have a good estimation of the oven and lithium
temperatures during the deposition process.

Figure 4.5: Li exposure chamber elements as seen from pyrometer optical window

In the set-up two different gas inlets were used, one for venting the chamber
with Argon gas to avoid Li oxidation and sample contamination during sample
removal and transportation to LID chamber and another for introduction of
hydrogen. Since it is necessary to have a good estimation of the amount of
introduced hydrogen gas, one of the gas inlets were fitted with a known volume
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gas tank. As the ideal gas law (pV /T = nR) holds true in both of the volumes
(the main vacuum chamber and the gas tank) it is possible to estimate the
amount of introduced hydrogen gas.
Same sample manipulator as described in LID set-up was used for sample
introduction to the chamber. This manipulator allows a 30 cm longitudinal
positioning of the sample within the chamber, however the exact positioning
must be confirmed through the optical windows. For the heating filament
introduction and positioning another, 15 cm long manipulator was used, placed
perpendicularly to the sample in the vertical direction.
The vacuum pump was placed behind a vacuum valve allowing to stop the
pump during the deposition process if needed. This facilitates the deposition
process and allows to maintain better vacuum conditions, as it impedes the
diffusion of oil vapour from the pumps to the chamber.

34

4. Experimental set-up

Chapter 5
Conduction and Results
During the experiment two types of substrates were used as a sample materials: a high purity tungsten samples and stainless steel samples (SS). Sample
lithiation was performed by evaporating high purity (99.9 %) lithium at the
temperature of 450 ◦ C under several hydrogen pressures. Only a few samples
on a tungsten were prepared due to the difficulty of reaching required laser
power densities for laser induced desorption.
For W samples lithiation was performed at hydrogen pressure of 1 Torr,
while SS samples were prepared at the hydrogen pressures of 0.1 Torr. The
pressure reduction was performed after taking into consideration the mean free
path of the lithium particles at the mentioned pressures. Two main variables
were taking for the exposures: lithiation time and sample temperature during
the deposition.

5.1

Preexperimental procedure

The oven was placed inside the deposition chamber so that it wouldn’t obstruct
the data acquisition by the pyrometer aimed at the sample. A thermocouple
was inserted inside the oven and connected to the feedthroughs. All the wires
were covered with teflon to avoid any short circuits or arcing. The oven was
filled with 2.5 g, 99.9 % purity Li by cutting it into small pieces and adding
them to the oven under the constant flow of argon to prevent oxidation. The
chamber was immediately closed and pumped down.
The outgassing of the oven was performed by heating it to the temperatures
of 250-300 ◦ C and maintaining it for 1 hour. As melting temperature of lithium
is 180 ◦ C, the introduced lithium melts while releasing all the impurities and
paraffin in which it was stored.
The samples (tungsten and stainless steel) were cleaned in ultrasonic bath
for 30 minutes, heat treated in an oven at temperature of 150 ◦ C for additional
30 minutes, and cleaned with ethanol before introduction to the chamber.
After outgassing the Li oven for approximately 1 hour, sample and filament
were situated as close to each other as possible to perform a final sample
outgassing within the lithiation chamber. During this procedure the sample is
35
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heated to the temperatures reaching 500 ◦ C. This process takes approximately
10 to 15 minutes. The process of sample outgassing is depicted in figure 4.5.
The temperature is measured by the optical pyrometer situated outside the
vacuum chamber.

5.2
5.2.1

Experimental procedure
Lithium deposition procedure

The experiment is initiated by heating the lithium oven to the temperature
of 450 ◦ C. Only at temperatures in this range the lithium evaporation rate
becomes significant. During the oven heating the vacuum pump is directly
connected to the main chamber. When oven temperature reaches desired temperature, the vacuum pump is isolated from the main chamber by closing the
main valve and the calculated hydrogen amount is introduced to the system
through one of the gas inlets. This is done by the secondary volume attached
to the chamber which is filled with a known amount of hydrogen. Right before the deposition this volume is connected to the main chamber and the
calculated amount of hydrogen gas is introduced to the main chamber. The
hydrogen pressure during deposition is 1 Torr for W samples and 0.1 Torr for
lithiation of SS samples. The sample and the heating filament positions can be
set in between any of these steps using the manipulators. Since their positions
are clearly visible from the optical windows they can be adjusted to reasonable
accuracy as seen in figure 4.5.

Figure 5.1: Li exposure chamber
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During these experiments the sample position was set to be as close to the
oven aperture as possible to obtain the highest lithium flux and presumably,
the highest hydrogen retention. Throughout the evaporation process all the
parameters are kept constant, except for hydrogen pressure in the chamber,
which decreases due to the hydrogen uptake by lithium, and the sample temperature which increases due to its close proximity to the oven. If needed, this
temperature can be increased by the tungsten heating element, introduced
from the top of the chamber. This allows to increase the temperature of the
sample up to 550 ◦ C.
After the deposition the chamber is vented with pure argon gas to avoid
sample contamination before the sample is retracted and the manipulator is
moved from the Li deposition chamber to the LID analysis set-up.

5.2.2

LID procedure

The sample, prepared in Lithium deposition chamber, is transported to the
LID lab. The manipulator with the lithiated target is attached to the LID
chamber and connected to the secondary vacuum system. Typically this procedure takes 5 to 10 minutes. Only after generating the vacuum of 10−6 Torr
within the manipulator, a main chamber valve is opened as not to compromise
the vacuum within the main chamber.

Figure 5.2: LID analysis chamber
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The pressure required for RGA operation must be in the order of 10−7 Torr,
however for a successful experiment execution the levels of hydrogen must be
as low as possible. It was observed that for a good data collection, the relative
hydrogen pressure in the chamber to drop below 1.5 · 10−8 Torr. To achieve
this, the ionization gauge has to be turned off as its filament is acting as a
hydrogen source by performing dissociation of residual water molecules in the
vacuum.
Using the manipulator the prepared sample is moved to the center of the
chamber as to reduce the possible desorption of hydrogen from the chamber
walls and get a more accurate spectrum. The distance between the laser output
aperture and the sample is approximately 1 m. The laser is adjusted to the
center of the introduced sample.
Laser is adjusted to operate at maximum energy - 1.1 J in a long pulse
operation mode (0.25 ms) in a 1 Hz repetition rate. As the diameter of the
laser spot is approximated to be 1 cm, the delivered power density to the
sample is approximately 5.6 kW/cm2 .
Residual Gas Analyser (SRS RGA 100) is configured to operate in leak
detection mode for hydrogen gas to obtain better time resolution of the spectrum. The number of laser pulses delivered to the sample is controlled manually, by opening and closing the laser shutter. This method allows to observe
the released hydrogen amount during individual laser shots. The procedure is
repeated until no significant hydrogen desorption is observed.

Figure 5.3: RGA and ionization gauge signal comparison with subtracted background
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To make sure that no data is lost during RGA operation due to time resolution of the device the obtained spectra for hydrogen was compared to the total
pressure increase measured by ionization gauge. The results are presented in
figure 5.3. It is evident that both signals correlate very well and no substantial
amount of data is lost during this RGA data acquisition at this operational
mode.

5.3

W results

Three tungsten samples were prepared: a pure outgassed tungsten, a tungsten
sample lithiated at hydrogen atmosphere and a sample lithiated at vacuum
conditions but exposed to hydrogen post deposition.
The procedure was performed in 1 Torr hydrogen pressure at a constant
oven temperature of 450 ◦ C. Due to close proximity between sample and the
lithium oven, the sample was observed to heat up to the temperatures of
∼ 250 ◦ C by heat radiation from the oven. Considering this fact when performing the post exposure of the sample (exposure of the sample after the
lithiation), it was heated to similar temperature during the exposure to hydrogen gas. This was done to mitigate the maximum possible uptake of hydrogen
from the gas phase. The obtained data is presented in the table 3.1.
W Sample

Blank

Exposed to H

Exposed to H

during lithiation

after lithiation

Sample exposure temperature, ◦ C

Outgassesd at 500 ◦ C

220-250 ◦ C

250 ◦ C

Relative hydrogen pressure, Torr

1.54 × 10−9

4.33 × 10−9

1.06 × 10−8

Table 5.1: Results from lithiated tungsten targets, accuracy ±0.5 × 10−9 Torr

As seen from the results, the highest hydrogen content was measured when
lithium was evaporated in vacuum and exposed to hydrogen atmosphere post
evaporation. This can be related to the total amount of lithium deposited on
the sample during the exposure. It can be explained by considering mean free
path of lithium atoms during the deposition process. This parameter is higher
during the evaporation at vacuum conditions, so is the amount of deposited
lithium on the sample is expected to be higher. The mean free path in 1 Torr
hydrogen atmosphere is approximately 1.4 × 10−4 m, while in pressure of 10−6
Torr it increases by an 6 orders of magnitude. This is directly related to the
accumulated hydrogen within the films as only lithium is expected to produce
hydrogen uptake in these conditions. However, the exact amount of deposited
lithium could not be determined as the mass increase of the samples after the
deposition was lower than the accuracy of the measurement tools available.
For the LID measurement laser was equipped with 50:50 beam splitter,
however it was later noted that tungsten samples require higher power density
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to produce a substantial hydrogen desorption. Additionally, following experiments were performed on stainless steel (SS) samples, due to better thermal
properties when considering hydrogen release. The importance of this factor
is the observed signal to noise ratio, as in certain cases the measured hydrogen
peaks were in the order of the background noise.

Figure 5.4: LID results for tungsten samples

5.4

SS results

Stainless steel samples were prepared for the lithiation following the same procedure as mentioned earlier - ultrasonic bath, baking at 150 ◦ C, additional
cleaning by ethanol and final out-gassing in the vacuum chamber. The lithiation was performed at 0.1 Torr hydrogen pressure and different sample temperatures (250 ◦ C, 350 ◦ C and 550 ◦ C) to estimate the temperature dependence
on the amount of retained hydrogen. The pressure of hydrogen was decreased
to facilitate the deposition of lithium on the sample, in order to improve signal to noise ration during LID experiments. Sample temperatures lower than
250 ◦ C were unobtainable with the current experimental set-up due sample
positioning close to lithium oven and oven induced heating. The duration of
lithiation was set to be constant and equal to 30 minutes. Sample size was
limited by the diameter of the used manipulators and was approximately 17,5
mm x 21 mm.

5.4 SS results
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W Sample
Measured hydrogen pressure, Torr

250 ◦ C

350 ◦ C

550 ◦ C

2.34 × 10−8

3.76 × 10−8

2.96 × 10−8

Table 5.2: Results from lithiated stainless steel targets under 0.1 hydrogen atmosphere, accuracy ±5 × 10−9 Torr

Figure 5.5: Typical temperature and hydrogen pressure evolution during lithaition
of stainless steel sample

The observed lower hydrogen uptake at higher temperatures is expected to
be the result of thermal desorption taking place during the lithiation process.
However, the observed hydrogen retention at low temperatures was unexpected
and is believed to be the result of fast lithium vapour condensation on the
sample, prior to any hydrogen uptake. Also this would correspond to negligible
hydrogen uptake by lithium while it is in the gas phase.
The typically observed evolution of hydrogen pressure and temperature of
sample and the oven are shown in figure 5.5. The measured temperature of
the oven is around 475 ◦ C, however, the value of measured potential difference
generated by the thermocouple corresponds to 450 ◦ C when compared to the
type K thermocouple conversion table.
This way the precision of the oven temperature is in the range of 1 ◦ C.
The temperature of the sample is measured by the optris CT pyrometer. This
device allows to measure temperature from spot with a diameter of 7 mm over
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the distance of 20 cm [46]. The hydrogen pressure during the lithiation was
measured by capacitance manometer, with a precision of 10−3 Torr.
This evolution shows a sudden decrease in hydrogen pressure, which might
be associated to its high uptake by liquid lithium within the evaporation oven.
The subsequent slower increase in hydrogen pressures would correspond to its
desorption from vacuum elements or lithium itself, but the exact mechanism
of the process remains unclear. The expected desorption of hydrogen during
the lithiation due to sample heating is only expected at temperatures higher
than 450 ◦ C, however such a behaviour was observed independently of sample
temperature.

Figure 5.6: LID results for stainless steel samples at different temperatures

During LID analysis it is expected that all the hydrogen will be released
from the laser spot after one shot, and subsequent shots at the same location
should not generate a substantial signal. This is clearly seen in samples of
250 ◦ C and 550 ◦ C. However, it is observed that the spectrum from sample
prepared at 350 ◦ C exhibits slightly different behaviour. This abnormality
might have arose due to improper targeting of the laser (part of the irradiated
spot is assumed to have been on the sample holder) and possibly produced unwanted reflections to the inner walls of the chamber thus generating additional
contribution to the measured signal.

5.5 Conclusions

5.5
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Conclusions

Two experimental set-ups and experimental procedure were developed to produce lithiated samples under hydrogen atmosphere and perform their Laser
induced desorption (LID) analysis. For the analysis the Nd:YAG laser was
refurbished and optimised to work with a power of 1.1 J in long pulse mode
(0.25 ms). The analysis of the films was performed in high vacuum conditions
using Residual Gas Analyser in leak detection mode. Both of the set-ups were
assembled with the intent of producing and performing more complex samples
and analyses.
Samples on stainless steel (SS) and tungsten (W) were prepared in a lithiation chamber in a hydrogen atmosphere at different sample temperatures.
Tungsten samples were lithiated in 1 Torr hydrogen pressure while SS (stainless steel) samples at 0.1 Torr.
LID analysis of lithiated tungsten samples indicated that higher hydrogen
content was detected in samples exposed to hydrogen gas post evaporation.
This is probably related to higher amount of lithium deposited on the samples
due to higher mean free path experienced by lithium particles in pure vacuum
conditions. However, as the size of the samples is relatively small (17,5 mm
x 21 mm) the amount of deposited lithium could not be measured due to the
limitations of the equipment.
Samples formed on stainless steel targets show low hydrogen retention (in
the order of 10−8 ), however these results are not comparable to the tungsten
samples as the lithiation was performed at lower hydrogen pressures and with
longer exposure times. The temperature dependence of the samples on the
hydrogen retention was investigated, showing a highest retention in samples
formed at 350 ◦ C.
The obtained results indicated a low hydrogen retention when lithiation
is performed in hydrogen gas environment. The low retention values can be
associated with low amount of lithium deposited on the samples and small size
of the samples, which was limited by the size of manipulators. Due to change
in experimental procedure, the comparison of the results between the target
materials (tungsten and stainless steel) could not be performed.
The exact estimation of the released hydrogen during the laser irradiation
could not be performed, as the energy distribution across the laser spot is unknown. Additional adjustments and optical elements to the laser are foreseen
to improve the shape of the laser spot and to produce better intensity profile
across it. It is reported that laser induced desorption is not capable of releasing all the hydrogen stored within the samples and application of LIBS might
produce a more complete results.
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