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Abstract
During several decades of research and development in the field of Magnetically
Confined Fusion (MCF) the preferred selection of materials for Plasma Facing Components (PFC) has changed repeatedly. Without doubt, endurance of the first wall
will decide research availability and lifespan of the first International Thermonuclear
Research Reactor (ITER). Materials erosion, redeposition and mixing in the reactor
are the critical processes responsible for modification of materials properties under
plasma impact. This thesis presents several diagnostic techniques and their applications for studies of materials transport in fusion devices. The measurements were
made at the EXTRAP T2R Reversed Field Pinch operated in Alfvén laboratory at
KTH (Sweden), the TEXTOR tokamak, recently shut down at Forschungszentrum
Jülich (Germany) and in the JET tokamak at CCFE (UK). The main outcomes of
the work are:
• Development and application of a method for non-destructive capture and
characterization of fast dust particles moving in the edge plasma of fusion
devices, as well as particles generated upon laser-assisted cleaning of plasmaexposed surfaces.
• Advancement of conventional broad beam and micro ion beam techniques
to include measurement of tritium in the surfaces exposed in future D-T
experiments.
• Adaption of the micro ion beam method for precision mapping of non uniform
elements concentrations on irregular surfaces.
• Implementation of an isotopic marker to study the large scale materials migration in a tokamak and development of a method for fast non destructive
sampling of the marker on surfaces of PFCs.
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Chapter 1

Introduction to fusion
1.1

Principle of energy production

In the XI century a squirrel could cross Britain all the way from East to West without even touching the ground. By the XVIII century a significant part of England
has been deforested as timber was intensively used, powering industrial and technological development. It is well worth a debate to what extent scarcity of resources
can energize invention, but by the second half of eighteenth century the timber was
mostly gone and as an energy supply replaced by virtually inexhaustible at that
time fossil fuels: peat, lignite, anthracite and other sorts of coal. For Britain with
its abundant fossil resources this was a key for sustainable development of industries
and machinery. Energy intensive technologies benefited most from the changeover
from wood to coal. Smelting of iron with coke, implementation of the Newcomen
atmospheric engine and later Watt steam engine (Rae and Volti, 2001) enhanced
the workforce productivity and propelled the Industrial Revolution (Mokyr, 1998).
Later in the nineteenth century gas and oil have been recognized as efficient energy
resources, but yet another, way more capacious fuel remained to be discovered.
In nineteenth century copious fossil evidence became available for that the
Earth’s age could barely be less than few hundreds million years. This contradicted the previous most acknowledged figure by Kelvin, who believed it was about
24 million years (Bryson, 2003, p. 69). This figure was rather an estimate for the
Sun’s age, which reasonably could not exist shorter than the Earth. The estimate
was based on the notion that the only process he could think of that could liberate
sufficient energy for the Sun to shine with its power was gravitational contraction.
For some while the increasing kinetic pressure would resist gravity until the energy is radiated and the collapse continues. This gave considerably underestimated
figures for the Sun age, indicating that it was not (just) gravity powering the Sun.
In 1896 the radioactivity was discovered by H. Becquerel. Spontaneously decaying species were found to have a peculiar property: it would always take the same
time for the activity of a radioactive sample to drop by half. This was used by
3
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Rutherford to calculate retrospectively the time needed for a sample of geological
material to decay to the present level of its activity. He measured the age of a piece
of uranium ore to be 700 million years, what put an end to the debate about the
Earth’s age. An overwhelming amount of energy liberated in each spontaneous decay act together with known by that time mass of the Earth let Rutherford suggest
that it could be radioactivity which was responsible for all warmth the Earth had.
But still it was not possible to explain what was powering the Sun’s radiance.
The answer came in 1920. In his public lecture in Cardiff an astronomer A.S. Eddington laid out a mechanism that would let the Sun shine for all billions of years
it already had and for yet as much in the future, see (Eddington, 1920). A year
before that the masses of several elements were measured to a much greater precision than ever before, and it turned out that helium was slightly lighter than four
hydrogens. The nuclear transmutation of hydrogen into helium with excess mass
converted into energy was the mechanism proposed by Eddington as powering the
Sun and the stars.
“A star is drawing on some vast reservoir of energy by means unknown to us. This reservoir can scarcely be other than the subatomic
energy which, it is known, exists abundantly in all matter; we sometimes dream that man will one day learn how to release it and use for
his service.”
Sir Arthur Stanley Eddington, 1920
Converting four hydrogens into helium is almost exactly what the Sun does, more
precisely the reaction involves yet two positrons and two neutrino and goes in several
steps, but for simplicity can be written as follows:
4p → 4 He + 2e+ + 2ν + Q
where Q is energy about 20 MeV shared mostly between the light particles. Nuclear
processes involving neutrino are due to the weak interaction and have very low
reaction rate. The time scale of the reaction is about 1.4x1010 years. This explains
the long hydrogen burning life cycle in the stars but renders inappropriate such
reaction for any practical application. Indeed, the Sun energy production rate is
just about 20 W/m3 (for comparison in a human body it is about 2 kW/m3 ). But
it is not just hydrogen and helium that can be converted one into another with a
positive energy excess. It turns out that the whole periodic table divides in two
halves: the lighter nuclei to the left of iron release energy when fusing together and
the heavier ones release energy by fission, Fig. 1.1. Fusion of light nuclei releases
more energy per nucleon then fission of heavier ones. Moreover, the light species
are most abundant on Earth. Taking two heavier isotopes of hydrogen, deuterium
and tritium, one can produce 4 He without neutrino and with comparable energy
output:
D + T → 4 He + n + 17.6 MeV
(1.1)
This reaction only involves the strong interaction and goes much faster. The only
difficulty with it is in that the strong force has much shorter range than electric
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Figure 1.1: Binding energy per nucleon (red circles) and estimated relative abundance of elements in the Sun (blue circles). The latter also represents the abundances in the primordial Solar nebula and hence on Earth. The plot adapted
from (Thompson and Nunes, 2009).

force. Until the two nuclei come sufficiently close to each other to be able to fuse
their interaction is purely the long-range electrostatic repulsion. For D and T the
height of this Coulomb barrier is about 280 keV. Classically this would mean that
no nuclear reaction is possible until the particles can collide with this energy. Fortunately, there is a finite probability for tunneling under the barrier already at energies
as low as 20 keV. The fusion 
cross section at these
is proportional to
 low energies

2πZ1 Z2 e2
1
√
the tunneling probability exp − v~
∼ exp − E and the geometrical factor πλ ∼ E1 , where v is the relative velocity of the two nuclei (Gamow, 1928) and λ
is the de Broglie wavelength. The resulting cross section peaks at D energy about
100 keV. For a thermalized mixture of D and T the reaction rate, averaged over
Maxwellian distribution hσvi has maximum at temperature about 80 keV. Compared to the other possible fusion reactions with light nuclei like D-D or D-3 He, the
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D-T process has an order of magnitude better reactivity at low energies, this is why
D-T fusion reaction is the primary candidate for practical realization of a fusion
reactor. D is available in vast quantities in the sea water. It is a stable isotope of
hydrogen with abundance 6800 times less than that of H. T is unstable with half
life τT = 12.3 yr and does not occur in nature. T has to be bred in the reactor, for
what one can use Li and n produced in the fusion reaction.
6

Li + n → 4 He + T + 4.8 MeV

7

Li + n → 4 He + T + n − 2.8 MeV

(1.2)

As a result the neutron is not consumed and can be used further, so one can produce
more T than is burned in the reactor. Also the neutrons can be multiplied on 9 Be
in reaction (n,2n). Available resources of Li in the sea water could supply fusion
energy production at the present day level of world energy consumption for at
least several millions of years. Other fusion reactions with light nuclei can also be
considered for future application:

50%
 T + p + 4.04 MeV
3
He + n + 3.27 MeV
50%
D+D →

α + γ + 23.85 MeV
 1%
D + 3 He → α + p + 18.35 MeV

(1.3)

p + 6 Li → α + 3 He + 4.02 MeV
p + 7 Li → 2α + 17.35 MeV
p + 11 B → 3α + 8.68 MeV
The last 4 reactions in (1.3) have the advantage of producing only charged particles.
This would mean no radioactive components in the fuel nor in exhaust and no
activation of the wall materials. However, extraction of produced energy from
the plasma in such case can be problematic. Also the energy threshold for these
reactions is higher than for the D-T, and technologically we are best prepared to
realize the D-T fusion first.
From the first principles of energy generation by nuclear fusion it becomes clear
that such technology would meet the requirements for a sustainable energy source
for the future:
• Fusion is safe by its nature, by no means a nuclear accident releasing vast
amount af radioactive fuel is possible. The total amount of (short-lived) T in
a reactor at a time will not exceed a few grams.
• Primary fusion reactions do not lead to production of long-lived radio isotopes.
Neutron irradiation of construction materials does, nevertheless, activate Fe,
Co, Ni and others, but importantly they are not volatile and decay faster
than nuclear waste produced in fission reactors: in 100 years, activation of a
fusion reactor will be about 300 times lower than that of a fission reactor.

7
• The fuel supply for fusion is practically unlimited and is potentially easy to
extract with available technologies. On site T generation from Li will be
tested in future experiments.
• Fusion does not produce any green house gases and does not release carbon
in the atmosphere. The only ash in the D-T process is inert He.
At the same time fusion is difficult to achieve. As was mentioned before, the
basic fusion reaction of D and T requires that their energy is in the range of 10 keV.
Accelerating particles to this energy is not a problem and was possible already in
the beginning of XX century. Electrostatic accelerators already at that time could
accelerate particles up to the MeV energy range (e.g. Van de Graaff generator,
1929). A beam of D can be fired into a T-rich solid target and produce fusion
neutrons. This will indeed work, but such approach can not be used for energy
production. Energy loss in collisions between the beam ions and target electrons
will stop most of the particles before they undergo fusion. In average energy spent
for accelerating the beam would be much higher than that released by fusion. In
order to not loose energy in collisions, all interacting species must have the same
temperature, i.e. for thermal nuclear fusion D and T gases must be heated up to
∼15 keV, what will turn them into plasma.

1.2

Energy balance for a power station

For fusion to be profitable it is necessary to produce more energy than is consumed
for heating the plasma. Energy losses are unavoidable, and for a steady state
reaction one can introduce the energy confinement time τE =W/PL , a ratio of total
kinetic energy of the plasma and the loss rate. The loss has to be outbalanced with
heating. In the marginal case all produced fusion energy is spent for heating: 1/5
of this energy is transferred immediately by the 4 He atom and the rest is supplied
externally by auxiliary heating systems. Assuming some 30% efficiency of the power
plant and optimal temperature of 15 keV a criterion for the self-sustained reaction
can be derived:
(1.4)
nτE >0.6x1020 m−3 s
This is the so-called Lawson criterion (see Mills, 1971). If the energy transferred
to the plasma by fusion α-particles is sufficient to compensate for the losses, this
condition is modified and leads to the ignition criterion nτE >3x1020 m−3 s. At
ignition the external heating power can be switched off, and formally the ratio between produced fusion power and external heating Q=Pfus /PH tends to infinity.
As an example, the next generation experiment International Research Thermonuclear Reactor (ITER, currenty under construction, see www.iter.org for details) is
expected to be operating with external heating at Q'10.
The Lawson criterion (1.4) is simple in that it clearly explains what is the way
to achieve ignition: the plasma needs to be heated up to about 15 keV and kept
sufficiently dense with sufficiently long energy confinement time. The plasma looses
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Figure 1.2: Relative concentration of impurities in fusion
plasma sufficient to radiate 10%
of total fusion power or 50% of
the α particle power, from (Wesson, 2004).

its energy through several channels: by hot particle transport towards the wall by
heat conductivity and by radiation PL =Pp +Pc +Pr .
The radiation losses occur due to several processes. Electronic bremsstrahlung
(braking radiation) at fusion energies is not a very efficient channel because the
Coulomb cross section for electrostatic interactions of ions and electrons drops
with energy. At a temperature of 10 keV in pure D-T plasma, bremsstrahlung will
remove no more than 10% of the α particle energy, for more details see (Wesson,
2004, p. 227). Cyclotron emission rate will be high due to the high temperature,
about 1 MW/m3 . But this radiation is reabsorbed by the plasma and does not
contribute to the losses. Finally the most severe radiation drain is via the impurity
radiation. High Z species in the core increase bremsstrahlung proportionally to Z2
and if not fully stripped of electrons emit characteristic radiation through electronic
transitions. Even at a temperature of 15 keV in the plasma core, W will not loose
all its electrons and will emit X-rays at characteristic energies. The effect of various
impurities on the core energy losses is reviewed in Fig. 1.2.
The strong effect of high-Z impurities was noticed in the very early days of fusion research. One of the first toroidal devices “B-1” in USSR (1954) originally had
a vacuum vessel made of porcelain. At the beginning of operation most discharges
would terminate prematurely because of strong emission of residual impurities during the initial break down phase. The performance improved after the vacuum
vessel has been exchanged by similar made of stainless steel.
According to the Lawson criterion 1.4 there are two ways of achieving ignition. The first one consists in relaxing the energy confinement time condition and
increasing the plasma density. The density of frozen solid D is 4x1028 m−3 . In
order to get nτE '1020 m−3 s it is sufficient to have τE '3 ns. Fast intense heating of
such a frozen pellet can be achieved by simultaneous firing of a number of laser or
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particle beams focused at the pellet. The confinement is achieved due to particle
inertia, accordingly this concept was named “inertial confinement fusion” (ICF).
Fast development in this field was impossible in 1960s before fast and powerful
lasers became available. Recently promising results on fusion energy output were
reported by Hurricane et al. (2014) from the National Ignition Facility (NIF). Another way to achieve ignition is to confine D and T together at “moderate” density
for sufficiently long time.

1.3

Confinement concepts

Temperatures required for burning plasma are in excess 100 million ◦ C and walls of
the vacuum chamber would not be able to withstand a contact with a dense plasma
at such temperature without melting and destruction. The Sun does not need a wall
around it as it is by its very nature in a perfect vacuum (less than factor 10−10 of
the atmospheric pressure) and particles are well confined on their own by gravity.
Under terrestrial conditions the plasma has to be thermally insulated from the
walls. Dynamics of a charged particle with charge q can be influenced by external
electric (E) and magnetic (B) fields as described by equation r̈ = q/m(E + ṙ × B).
Applying an external electric field has opposite effect on ions and electrons: in
response they rearrange at the spatial scale of the order of Debye length, which
induces an electric field compensating the one externally applied (Gurnett and
Bhattacharjee, 2005, p. 9). It is more advantageous to use a magnetic field to
guide the particles. Irrespective of their sort, the charged particles follow a helical
path around magnetic field lines, with gyration radius inversely proportional to the
magnitude of the field. The particles are confined on the B-field lines, which is the
basic concept of Magnetic Confinement Fusion (MCF).
If a cylindrical plasma is confined by magnetic field applied along its axis, there
always will be losses at both ends of the cylinder. Even if the field is non uniform
along the axis and magnetic mirrors set up on both ends of the cylinder, collisions
between particles will make them able to leak away (Rose and Clark, 1961, pp. 215221). To prevent the end losses it is possible to bend the plasma and lock the field
lines into a torus. For macroscopic stability of such a plasma it is necessary that
the B-field lines are twisted around the torus axis thus forming continuous nested
magnetic surfaces.
Several configurations utilizing the principle of magnetic confinement were suggested in the early years of fusion research (McCracken and Stott, 2005): stellarator
(named this way by L. Spitzer in that it was to utilize the principle of stellar energy production); toroidal pinches, self constricting discharges, and tokamaks (McCracken and Stott, 2005). In a stellarator the required structure of magnetic field is
generated by a set of external coils. This made the design of such machines rather
challenging. In a tokamak, otherwise, the poloidal component of the field is caused
by a current generated in the plasma, acting as a secondary winding of a transformer. This approach is technologically easier. The stellarator configuration was
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Figure 1.3:
A cartoon by
B. Kadomtsev of P. Wilcock,
D. Robinson and M. Forrest traveling from Harwell to Moscow
well equipped to confirm or refute the temperature measurements done at T3 tokamak (from
Forrest (2011)).

Figure 1.4: Front matter of the
Fusion journal from Oct. 1978.
The issue contained an inspiring
review of what the US fusion program had achieved to date and
what was expected in the immediate future.

most promising until 1968 when a new record for plasma temperature was reported
at the international fusion conference in Novosibirsk, USSR. A multi-million degree
hot plasma had been produced and confined for more than 20 ms, an astounding
result for that time.
The measurements at tokamak T3 were shortly confirmed by an international
team of experts and soon many new tokamaks were built in laboratories around
the world, figure 1.3. A new machine in Princeton laboratory (New Jercey, USA)
originally planned to be a stellarator was converted into the tokamak ST. Soon new
breakthroughs in heating and confinement of plasma reported by the Princeton
laboratory embraced hope that fusion energy would be readily available within
coming decades (Stevens and Bardwell, 1978) and figure 1.4. It is owing to the
euphoria of the 70th and 80th that fusion ever since was blamed for always being
some 30 years ahead.
Besides the leaders, tokamaks and stellarators, requiring strong externally ap-
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Figure 1.5: Example of magnetic field profiles for two confinement regimes in the simple
case of a force-free equilibrium in
a cylindrical plasma. The RFP
configuration requires a weak reversed Bt at the edge and sustains toroidal field at smaller
radii. In a tokamak strong Bt
is imposed externally. In both
cases Bp is due to the plasma current. Adapted from (Ortolani
and Schnack, 1993).

plied toroidal magnetic field there is a configuration which needs an order of magnitude lower toroidal field - the Reversed Field Pinch (RFP). In the simple case
of cylindrical plasma with current density J surrounded by a conducting wall with
radius a the plasma will be in equilibrium if ∇ × B = µB, where B is the magnetic
field and µ is a scalar constant. Solutions of this equation suggest two types of
the equilibrium B-field profiles, see figure 1.5. One is the tokamak profile: toroidal
field decays as ∼1/r outwards; and another is the RFP, in which externally applied
toroidal field is reversed at the edge. The origin of the self sustained magnetic field
in the center is the magnetic dynamo converting externally applied poloidal flux
into toroidal (Ortolani and Schnack, 1993).

1.4

Next step towards the reactor

It is not yet clear which design will be selected for the demonstration power producing reactor DEMO. The tokamak may not be the best in a long perspective
mainly because of the tokamak’s need for inductive current drive and inability to
run continuous plasma due to limited volt-seconds capacity of the transformer. This
problem can probably be solved in the future by non-inductive current drive techniques (Kaye and O’Connor, 2001). Another danger is the large scale disastrous
disruptions due to the current-driven plasma instabilities (Boozer, 2012).
So far, nevertheless, tokamak is the only configuration which has demonstrated
efficiency of energy production by fusion (Q∼0.65 Jacquinot and the JET team,
1999) and is ready to achieve Q=10 with gross energy gain 500 MW in the next
generation research reactor ITER (see Eriksson and Barlett, 2012). This should not
be attributed to the so-called streetlight effect (Freedman, 2010) that ITER will be
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a tokamak. This design will allow to study and advance in the most critical areas
of the reactor physics necessary to make the next step towards the power plant,
which may not be a tokamak:
• physics of self-sustained, burning plasma;
• pressure limits of plasma stability;
• control of the burning plasma;
• aftereffects of the breakdown for turbulent transport;
• power and particle exhaust during quasi-stationary operation;
• modification of material properties under fusion-scale heat and neutron fluxes,
accumulation of retained fuel in the wall materials.
The last line in this list introduces the subject of this thesis. The main objective of
the project was to study and implement new methods for measurement of material
migration at the edge plasma of fusion devices and modification of plasma facing
surfaces under the impact fusion relevant plasmas.

1.5

Overview of the machines used in this work

This thesis work included experiments which were carried out at three different
machines. Studies of macroparticle transport and post mortem dust analyses were
done at EXTRAP T2R and TEXTOR and reported in papers I-III. Studies of material transport and redeposition as well as analysis of PFCs were done at JET
and are reported in papers IV-VI, VIII and IX. The machines are schematically
shown with simiar scaling in figure 1.6 and their main properties are summarized
in table 1.1.
EXTRAP T2R is a small scale inhouse experiment at Alfvén laboratory, KTH,
see figure 1.6. T2R is a medium-sized reversed-field pinch operating with thin
conducting shell (Brunsell et al., 2001). The wall made of stainless steel (SS) is
protected by several poloidal arrays of Mo limiters. With passive Cu shell stabilization discharge duration is below 30 ms. In discharges stabilized by Intelligent shell
feedback system (Brunsell et al., 2006) the duration ∼70 ms is limited by the power
supply at about 10 times the vertical field wall diffusion time. For more details see
table 1.1.
Table 1.1: Main parameters of the MCF devices contributed to this thesis.
EXTRAP T2R
TEXTOR
JET
1) only
3) in

R, m
1.24
1.75
2.96

r, m
0.18
0.46
2.1-1.25

Bt
0.1
3
3.8

ohmic heating available;
limiter mode

Ipl , MA
0.1
0.8
4.8 (7)3)

W, MW
<21)
9
38

2) composition

Te, keV
0.25
2
6

ne, 1019 m−3
0.7
2.5
10

Wall2)
SS&Mo lim.
C&C lim.
C&C lim./Be&W in div.

Tdisch, s
<0.03 (0.07)
10
20

of PFCs: main wall and limiters (and divertor);
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JET

EXTRAP T2R

TEXTOR
0

1

2

3

R, m
4

Figure 1.6: Schematic scaling of the
three MCF devices used in this thesis:
EXTRAP T2R (Alfvén laboratory,
KTH), TEXTOR (Forschungszentrum Jülich, Germany) and JET
(CCFE, UK). Also shown are cross
sections of several magnetic surfaces.
The cross on the inner wall of JET
indicates position of the 10 Be marker
tile, described in chapter 6 and Paper IX.

TEXTOR (Tokamak EXperiment for Technology Oriented Research) was a medium
scale tokamak operated in Forschungzentrum Jülich, Germany. It was shut down
in the end of 2013. The main scope of the experiment included optimization and
conditioning of the first wall and plasma boundary and tests of advanced limiter
and divertor concepts (Neubauer et al., 2005). TEXTOR had the main chamber
with a circular cross section and protection in form of CFC limiters and Dynamic
Ergodic Divertor (DED) targets (Finken and Wolf, 1997). Multiple deployed edge
diagnostics and visual access to the regions near the Limiter Locks made TEXTOR
particularly suitable for studies of dust-particle transport and remobilization.
JET (Joint European Torus) in Culham Centre for Fusion Energy, UK, is the
largest currently operated tokamak experiment. JET started in 1983 as a limiter
tokamak with elongated cross section and till 1993 was transformed into a divertor
machine (see next section). The main objective of the experiment was investigation
of heat and particle exhaust and impurity control capabilities in reactor-scale conditions and optimisation of plasma heating and control (Wesson, 2004, pp. 617-645).
Until 2009 JET operated with main chamber limiters and divertor targets made
of CFC, though during shorter periods beryllium was tested as a material for the
divertor and limiters. This experience is summarized by Deksnis et al. (1997).
Since 2011 a new experiment JET with ITER-Like Wall (JET-ILW) started at
JET in support of ITER programme (Romanelli F., 2013). This required a complete
exchange of the first wall to implement the full metal design with bulk Be and Wcovered CFC tiles in the limiter beams of the main vessel and W-covered CFC and
bulk W tiles in the divertor (Paméla et al., 2007). The aim of the experiment is
for the first time to test the combination of Be and W as first wall materials, and
develop operation scenarios for ITER-relevant plasmas. The first results after the
change over and their relevance for ITER programme are reviewed by Matthews
et al. (2014).

Chapter 2

Plasma-surface interactions
2.1

The problem

In the early days of fusion research a vacuum vessel surrounding the plasma could
be made of transparent quartz (SiO2 ) to make visual and spectroscopic observations
easier. It would soon be noticed that after a number of discharges the wall of such
chamber is getting opaque. Also spectroscopic diagnostics would show dominant
emission from the plasma core of O and Si characteristic lines, and these elements
are the principal quartz components. The cause for both phenomena was sputtering
of oxygen from the wall by energetic plasma particles. Loss of oxygen and change
of the structure lead to degradation of optical properties of quartz. A stainless
steel wall was found to have better performance in that it helped to keep lower
concentration of impurities in the plasma.
To understand why some materials are better than others and make a judicious
selection between them it is important to realize in what ways the plasma interacts
with the walls and what the consequences are for global machine operation. They
are summarised below.
• The plasma can heat the components by depositing its thermal energy when
the surface acts as a sink (e.g. limiters and divertor targets or unprotected
walls). This can occur in a steady state or intermittently e.g. due to Edge
Localized Modes (ELMs) in tokamaks (Zohm, 1996). In the latter case momentary heat flux density can be in excess 50 MW/m2 (Leonard et al., 1999).
This will be a particular issue for divertor targets of future larger scale machines like ITER. A candidate material for the divertor is judged first of all
by its thermal properties: thermal conductivity, heat capacity and melting
point
• Fast ions are confined by the magnetic field but a cold neutral atom can acquire energy of a similar type hot ion just in one collision via resonance charge
+
0
exchange: A0slow +A+
fast → Aslow +Afast . The neutral atom is not trapped by
the B-field and can reach the wall. In divertor configuration sputtering of
15
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the inner wall by charge exchange neutrals is the dominant mechanism of its
erosion in JET (Mayer et al., 2013).
Physical sputtering yield depends rather on the atomic mass of an element
than on its physical or chemical state, see section 2.4. Thus, heavier metals
and alloys are more resistant against sputtering by light ions. But the conflicting requirement of not permitting high Z impurities in the plsama makes
the selection complicated.
• Chemical erosion enhances the erosion yield especially at low ion temperatures
typical for SOL and divertor where majority ions (D) have insufficient kinetic
energy to physically sputter wall atoms. This is in particular an issue for
carbon, cf. figure 2.3, which suffers from enhanced chemical erosion in hydrogen plasma and once eroded redeposits in form of Cx Hy (codeposition). This
could have severe consequences for fuel balance inside the machine, affecting
density control by fuel recycling at the wall, fuel efficiency and retention of
radioactive T. The latter factor is especially important in the D-T phase of
ITER operation. As discussed by Tsitrone et al. (2011), the fuel accumulation
rate in redeposited C layers in ITER with C divertor would permit for just
few plasma-hours of operation until the safety limit for in-vessel T storage is
reached.

2.2

Boundary of fusion plasma

Hot confined plasma inside its bounding box – the vacuum vessel – has to stay
sufficiently far from the edges, which means that radial gradients of both plasma
temperature and density have to be sustained. If plasma were free to diffuse across
the B-field towards the wall it would at some point touch it and release considerable
amount of medium and high-Z impurities, sufficient to radiate more energy than
the plasma receives from its external heating sources and quench it, or alternatively
dilute the core plasma or trigger a disruption by reaching the density limit (Connor
and You, 2002). On a smaller scale such intense interactions occur when ELMs
deposit their energy at the plasma facing components.
In order to protect the wall from intense plasma heat and particle fluxes, an
external object can be introduced to intercept the outer magnetic flux surfaces, as
shown in figure. 2.1(a). Such an object is called limiter, and its role is to absorb
fluxes of particles moving along the intercepted field lines, which otherwise would
reach the wall. The region between the limiter and the wall, where flux surfaces
are intercepted by the limiter(s) is called the Scrape-off Layer (SOL). The limiter
radial position determines the radius of the confined plasma or the radius of the
last closed flux surface (LCFS). A limiter can perform several functions:

• limit the area of plasma-surface contact thus reducing influx of impurities;
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(a)

(b)

R

R
SOL

SOL

Core

SP

Core

SP

Limiter
Outward cross field
transport
SOL flow towards the target
LCFS
Vessel wall

X-point
outer
inner
divertor targets
Core
SOL
SP - stagnation point

Figure 2.1: Two approaches for protecting the plasma and the surrounding wall from
each other: limiter (a) and divertor (b). In the simple case when most ionization
occurs inside LCFS the parallel flow in the SOL is supplied by cross field diffusion
from the core. At some (stagnation) point opposite to the target the flow speed
vanishes. Neutrals recycled at the limiter penetrate deeper in the core plasma before
they can get ionized, while the same neutrals in the divertor closed environment do
not reach the main plasma.

• recycle hydrogen (plasma fuel) and act as a sink for impurities from plasma
core;
• If the design permits it can act as a pump-limiter neutralizing and pumping ions escaping from the core plasma, example - ALT-II pump limiter at
TEXTOR (Goebel et al., 1989).
Another solution to the problem of localizing plasma-wall interactions is illustrated in Fig.2.1(b). It shows a poloidal cross section of a JET-like tokamak. An
extra set of poloidal field coils generates a B-field in the same direction as that of
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the plasma current. Superposition of the two poloidal components deforms those
flux surfaces which are close to the edge and directs the particles to a separate
chamber called the divertor. The particles are diverted onto a limiter-like surfaces.
The divertor is further out from the confined plasma than the limiter, therefore
the flux of back streaming recycled neutrals is considerably reduced in divertor
configuration. Like the pump limiter the divertor is used for particle exhaust.
In both configurations transport of ions from the core plasma into the SOL is
due to the cross field diffusion. Consider this is the main source of ions in the SOL.
Then the particles can diffuse through the LCFS to a depth λSOL '(D⊥ τSOL )0.5 =
(D⊥ L/cs )0.5 , where τSOL =L/cs is the time an ion would spend in the SOL before
hitting the limiter, L and cs being respectively an average length of the ion path in
the SOL and its speed along the flux tube. At the edge region of a modern large
tokamak similar to JET the diffusion coefficient D⊥ '1 m/s2 , L can be taken by the
order of magnitude as the length of the flux tube in the SOL, ∼50 m, cs '4x104 m/s
for a deuterium ion at temperature 25 eV. Thus λSOL '4 cm. Most of the particles
lost from the main plasma and the associated energy are transported within such
thin layer at the edge. For a plasma with major radius R stored energy scales as
W∼R4 (Matthews et al., 2003) but power density deposited in the divertor is simply
Wdep ∼λSOL R, which amounts as much as 1 GW/m2 for an ITER scale tokamak.
For a bigger machine, higher heat flux will be concentrated in a narrow layer at
the edge, which is a shortcoming of a good plasma confinement when it comes to
the heat and particle exhaust. In order to tolerate such fluxes target surfaces have
to be strongly inclined with respect to the field and leading edges of the elements
must be shadowed. Design features of modern limiters and divertor targets capable
of handling excessive heat fluxes are described in (Nunes et al., 2007) and (Mertens
et al., 2007).

2.3

Divertor in JET tokamak

The geometry of the JET divertor was similar through the period 2001-2009. Before
2004 the central inclined tile, see figure 2.2, was replaced by a horizontal plate
and before 2001 it had a dome-like configuration (Coad et al., 2006). The outer
part remained the same. In normal magnetic configuration, when ion ∇B drift is
downwards, the particle flux favours the inboard side of the divertor, and power
deposition is larger on its outer part (Chankin, 1997). In order to redistribute
the heat over larger area the strike points could be moved along the tile surfaces.
Positioning of the strike points could affect materials deposition in the divertor.
It was found, for example, that maximum deposition flux towards the shadowed
bottom part of tile 4 coincided with strike point shifts on tile 4, especially after it
has been on tile 3 for some time.
At the upper horizontal part of tile 1 metal impurities are not sputtered by
majority ions, D at T'30 eV. Instead, chemical erosion partly removes deposited
C. This leads to increased Be/C atomic concentration ratio in this area. Maximum
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Figure 2.2: Schematic view of the JET divertor during operation with C wall
through 2001-2009. Only the central part (tile 5) has been modified during this
period. Magnetic field topology is represented by traces of the flux surfaces. The
green line drawn along the tile surface indicates frequent positions of the strike
points. The samples extracted for post mortem analysis from different poloidal
locations in the divertor are distinguished by the tile number and position index,
e.g. 4/10 - sample 10 from tile 4.

thickness of deposits on tile 1 was ∼100 µm. Thicker layers tend to break up and
exfoliate (Widdowson et al., 2009). Chemically eroded C in form of carbohydrates
with low sticking coefficients Cx Hy migrates in a step-wise process downwards until it reaches the area where sputtering and chemical erosion are reduced due to
respectively low plasma temperature and low temperature of the surfaces (Coad
et al., 2003). Such shadowed from plasma region exists close to the louvres at the
bottom of the inner divertor in JET. There the layers can be more than 500 µm
thick.

2.4

Erosion of the first wall and the divertor

Upon collisions between energetic particles and surface atoms of PFC materials
transferred kinetic energy can be sufficient to break interatomic bonds and knock
out the surface atom. The energy of chemical bonds is in the range 3-8 eV while
energy of impacting species can be in excess of 100 eV. Assuming elastic collisions
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Figure 2.3: Physical sputtering
yields from elemental Be, C and
W targets by D ions. For W also
shown are yields when sputtered
by H and heavier T, He, C and
Ar. Due to chemical sputtering
by D carbon is intensively eroded
at low energies, data from (Eckstein W. et al., 1993).

between atoms, one can derive the maximum transferable energy from one atom
1 M2
to another with masses M1 and M2 respectively: Emax = kE0 = (M4M
2 E (see
1 +M2 )
Ziegler et al., 2008). To leave the surface, an atom needs to acquire momentum with
a component in direction normal to the surface, which requires a series of at least
two collisions in case of normal projectile incidence, and the maximum tranferrable
energy reduces to Emax 'k 2 E0 . Below this energy no physical sputtering occurs,
what makes it advantageous using the heavy high-Z materials for PFCs to reduce
wall sputtering by light hydrogen atoms. Fig. 2.3 compares measured sputtering
yields (number of sputtered atoms per one impacting) for fusion relevant materials
Be, C and W by D. For W it also gives account of sputtering by H and heavier (impurity) species T, He, C and Ar. Once sputtered, impurity molecules enter the edge
plasma and get ionized and excited by electron impact. Prompt electronic transitions to lower orbitals lead to emission of photons with characteristic energy. Unless
the ion is completely free from electrons it will keep cooling the plasma by radiating
energy. This can be used deliberately in the so-called massive gas injection method
to redistribute local intense energy flux over larger surface to prevent its damage
or to quench the plasma preventing disruption (see e.g. Lehnen et al., 2011). Be
is completely ionized at temperatures below 1 keV, but heavier metallic impurities
can penetrate into the core and emit line radiation even at 10 keV temperature expected in ITER. Apart from the line radiation impurities cause continuous thermal
bremsstrahlung with power Pbr ∼ Zi2 ne Te0.5 . This makes it very undesirable having
PFCs made of high Z materials, unless the energy of impacting particles (plasma
ions and charge exchange neutrals) can be kept below the sputtering threshold.
There is no ideal material in nature which solely could be used for PFCs fulfilling
all requirements. Many materials and materials combinations have been tested for
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reactor wall components, and of all them Be and W were selected for the next step
larger scale research reactor ITER. Still most of the fusion machines in the world
retain C wall, owing to its excellent capabilities of handling excessive heat fluxes.
Carbon contributes relatively little to radiative cooling of plasma and unlike metals
does not melt but sublimes, preserving mechanical integrity of the components. Its
main disadvantage is the affinity to hydrogen, responsible for chemical sputtering
and redeposition in shadowed areas in Cx Hy layers. This layers, with typical atomic
fraction of H in them in the range 0.05-1 depending on the energy of impacting particles, can grow at several tens nm/s. If a half of plasma fuel is radioactive T, the
600 g limit for on-site T storage could be reached after a few ITER shots, each
1000 s long (Tsitrone et al., 2011). Recently the role of C in the ITER divertor
has been reconsidered, and even non-activated early phase of operation will start
without C (Merola et al., 2014).

2.5

Selection of materials for ITER

Originally the selection of materials for ITER was the following (see Holtkamp,
2009): the main vessel protected with bulk beryllium tiles, and in the divertor
Carbon Fiber Composite (CFC) tiles had to be at the strike point regions where
the heat load is largest, as shown in figure 2.4 (Option 1). W was to cover the rest
of the divertor surfaces.
Carbon (CFC) has outstanding thermal properties: no melting and sublimation only at T>2500◦ K, thermal conductivity up to 500 W/m/K (at least twice
higher than that of W) and specific heat 710 J/Kg/◦ K. Therefore it was the best
candidate for divertor targets. In ITER CFC would offer the most forgiving and
flexible operation during the first non activated phase when plasma scenarios will
be developed for the D-T experiment.Before start of the D-T campaign CFC parts
in the divertor was to be exchanged by tungsten.
The present day fusion experiments are designed with sufficient factor of safety
and can tolerate local melting or destruction of PFCs. This can even be done
deliberately for testing the top performance of most critical parts (Matthews et al.,
2014). Replacement of failed components requires an intervention and inhibits
normal operation but in all cases allows to recover performance. Such flexibility
will not be an option in ITER, especially not during the activated phase with D-T
fuel operation, therefore multiple tests experiments are made in preparation for the
ITER start.
In the view of ITER operation the performance of a full metal W wall has been
studied at ASDEX Upgrade tokamak during recent years (Neu et al., 2003). One
of the most significant contributions to understanding the ITER physics and in
particular the mutual behavior of Be and W has been made by JET during the
JET ITER-like Wall (ILW) experiment (Paméla et al., 2007).
Experience of JET with the ILW shows that it is possible to start ITER operation in a full metal configuration and then after a few years move straight on to
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C at the strike points, the rest W
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Full W divertor
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Figure 2.4:
A model showing poloidal cross section of the
ITER tokamak (original image
from www.iter.org). Overlaid are
profiles of magnetic flux surfaces.
Particle fluxes on the outer flux
surfaces are driven into the divertor at the bottom of the vessel. Original design of ITER
suggested three materials fr the
PFCs: Be for the main vessel wall
and W and C for the divertor (option 1), the revised design only
exploits Be and W (option 2).

D-T fuelling without exchanging the divertor (Romanelli F., 2013). Thus, carbon
in ITER divertor has been discarded and ITER divertor design has been finalized
in the form described as “Option 2” in Fig. 2.4, (for more details see Hirai et al.,
2013).
The rejection of the ITER CFC divertor design does not mean that carbon
is abandoned as a construction material for future fusion applications. It has already happened that graphite took over tungsten as a lower Z material with higher
permissable content in plasma. And later advances in plasma control and power
exhaust again gave W the leading role. It is not clear what will be the selection
of materials for PFCs of ITER successor - the power producing reactor DEMO
(Tobita et al., 2014). E.g. the most innovative and challenging concepts propose a
self-recovering liquid lithium wall (Lyublinski et al., 2009).

Chapter 3

Ion Beam methods for surface
analysis
This chapter gives an overview of several methods for surface analysis used for
this thesis work. Some of the methods are well established for characterization
of plasma-exposed surfaces, for example in the field of low temperature plasma
technology and have been adopted for analysis of fusion-relevant surfaces. Other
techniques required modification of standard protocols, calibration measurements
and new design solutions to be applicable for measurement of fusion-relevant materials. This work was also a part of the thesis.

3.1

Charged particle spectrometry

Interaction of energetic ions with matter leads to a variety of secondary effects which
are specific for many qualitative and quantitative properties of the surface. Probably the first experiment of this sort was conducted by E. Rutherford and coworkers
in 1911, when they exposed a thin gold foil to a beam of α particles emitted by
decaying 235 U. Detected scattering of the primary α particles in backward direction
immediately revealed that the matter was rather a sparse matrix of heavy nuclei
rather than a uniform “plum pudding” of positive and negative charges, as proposed
by Thomson. Since the nuclei are localized, they can be sensed independently by
a beam of light energetic particles. An outline of such an experiment is shown in
figure 3.1.

Identification of surface atoms
In the simplest case of binary collision between a beam ion with a surface atom the
total kinetic energy is conserved, see figure 3.1. Then from the momentum conservation one calculates the energy of the scattered atom E1 (Landau and Lifshitz,
1976):
23
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M1, E1

Surface

M1, E0

Figure 3.1: An outline of a simple
experiment on particle scattering. A monochromatic beam of
primary particles with energy E0
impinges upon the surface. Scattered or knocked-out secondary
particles can be detected with energy and angular resolution to
yield information about surface
composition.

θ1
θ2

(M1, E1)
M2, E2

p
E1 = E0 ·

M22 − M12 sin2 θ1 + M1 cosθ1
M 1 + M2

!2
,

M1 < M2

(3.1)

In case of a heavier projectile when M1 >M2 only forward scattering is possible up to
maximum angle θmax =arcsin(M2 /M1 ). The ratio K=E1 /E0 is called the kinematic
factor and determines what fraction of the initial energy E0 is left after collision. If
the energy of scattered particle is measured at fixed angle θ1 , the result will depend
on mass of the surface atom it scatters from. Therefore, if energy resolution of the
system is δE, the mass of surface atom M2 can be measured with resolution
δE
δM2 =
E0



dK
dM2

−1
.

(3.2)

It follows from (eq. 3.1) and definition of K that if a light particle beam is used the
mass resolution is better for lighter target atoms. Also the angular effect dE1 /dθ1
of the detection geometry on the energy resolution is minimized in the backward
direction. This is important in applications where finite angular extent of the
detector should not lead to broadening of the spectral signal.

Rutherford backscattering spectrometry (RBS)
The energy of a scattered ion depends on the collision kinematics and does not
include details of interaction between particles as long as it is elastic. The probability of scattering at given angle is determined by the interaction potential and in
the case of simple electrostatic Coulomb repulsion it is described by the Rutherford
formula (see Chu et al., 1978, 2.3). A simple implication of the Rutherford scattering model is the energy and charge dependence of the (differential) cross section
dσ/dΩ∼Z12 Z22 /E 2 . This is a measure of probability for beam particle scattering

Rutherford backscattering spectrometry (RBS)
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at angle θ1 within solid angle dΩ. The Rutherford formula for cross section does
not account for electron screening of the nuclear potential. For that it has to be
multiplied by a screening factor, which is a function of energy and scattering angle
(L’Ecuyer et al., 1979). The method for measurement of surface composition from
back-scattering yield under assumption of (screened) Rutherford scattering cross
section is called Rutherford Backscattering Spectrometry (RBS). In real applications detectors have finite size and collect particles within a range of angles θ1 .
Then the average cross section is:
Z
σ ≡ 1/Ω
(dσ/dΩ) dΩ.
(3.3)
Ω

Hereafter we will use σ meaning the differential cross section unless otherwise stated.
Deviation from the Rutherford cross section. In the case of purely electrostatic interaction between charged particles (CPs) the nuclear electrostatic potential
can be screened by electrons which mostly affects the low-energy scattering cross
sections. At higher energies when the distance of closest approach between particles
decreases the strong short-range nuclear forces modify the interaction potential and
the cross section becomes non-Rutherford, even though collisions are still elastic.
A database of experimental and evaluated threshold energies is available in (Wang
and Nastasi, 2010, Appendix 8). Beam energy range above the threshold is utilized in non-Rutherford or Elastic Backscattering Spectrometry. A layout of the
experimental set up for IBA measurements in the Tandem Laboratory (Uppsala
University, Uppsala) used in this work is shown in figure 3.2. It has advantage
of precision adjustable detector angles in the range 0-170◦ and several options for
accurate beam charge integration.
Surface energy approximation: thin target. Once the cross section for
scattering is known, the spectral yield of particles scattered into a detector at given
θ1 and with solid angle ∆Ω is expressed as follows:
Y (Ω) = NI Ns σ(E, θ1 )∆Ω,

(3.4)

where NI and Ns are respectively the number of incident particles and the areal
density of measured atoms at the surface. It is assumed that the beam impacts
the surface along the normal. The formula in this form can be applied to measure
elements concentration in a thin layer close to the surface so that the beam energy
in it is nearly the surface energy.
Thick target. The way to include measurement on thicker targets is to account
for energy losses of the beam and the scattered particles in the layer. The layer
can still be split into a number of thin sub layers and in each of them interaction
be treated in the framework of the surface approximation. The yield from the ith
layer will be
(3.5)
Yi (Ω) = NI Nsi σ(Ei , θ1 )∆Ω.
Energy Ei of the beam in the ith layer can be calculated as the difference between
the surface energy and energy loss in first i-1 layers. If composition of the ith
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layer is known, then energy loss in it equals ∆Ei = (Ei )Ni , where Ni is the layer
thickness in terms of at./cm2 and (Ei ) is the stopping cross section, conveniently
expressed in terms of eV/(at./cm2 ). If atomic number density N of the target is
known, one can introduce specific energy loss per unit metric thickness of the target:
dE/dx=N . According to the Bragg’s rule, in a complex matrix with equivalent
stoichiometry Am Bn stopping is a superposition of that of the components, i.e.
AmBn =mA +nB , with N being the stopping in pure target of element N. For
light organic gases (what is rather exotic target in fusion applications) deviation
from the Bragg’s rule can be as large as 20%. More advanced models exist which
include also effects of the chemical state (Oddershede and Sabin, 1989).

Stopping
Energy loss of the beam in matter has two components due to (i) interactions with
electrons and (ii) interactions with nuclei: =e +i . For various combinations of
beam and surface ions the electronic contribution to the stopping cross section is
dominant at energies above few times 100 keV. A compilation of experimentally
measured stopping cross sections for a wide range of elemental targets was made
by Ziegler et al. (2008) and is accessible in the SRIM/TRIM software for simulation
of particle stopping and transmission through matter.
The statistical nature of collisional stopping leads to the beam energy straggling.
Penetrating deeper into the target the beam becomes less monochromatic. Practically this implies that the spectrum of ions scattered from deeper layers broadens
and formula (eq. 3.5) yields an approximate result. The details and models for
calculation of energy straggling are discussed in (pp. 45-52 Chu et al., 1978).

Depth resolution
The energy of the primary beam decreases as it penetrates into the target. If a
scattering event occurs at depth x (expressed in terms of at./cm2 ) the scattered
primary ion can be detected at angle θ1 with energy:

 Z x/cosθ1
Z x
(3.6)
E1 (E0 , x) = K E0 −
 dx −
dx ,
0

0

assuming normal incidence of the primary beam ions. This dependence of the
scattered ion energy determines the possibility do distinguish at what depth the
scattering event occurred. Depth resolution in such case is limited by the energy
resolution of CP spectrometry and by broadening of the spectral signal from a thin
layer. Several factors affecting energy resolution are summarized below.
• The energy resolution is a property of the CP detector and is normally in the
range of few 10 keV. For example, in case of measurements at θ1 =165◦ of W
in C matrix near the surface with 2 MeV 4 He beam and detector
 resolution
1 '
δE=10 keV this corresponds to the depth resolution ∆E 1/ ∂E
∂x
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2x1017 at./cm2 . For a carbon layer with mass density 1 g/cm3 this is an
equivalent of ∼35 nm.
• Due to energy straggling the beam is not monochromatic at given depth. The
variance of the beam energy increases proportionally to the thickness of the
passed layer (Chu et al., 1978, pp. 45-47). This as well leads to inaccuracy of
the depth estimate.
• A similar effect is introduced by multiple scattering of the probe ions in the
target. Due to the large Rutherford cross section for small angle scattering
the ions partly deflect from original direction in a series of elastic collisions
with target atoms. Then the scattering event which is detected occurs at an
angle different than θ1 . This effect is most important in heavy matrices and
mostly affects the low energy tail of the spectrum.
• Surface roughness and lateral inhomogeneities of the surface lead to spectral
broadening and degradation of the depth resolution (Campisano et al., 1975).
• When the sample is tilted so that the beam has grazing incidence its projection
onto the surface becomes spatially extended. Finite size of the beam leads to
the variation of scattering angle θ1 . The first measure to improve resolution
in such case is to collimate the beam to a smaller diameter, what is achieved
at the cost of the beam current. This effect as well as the next one in the list
has been discussed by Williams (1975)
• Similarly to the finite beam size, angular extent of the detector leads to collection of particles with a distribution of scattering angles θ1 . This effect is
less significant for detection in backward direction, see (eq. 3.1). Hence, the
resolution can be improved without loss of detector solid angle if an annular
detector is used, what was done in Paper VIII. Another possibility to reduce
angular straggling of scattered particles is to use specially designed (parabolic)
detector collimators to only accept particles scattered within narrow ∆θ1 , as
was done by Mayer et al. (2009).

Elastic Recoil Detection Analysis (ERDA)
In a binary collision event the beam ion transfers energy to the surface atom (figure 3.1). The energy of the recoils equals, in agreement with (eq. 3.1):
!
4M1 M2
2
(3.7)
E2 = E0 − E1 = E0 ·
2 cos θ2
(M1 + M2 )
The cross section for the recoil process is derived from the Rutherford model (see
Wang and Nastasi, 2010, section 5.2.2). The recoil spectra can be collected in the
forward direction and used for evaluation of surface composition in what is known
as the ERDA method. The advantage of ERDA is its higher mass resolution for
lighter analyzed species, thus it can be used for measurement on samples containing
multiple light isotopes: D, Be, C, N and O, typical for fusion reactor materials.
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Nuclear reaction analysis (NRA)
When two nuclei approach each other within a distance about 10−15 m the attractive nuclear interaction makes possible a nuclear transmutation of the two species.
The mass conservation is satisfied approximately M1 +M2 'M3 +M4 and the excess
mass is converted into energy Q. Lighter nuclei have lower Coulomb barrier and can
undergo nuclear transmutations at energies below 100 keV (recall the fusion reactions in eq. 1.2 and 1.3). Similar derivations as the ones made for elastic scattering
can be made for nuclear reactions, because the total momentum is conserved and
energy is conserved with account for the excess energy Q. The method of surface
analysis based on spectrometry of nuclear reaction products is called NRA. Because
the nuclear reaction probabilities are specific for particular nuclear configuration,
the analysis is isotope-sensitive. With a given beam NRA offers high selectivity of
measurable elements with high reaction cross sections, which can be comparable
to the respective Rutherford cross section and in case of narrow resonances can be
even higher. With resonant reactions it is possible to depth-profile isotopes distributions by scanning the beam energy. We routinely employ the NRA method with
a 3 MeV 3 He beam to measure D by the reaction 2 H(3 He,p)4 He, Be by the reaction
9
Be(3 He,p0)11 B and C by the reaction 12 C(3 He,p0)14 N. The results are presented
in papers IV, V, VI and VIII.

Evaluation of scattering cross sections
For a particular combination of beam and surface atoms the Rutherford scattering
cross section only depends on their properties: mass and charge; and experimental
conditions: beam energy and detection geometry. Using (eq. 3.5) one can equate
elements concentrations in a thin layer. Or else, if the cross section is expected
to differ from Rutherford but the target composition is known (e.g. measured by
IBA methods with known cross section), the cross section can be determined from
the same formula. Scattering cross sections at low energies are known to follow
the Rutherford prediction (though some exceptions may exist especially for lighter
projectiles as detailed by Gurbich (2004)), hence they can be extended to higher
energies if first the layer is measured by the same beam at low energy. In Paper
VII we perform ERDA calibration of the tritiated Ti layer at 12 C beam energies
below 2.5-3.5 MeV and then explore the higher energy range up to 15 MeV. Nuclear
reaction cross sections can be measured in a similar way.
If a thin calibration target is not available the cross section energy dependence
can be estimated from the thick target measurements. This can be done either by
fitting surface peak height in multiple spectra collected at stepped beam energy or
by fitting full thick target spectra in-depth at few beam energies (Gurbich et al.,
2010). The latter method has been realized using SIMNRA simulation software in
Paper VI for evaluation of non-Rutherford elastic scattering cross section of protons
on 9 Be. There a positive departure was found from previously reported data at
energies below 2.5 MeV. It was suggested that the reason was a non-resolved overlap
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between (p,p) scattering and (p,d) nuclear reaction products. Recent measurements
done on a thin Be foil showed consistency with the old reported data.

ERDA and NRA for deuterium measurements
In surface analysis for fusion applications one of the most important tasks is measurement of fuel trapped in PFCs. Both ERDA and NRA techniques are suitable
for measurement of D and its distribution in the surfaces. NRA with 2 H(3 He,p)4 He
reaction has several advantages. The α particle signal can be used to determine the
near-surface D concentration with beam energy about 0.63 MeV where the reaction
has a resonance. The protons from the same reaction are suitable for measurements
of D in depth throughout almost the whole range of the beam ions. The reaction
has high Q=18.35 MeV what means that the proton energy is barely attenuated in
the material on the way to the detector. Low nuclear charge of the beam ions also
means lower effects of the multiple low angle scattering on the energy resolution
and reduced surface damage in contrast to heavy ion beams required for ERDA.
ERDA is very surface sensitive with probing depth in the range <1 µm, but for
measurements of thick samples requires tilting the surface. Thus, the method is
sensitive to surface roughness which is very typical feature of PFC surfaces, unless
they undergo a special treatment.

Tritium measurement with an ion beam
The JET tokamak has experience of several experiments with T injection either
in tracer amounts during the Trace Tritium Experiment (Zastrow et al., 2004)
or as a majority species to demonstrate capabilities of fusion energy generation
(Jacquinot and the JET team, 1999). The total amount of injected T was 35 g of
which only 6 g was left after cleaning discharges (Andrew et al., 1999). Before the
start of the 1998 campaign the Remote Tile Exchange (RTE) exercise had been
completed and reduced the amount of in-vessel T to well below 1 g, an equivalent
of activity 3.5x1014 Bq. We attempted to measure the residual amount of retained
T in JET divertor, applying the NRA method developed and described in Paper
VII. The measurements were made on cross sections of thick D-rich deposits from
the far corner of tile 4, exposed during 1998-2009 and at the sloping part of tile
6, exposed during 1998-2001. These layers exhibited nearly continuous growth and
could potentially contain T. Due to the Be background and apparently very low T
concentration in the samples we could only give an upper level estimate for the T/C
atomic concentration ratio 10−3 . Irradiation of the sample by the heavy 9 MeV 12 C
ion micro probe also led to a remarkable modification of the surface properties,
discussed in the following section.
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Figure 3.2: Experimental set up used for precision surface analysis and calibration of
NRA cross sections, Tandem Laboratory (Uppsala University, Uppsala). Detector
position is adjustable in the range of angles 0◦ -170◦ and distance to the target can be
up to 30 cm, reduces energy struggling due to finite size of the detector. Current
measurements are possible either from insulated target holder (with applied SE
suppression) or by a Au-plated beam chopper. SE-suppressed Faraday cup is used
for calibration of both methods. Small-aperture collimators on detectors reduce
the background from the primary ions scattered from the FC (when measured in
far backward direction) and multiple scattered from the chamber walls and internal
arrangement.

Simulation of experimental spectra

As was already noted, calculation of the stopping cross section  requires information about surface composition, which may be not available, and it is the purpose
of analysis to determine the composition. Then the composition has to be guessed
iteratively with calculation of spectral yields and beam stopping at each step. This
is best done with a software capable of simulating the experimental spectra from a
target with pre determined depth-varying composition and incorporating realistic
models or tabulated experimental data for reaction cross sections, beam stopping,
energy straggling and geometry effects of the target and the detector set up. In the
work presented in this thesis the SIMNRA tool was used (Mayer, 1999) incorporating SRIM-2008 stopping power database by Ziegler et al. (2008).

Current integration
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Current integration
Correct measurement of the integrated beam-ion flux delivered to the target is
important, because whatever analysis method is used the reactions’ yied is proportional to the product of the detector solid angle and the number of beam particles
impacted the target Nb · Ω. The inaccuracy of sample quantification will be no less
than that of charge integration. Even more important the correct charge integration is during calibrations and cross section measurements. A systematic error in
charge integration would likely propagate through measurements on thin and thick
targets at different beam energies and lead to a biased calibration. This in turn
will spread the error to applications with correct charge measurement. There are
several commonly used methods to integrate the beam charge, implying either a
direct measurement and time integration of the current to the target or measurement of other quantities proportional to it.
Direct measurement of the current from the target is the most straightforward
and simple approach, but also error-prone due to its pit falls. The perfect way to
integrate the beam current with accuracy well below 1% is the Faraday Cup (FC),
Fig. 3.2. It intercepts the beam and grounds its current through a current integraRt
tor. The measured charge equals Ipb (t)Zb dt + Ie2 , where Z is the charge state of
0

the beam ions, Ipb (t) is the beam particle current, which due to current oscillations
is a function of time, and Ie2 is the current of secondary electrons emitted from the
surface. The ground current from the FC is measured with a precision much better
than 0.1% and is not a source of errors. The beam charge may deviate from what
is set up by the analyzing magnets in the accelerator beam line. The magnets filter
out all but the desired species of given charge state, but the charge state can be
altered in the last straight segment of the beam path. If the vacuum in the beam
line or target chamber is poor the residual neutrals would collide with the beam
and change its charge state. The shift will occur in both directions, broadening
the beam charge distribution. A fraction of the beam, especially if heavy ion low
energy beams are used, can be neutralized and will not be detected by the the FC.
This problem can only be solved by improving the vacuum.
There are several ways to detect whether or not the effective beam charge state
eff
Zeff
b was altered. A direct calibration of Zb can be performed by measuring a BS
spectrum from a pre-characterized thin high-Z elemental target with well defined
geometry of the detectors permitting for a low angular straggling of the scattered
ions. The scattering cross section in this case is the pure Rutherford with a minor
correction due to the charge screening. Thus, the correct Nb can be inferred from
the peak integral in the BS spectrum. If the sample is placed inside a FC and
insulated from the ground, the beam current can be measured and integrated from
the cup. Then Zeff
b = Nb /Q with Q being the integrated charge. Another way to
measure Zeff
b change due to the beam interaction with residual gas in the chamber
is to vary the pressure and measure ratios between the beam current and BS yield
from the target at each point. If there is a response to the pressure changes, the
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ratio is extrapolated to zero pressure and its relative change is used as a scaling
factor for the initial (defined by the accelerator) Zeff
b .
At all times when an energetic ion beam hits the surface secondary (SE) electrons are generated. The design of the FC serves to capture most of the secondaries,
but some may run away through the entrance aperture. Such secondaries can be
suppressed and repelled back to the surface by an externally applied electric field.
This can be done by surrounding the FC with a negatively biased screen. The
energy distribution of SE peaks below 100 eV but its tail runs up to keV range.
Practically, a bias potential about -500 V is sufficient to eliminate a major fraction
of the SEs. Also a static magnetic field can be applied to capture the SEs. Notably, simultaneous use of electric and magnetic fields may have opposite effect due
to electron cross field drift. If the FC can be used for measurement of the beam
current it is often impractical to place a real sample to be measured inside the cup.
Such design with the whole target chamber acting as a FC is useful for monitoring
the current. SEs emitted from the sample surface can be suppressed in a similar
way by surrounding the sample with a biased cage. Care must be taken to not
shadow the beam impact point on the surface from the detectors. The cage with
negative bias of the order of few 100 V is appropriate when impact angle α ≈ 0◦ .
The SE yield greatly enhances when the beam is impacting the surface at grazing
angle, because now most of the electrons are born close to the surface and are capable of escaping. This renders the effect of the electrostatic SE suppression less
efficient. We observed that even with a -800 V suppression the current measured
from a Mo target increases by about 30% when it is tilted through α = 0◦ -75◦ .
Indirect current measurement. Instead of measuring the beam current directly
it is possible to rely on various types of beam-induced radiation. In conditions when
the radiation intensity is only proportional to the beam current, the dose rate can
be calibrated against direct Faraday cup measurement and later used to account
for the beam current. There exist several established solutions, exploiting different
beam-induced signals. Firstly, if the target matrix is a high-Z material with trace
concentration of light impurities, the stopping is closely that of the elemental substrate. Then the height of the backscattering spectrum is a measure of the beam
Nb · Ω. The accuracy of such calibration is mostly limited by that of the tabulated
stopping powers for particular combination of beam ions and target material.
In a similar fashion the Particle Induced X-ray Emission (PIXE) radiation can
be used for the beam dose measurements. The X-ray yield has to be absolutely
calibrated by measuring the current directly from the sample placed in a Faraday
cup or surrounded with an electrostatic shield to suppress the SE. This method
is appropriate for conductive targets having in their X-ray spectra distinct low
background peaks. Dielectric targets are prone to build up strong electrostatic
fields near the surface, accelerating delta electrons. Interaction of these electrons
with the target matter induces excessive bremsstrahlung and pollutes the X-ray
spectrum with broad continuous background.
Normally, the beam current is not subject to fast large scale oscillations, hence a
reliable measure of the current can be obtained if the beam is probed intermittently
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e.g. by insertion of a reciprocating Faraday cup. The two afore mentioned methods
can be applied in combination with a beam chopper. Then RBS or or X-ray signal
is measured from the chopper blades instead of the target. Some fraction of the
beam current will be lost on the the blades, but it can be as low as 10% if the blades
provide sufficient count rate. It is important to check that the count rate at its
peak value, when the blade is intercepting the beam, is not affecting the detector
dead time. Miniature choppers can be used for the beam dosimetry even in tight
micro beam (µ-beam) environment (Musket et al., 1993).

3.2

Micro ion beam method

The analytical power of conventional broad beam methods described above can be
greatly improved by including spatial resolution in the lateral plane (normal to the
beam). Lateral distributions of elements can be measured with spatial resolution of
the order of the beam diameter if the target is step-wise shifted under the beam. The
use of this method for impurity mapping on surfaces of PFCs has been recognized
already 30 years ago (Grath et al., 1987).
With a broad beam it is not possible to access the fine spatial scale in distributions, of the order of ion gyro radius or surface roughness. Considerable irregularities in erosion/deposition patterns at this level are supported by modelling
(Schmid et al., 2010; Dai et al., 2013) and are observed on plasma-exposed surfaces
by microscopy. A nuclear micro probe can be useful to characterize structures of
this sort (Traxel, 1990). There are two factors which determine the power of the
micro beam method. (i) Reduced size of the beam along with lateral scanning offers
high resolution quantitative mapping capability. (ii) Focusing of the beam instead
of just collimating it to necessary diameter (what is itself a challenging task when
the collimator has to have a pinhole about ∅10 µm and be thick enough to stop
the beam) preserves total current and thus the sensitivity.

The µ-beam set up
The µ-beam end stage used in this work is set up at accelerator facilities of Tandem Laboratory (Uppsala University). A layout of the 5 MV tandem accelerator
is shown in figure 6.2 and discussed in section 6.3. One of the beam lines is permanently allocated for the µ-beam set up. Its design is illustrated in figure 3.3. The
main parts of the instrument are:
• Collimating jaw-slits (A) placed ∼6 m before the magnetic optics. The slits
form the primary beam with square cross section with side ∼1 mm. For sensitive analysis the slits can be opened wider which reduces spatial resolution
but increases the beam current.
• A magnetic quadrupole lens (C) of the Oxford triplet type (see Johansson,
1995, pp. 111-117) demagnifies the slits image and projects it onto the image
plane in the center of target chamber (D). Better focusing can be achieved
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Figure 3.3: Design of the µ-beam end stage. After passing the jaw-slits (A) the
beam is deflected by magnetic scanning unit (B). Triple quadrupole magnetic lens
(C) demagnifies the beam in a spot ∅5-10 µm on the axis of chamber (D). Detectors
(E) are 1500 µm thick annular CP detector and Si(Li) X-ray detector. Target (G)
is suspended on a movable stage for positioning under the beam. Navigation to the
region of interest is assisted with stereo microscope (F).

at no extra magnets power cost with higher charge states of beam ions, e.g.
using 3 He2+ instead of 3 He+ .
• Sweep of the beam is done with magnetic scan unit (B) located before the
focusing magnets. Step-wise scanning is done with digital resolution 256x256.
The target is suspended on a movable holder (G). Large scale motion navigation
on the target surface is done by shifting the holder. To focus the beam the sample
is changed to a fluorescent target, e.g. ZnS or glass, then the shape and size of the
beam are directly controlled through microscope (F). Due to parasitic aberrations
(Orloff, 2008, chapter 6) in the lenses the focused beam does not preserve the
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square shape of the jaw-slits. The current density distribution in the beam is
 nearly
Gaussian in x and y cross section: j(x, y) = 2πσix σy exp −x2 /2σx2 − y 2 /2σy2 , where
i is the total beam current and σx and σy are standard deviations, which may not be
the same. In situations when spatial resolution in one direction is more important
than in another, e.g. when the measurement is done on the side of a layer cross
section (cf. Paper V and VI) vertical resolution can be improved by the cost of
the horizontal one. When the measurements are done from the top of the layer (cf.
Papers IV, V and VIII) the beam has similar size ∼2σ in the range ∅10-15 µm.
Calibration of the beam size is done by scanning a rectangular pattern with sharp
edges. Deconvolution of the signal projected on x and y axes returns σx,y .

Analysis
One of the powerful capabilities of the method is micro analysis based on Particle
Induced X-ray Emission (PIXE). Light nuclear beams cause inner shell ionization
of target atoms similar to an electron beam. Ionization cross section with a p beam
at 3 MeV is similar to that of electron beam with energy Ee 'me /mp Ep =1.6 keV.
But in comparison with the electron beam the ions loose energy in collisions with
target electrons without considerable divergence and the X-rays are produced in a
spot of about the beam diameter. Beam electrons (especially in heavy matrices)
immediately loose initial direction and diffuse near the surface. Hence, the X-rays
are produced and collected from a spot much bigger than the beam size. Another
advantage of PIXE is the low bremsstrahlung background again due to the higher
mass of the projectiles.
In the present work PIXE was used for mapping of medium to high-Z metallic impurities in deposits from JET: Inconel components and tungsten. Absolute
quantification in such complex matrices with PIXE was challenging because of spatially varying composition of the layers and inferred differences in fluorescent yield
and absorption, which had to be taken into account. In Paper VIII a calibrated
PIXE signal from elemental Cu target scanned simultaneously with the sample
aided absolute integration of the beam charge for quantitative µ-NRA analysis.
Measurement of NRA and RBS spectra (the latter for PIXE calibration) were
done either with a double standard CP detector at scattering angle 135◦ (Paper IV)
or in later work (Papers V and VIII) with a high solid angle annular detector.

Mapping of elemental distributions
During analysis two extra parameters are recorded in coincidence with the energy
of a charged particle or a gamma quant: x and y coordinates of the beam. The data
vectors are stored in a list file and can be extracted after the measurement is completed. Mapping events with energies corresponding to specific reaction products,
e.g. protons from nuclear reaction D(3 He,p)4 He, one obtains a map of D distribution. Exact procedure requires account for matrix composition and is described in
Paper VIII.
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Figure 3.4: Detectability threshold k for an object in a digital map. The object
√
spans area A measured in pixels, pixels in A have signal-to-noise ratio K=k A.
The detectability depends on the object shape and tests show some scatter of the
results in the test group depending on individuals’ perception. The colored region
between K=4 and K=12 embraces detectability threshold for objects of various
type: dot, straight and wiggly line, disc and rectangle. For objects bigger than
3000 pixels (log(A)=3.5) k≈0.2. The plot adapted from (Bright et al., 1998).

Maps of elemental distributions bear extra information compared to broad beam
spectra as long as specific structure of irregular patterns can be recognized in them.
Object recognition is a common task in applications involving digital imaging. An
empirical study by Bright et al. (1998) with a group of volunteers has shown that
for an exhaustive variety of shapes and structures their detectability threshold (i.e.
the ability of an average individuum to discover the object in a map) in terms
of the signal-to-noise ratio for individual pixel is a power function of object area.
This relation holds while the area of the image is below∼3000 pixels, see figure 3.4.
Maps produced with the µ-beam meet this requirement since they have digital
resolution 256x256 pixels, which can be reduced to about 64x64 (physical resolution)
without loss of information because of the finite beam size. In Paper VIII to derive
expected scan time for required deuterium image contrast we used average value
for object signal-to-noise ratio K=5, taking as an object one physical pixel of the
map. Contrast is defined as C=∆S/S, where S is the background signal, and√∆S is
variation of the signal which has to be resolved on the background of noise n.

Chapter 4

Non-IBA methods
4.1

Optical and SEM microscopy on deposited layers

Sample preparation
Samples of deposited layers from the JET divertor were available for analysis in
two forms: (i) ∅17 mm cylindrical cores removed from bulk tiles by the coring
method described in (Penzhorn et al., 2001) with no surface treatment and unaltered morphology and (ii) polished cross sections of the layers, perpendicular to
the surface, obtained from the core cylinders after cutting them in two halves. For
polishing the samples were fixed in epoxy mould. The cuts were always done so
that the interface would coincide with a poloidal plane of JET at the place where
the sample was extracted.

Optical microscopy on layer cross sections
Polished cross sections of the layers were routinely scanned with optical microscopy
to record their thickness profiles. Examples of such images from scans on tile 4
(position 4) can be found in Paper IV, figure 6. Some conclusions about the trends
in deposition dominated regions can be drawn from systematic microscopy observations of the deposits extracted after several subsequent campaigns through
1998-2009.
The inner leg of the divertor in JET (see figure 2.2 for reference) appears to be
a net deposition zone (Likonen et al., 2007). Comparison of layers grown during
different, partially overlapping periods of JET operation led to the conclusion that
in most deposition dominated areas (we assume toroidal symmetry and only discuss
poloidal variation) the layers do not grow continuously. In heat loaded regions at
some point sufficiently thick layers tend to exfoliate and peel off thus turning into
dust and interrupting the continuous growth. For example, on the horizontal part
of tile 1 the layers do not grow thicker than ∼100 µm, but peel off probably due
to overheating. Vertical surfaces of tile 1 and 3 have in average layers <50 µm,
37

38

Optical and SEM microscopy on deposited layers

0.6

(a)

layer, mm

0.5

tile 6
1.5 nm/s

2.4 nm/s

0.4

(b)

tile 4

1.0 nm/s

1.3 nm/s

0.3
0.2

ISP on tile 4
X-point formed

0.1
0

0

1

2
3
time, s

4

0
x105

OSP on tile 6
X-point formed

1

2
3
time, s

4

5
x105

Figure 4.1: Estimates of the deposition rates on tile 4 (a) and tile 6 (b) based on
measured thickness of the layers extracted after different campaigns during 19982009. The scaling is done with (i) total X-point operation time and (ii) time spent
by respectively inner (ISP) and outer (OSP) strike points on tiles 4 and 6 enabling
line-of-sight deposition.

observed even in short campaigns. The layers do not grow much more during
longer operations (Widdowson et al., 2009). Nevertheless, several areas exist where
thick layers were found to grow nearly continuously. Further discussion is focused
on those areas. One of them is a relatively cold, shadowed from the plasma bottom
part of tile 4 in the inner divertor and another – a narrow region of few cm on the
sloping part of tile 6 (position 6) in the outer divertor. It is not well understood
why the layers grow on tile 6, because this region is close to possible position of the
outer strike point and is not protected from the plasma.
The cross sections of layers grown on tile 4 during different periods trough 19982009 are shown in figure 5 in Paper VII. From them it was possible to measure the
average layer thickness and relate it to the duration of JET operation. The result is
plotted in figure 4.1a. The scaling depends on what assumption is made about the
relevant magnetic configuration. During the limiter phase in dedicated discharges or
during the start-up and ramp-down of divertor discharges the plasma does not get
into the divertor, and this time should not be counted as influencing the deposition.
In the X-point (divertor) phase the deposition can occur either due to the diffusive
transport of ions with the major component along the B-field or due to the line-ofsight transport of neutrals sputtered at the inner strike point. As an example see
the distribution of sputtered C and C+ modelled by Kirschner et al. (2013). This
leaves two primary options for scaling the deposits thickness in the inner divertor
corner (other parameters that may be important such as integrated heating power
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Figure 4.2: Optical microscopy on the side of polished cross sections on the sloping
part of tile 6 in the outer divertor of JET (pos. 6/6 figure 2.2). The instances belong
to different periods of JET operation. The images are aligned in “archeological”
order, assuming their continuous growth. The hatched region at the bottom belongs
to the CFC substrate, and top part of each image partly captures the epoxy mould.

or plasma temperature and density etc. scale with time, thus, the time is of primary
importance) : (i) with total X-point time and (ii) with the time spent by the inner
strike point (ISP) in sight of the bottom of tile 4. Similar assumption is made
about tile 6. On the long-scale average the ratio between the total X-point time
and time spent by the strike point on tile 4 (or tile 6) is nearly constant, therefore
from the time scaling it is not possible to conclude which parameter is governing
the growth of the layers. Studies of deposition in the inner divertor done with a
nearly real time resolution using quartz micro balance method by (Kreter et al.,
2009) (the mounting position is indicated in figure 2.2 ), evidenced a strong raise of
the deposition rate when the ISP is moved on tile 4. This line-of-sight deposition
must be due to neutrals. On tile 6, in contrast, the deposition region is accessible
by plasma and must be more affected by ions.
Core samples from the same positions (4/10 and 6/6) were scanned with SEM
from the top of the layers, see figure 4.3. The sample from tile 4 (panel a) was
extracted after exposure through 1998-2009, and the sample from tile 6 (panel b)
only saw the 1998-2001 campaign. The images are aligned with the major radius R
and toroidal component of the field. Columns at the bottom of tile 4 grow towards
the divertor center, in direction of larger R, see also figure 4.4a which demonstrates
poloidal inclination of the columns on a similar sample. This would not be expected
if the deposition was due to toroidally asymmetric ion flux along the field lines
towards the divertor target. The observed column growth mainly in poloidal plane
is reminiscent of ballistic deposition by a neutral flux onto inclined surface described
e.g. by Meakin et al. (1986). During ballistic deposition the columns grow towards
the deposition flux source in the plane formed by the surface normal and flux vector.
Column angle with respect to the surface normal (α) is related to the flux angle (β)
via the “tangent rule”: sinα = 0.5 sinβ. The neutral flux from the ISP should not
have toroidal anisotropy, hence the columns grow in poloidal plane. In the given
example of structures on tle 4 the angle of column growth equals α'50◦ and the
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Figure 4.3: SEM images of deposits on tiles 4 (a) and 6 (b) taken from the top of
the layers along the surface normal. The images are aligned with major radius R
and toroidal B-field. The white arrows above the scale bars indicate the direction
of structure growth.

angle of neutral incidence must be about the inclination angle of the sloping part
of tile 4, i.e. β '70◦ , what is in a good agreement with the “tangent rule”. Another
region on the same cross section is discussed in Paper V (see figure 6a) and showed
deposition at angle α'40◦ . One can conclude then that the deposition in the inner
corner of the divertor is due to a neutral flux and occurs predominantly when the
ISP is on the sloping or horizontal part of tile 4. The growth rate of the layers
must be proportional to the time spent by the ISP in this region, i.e. ∼1.3 nm/s,
see figure 4.1a. Additionally Esser et al. (2004, 2005) notes that the instantaneous
deposition rate is dependent on total input power and ELM frequency in elmy Hmode discharges. Moreover, the erosion rate on the upper part of tile 4 has a history
effect: it peaks strongly in discharges when ISP is swept on tile 4 after staying for
several discharges on tile 3. This is also observed spectroscopically by Brezinsek
et al. (2005) through the peaking C2 line emission when ISP was for the first time
moved on tile 4. It means that the material transported to the bottom of tile 4
was earlier eroded from tile 3 and temporarily stayed on the upper part of tile 4.
Hence, it is the total divertor X-point time or a linear combination of ISP time on
tile 3 and tile 4 being a proper scaling factor for the deposition.
Remarkably, the growth of columns on tile 6 (position 6) in the outer divertor
has a component directed outwards, also along R and co-directed with the anticipated neutral flux from the divertor, cf. figure 4.3b. This can be explained if the
deposition was due to the magnetized ions. At toroidal B-field 3 T and temperature
in the divertor 30 eV the gyro radius of a C3+ ion is ∼200 µm, while Debye sheath
width λD '10 µm. This makes the ions motion unaffected by the sheath electrostatic field until the last phase of their descend on the surface. A weaker field in the
magnetic pre-sheath does not considerably change the trajectory by adding a drift
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component to the velocity in direction E × B. Thus, the direction of ion impact
on the surface is roughly the direction of their motion in the lower phase of the
gyro-trajectory. This motion is illustrated in (Schmid et al., 2010, figure 5). The
macroscopic flow of ions is driven along the field lines towards the outer divertor,
but on the gyro-radius scale the particles can move in opposite direction, hence at
the surface the apparent flux is in the same plane with surface normal and direction
of column growth as suggested by the tangent rule, see figure 4.3b. Similar deposition asymmetries due to the gyro-motion of impacting particles were also found
on tiles 1 and 3. In combination with chemical erosion (see e.g. Veprek and Haque
(1975)) such anisotropic deposition may lead to formation of fine scale brush-like
columnar structures. An example of similar deposits is shown in figure 5b, Paper V.
This sort of structures on the PFCs has not been appreciated in literature, though
it may have immediate effect on fuel retention and recycling in the layers due to
their large specific surface area and reduction of apparent thermal conductivity.

SEM imaging of polished cross sections
Typically, polished cross sections of deposits on JET tiles had poor visual structure
when imaged by SEM due to the absence of topological and compositional contrast,
because the main component of the deposits was carbon. Also the images were
frequently suffering from typical charging artifacts. Sputter coating of the layer
with Au, a standard procedure for elimination of charging (Goldstein et al., 2007,
p. 661) could only reduce the contrast. Nevertheless, due to exposure under a
9 MeV 12 C micro beam up to integrated charge ∼ 2µC/mm2 the layer composition
must have changed (this was done in order to measure possible T content in the
deposits by the method described in Paper VII). The internal structure of the layer
with fine details appeared clearly visible in SEM with no charging artifacts. The
area with a distinct appearance had clear boundaries corresponding to the size of
the scan region. An example of improved contrast after ion beam scanning of layers
on tiles 4 and 6 is shown in figure 4.4.
The distinct layers in the deposits from tile 4 have thickness ∼4 µm, though they
may have finer structure which is not resolved. Assume an operation with average
divertor phase duration per discharge 18 ms, 20 successful discharges per day and a
6-day workweek. Inclined deposition at α'45◦ has rate ∼1.3/cosα nm/s. Then each
layer could have been distinguished by weekly performed wall conditioning done by
Be evaporation. The conditioning could hardly have a direct impact on the layers
on tile 4 because Be did not spread deep in the divertor. But the entailed reduction
of O in the first discharges with the conditioned wall has probably influenced their
composition.

SEM on core cross sections
Another possibility to access the fine structure of the deposits is SEM imaging of non
polished layer cross sections obtained when the surface cracked under mechanical
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Optical and SEM microscopy on deposited layers

Figure 4.4: SEM images of the deposits after they have been scanned with 9 MeV
12
C micro beam. The images are aligned with major radius R and the vertical
towards the top of the machine Z. (a) Polished sample from the bottom part of tile
4 in JET inner divertor. The apparent growth rate of the layer in direction ⊥ to the
interface is ∼1.3 nm/s. Marked separation between two distinct layers corresponds
to ∼1 week of operation. Angle α indicates the direction of predominant deposition.
(b) Corrugated layers on the sloping part of tile 6 in the outer divertor (layer surface
is aligned horizontally). The growth rate is similar to that in (a). Distinct layers
near the top are rich in Ni droplets.

stress. This is a side effect of the coring method, and such samples were not
prepared purposely. The cracking tends to emphasize the inter-layer interfaces
and create topographic contrast accessible by SEM. An example of such image is
shown in figure 4.5. Average thickness of the submicron layers is about 150 nm.
Again assuming 18 ms of divertor operation per discharge and average growth rate
1 nm/s (figure 4.1b) one finds that one layer would have grown in a sequence of ∼8
discharges what roughly corresponds to one half-day shift. Probably, the layers are
separated due to deeper inertial cooling over longer breaks between the shifts and
during the night breaks. These estimates are not very precise because on the time
scale of one day the deposition rate can vary considerably, depending on a number
of plasma parameters. The intention here was to show the characteristic time scale
for the layer formation, as it was done e.g. for similar deposits from JT-60 tokamak
by Tanabe et al. (2009) using Transmission Electron Microscopy. In the image
from tile 6 shown in figure 4.4b one can see at least two distinct layers of particles
below the top interface. By X-ray spectroscopy they were identified as Ni droplets.
Assuming an average deposition rate ∼1 nm/s and counting time passed from the
moment when the layers were formed until the end of the 1998-2001 campaign (top
interface), one finds that the Ni-rich layers were likely created during several large
disruptions with high liberated diamagnetic energy >8 MJ in discharges #58094,
#58383 and #61073. The particles could be ejected from damaged RF antenna
grills or other metal sublimiter devices. Similar disruption identification was done
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Figure 4.5: SEM view of a nonpolished cross section of the layers from the sloping part of tile 6,
outer divertor of JET. One of the
layers at the top is emphasized
for clarity. Each layer is ∼150 nm
thick and assuming average deposition rate 1 nm/s approximately
corresponds to one half-day shift.

by Tanabe et al. (2009).

Capabilities of the archaeological approach
The two interfaces of a layer can be unambiguously associated with time constraints
of the campaign. But with little exception there is no clear time markers in the bulk
of thick deposits, by which a particular layer can be identified with the discharge
or series of discharges when it was created. One exception has just been discussed.
Another example is the darkened stripe found on different cross sections from samples exposed at the end of the 2004 campaign, shown in figure 5 in Paper IV. There
samples from the same position partly exposed during the same period were extracted from different toroidal locations. Presumably, the layer which is too thick
to be formed in one or few discharges, was grown during reversed toroidal B-field
operation in June/July 2003, which must have equilibrated the flow distribution
between inner and outer divertor (Erents et al., 2004). As it was shown, the time
resolution of the archeology approach is related to the spatial resolution of the
layer structure and can be of the order of several discharges. Nevertheless, the
absence of clear “archeological” references introduces large uncertainties in layer
identification.

4.2

Secondary Ion Mass Spectrometry (SIMS)

Measurement of surface composition with isotope sensitivity in a wide range of
atomic masses from 1 H to 183 W is a vital necessity in fusion applications. Sensitivity to different species can be achieved through their mass separation. In conventional magnetic and electrostatic mass analyzers separation of different atomic and
molecular species is based on their different dynamics in electrostatic and magnetic
fields. Acceleration of a molecule with mass m and charge state z is proportional
to the field strength and the ratio z/m. This allows separation of different charge
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states of a molecule and separation of molecules with different masses. Atomic isobars can not be separated this way and will interfere in the spectrum. Secondary
Ion Mass Spectrometry (SIMS) is one of the ion micro probe methods for surface
analysis (Vickerman et al., 1989; McPhail, 2006). It is routinely used to study
depth profiles of a wide range of elements from H to W in plasma-exposed surfaces,
(see for example Coad et al., 2003). The technique has the advantage of high mass
resolution, determined by the analyzing magnet or mass spectrometer, and is sensitive to trace elements with concentrations down to 1012 at./cm2 , approximately
0.1% of a mono-molecular layer. The primary ion beam can be formed by Cs+ ,
+
O, O+
2 or Ga ions at energies in the range 1-30 keV. The energy of the primary
beam is sufficient to sputter surface molecules. Sputtered material leaves the surface mostly in the form of neutral molecules but some fraction is ionized. Sputtered
ions are extracted and accelerated towards the mass spectrometer by a high potential drop of the order of 10 kV in order to minimize the error due to the original
energy distribution of secondary ions. The current of mass-separated secondary
ions is a primary output and can be used as a measure of atomic concentration of
each species in the surface. The main uncertainty in applications of SIMS is the
ionization probability of secondary ions. It is sensitive to the beam type, surface
composition and chemical state of the top most surface layer. Unless the analysis is
done on well characterized surfaces with uniform matrix composition, it is difficult
to extract quantitative information about concentrations of elements from SIMS
signal.
The range of the primary ions is typically within 1-20 nm, but continuous sputtering of the target gradually shifts the surface inwards. To measure in-depth
profiles of elements the (dynamic) SIMS sputtering rate in terms of a nm/s can
be calibrated with post mortem profilometry of the sputtered crater. For similar
matrices the sputtering rate is rather constant. SIMS can reach depths up to few
100 µm, and the main limitation is the decreasing sputtering yield at higher depths
due to the effect of crater walls. This interference can be significant already at a
depth of few µm when the signal is collected from regions close to the edge of the
beam spot. To eliminate the side signal the primary micro beam is raster-scanned
across the sample surface, and an electronic gate cuts off the signal when the beam
is outside outside the central part of the spot about 10% of its size.
In this work we used data acquired by an instrument with 5 keV molecular
2
O+
2 beam. The raster size was typically 300x400 µm . Analysis of fusion relevant
material included depth profiling of following elements and isotopes: 1 H, 2 H, 9 Be,
12
C, 13 C, 58 Ni, 98 Mo and 183 W. The calibrated sputtering rate would for C samples
be about 1 nm/s, achieving depth of few times 100 µm. Nominally high depth
resolution of SIMS analysis is not achieved with the PFC deposits, because their
surface roughness is significant even at the spatial scale of a few 10 µm spot from
where the signal is collected.
An example of elemental depth profiles measured with SIMS at the surface of
sample 1/10 from JET divertor is shown in Fig. 4.6 (a). It plots time traces of
ion current for several measured species. Using erosion rate calibration, the time
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traces were converted into depth profiles. Fig. 4.6 (b) shows a SEM side view
of the same layer (only top most part is shown). One can see a complex multiscale structure of the layer: the thick deposits separate in several sub-layers each
having a columnar structure. It is not well understood why the layers separate and
what exposure conditions lead to the formation of a new interface. But clearly the
periodic behavior of the SIMS profiles is reminiscent of the layered structure seen
in the SEM image. Due to the surface roughness the SIMS profiles are smooth
and it is not clear whether the peaks in metals signal correspond to a layer or
to an interface between two layers. But the spatial separation between the SIMS
maxima (or minima) is about the same as the distances between the layers seen
by SEM. This sample has been considered in Papers IV and V. Mapping of the
D distribution across the surface showed increased concentration in the depressed
region. This may be in agreement with the SIMS measurement, which shows a
strong rise of D yield close to the interface between the layer and the underlying
CFC substrate.
In general case, the recorded current of each type of secondary ions can not
be a measure of elemental concentrations in the sputtered layers. For example the
yield of 12 C shows strong variation with depth, but in the real layer its content
is nearly constant since C is the dominant impurity ion in C-JET and the main
matrix component in deposited layers. The relative signal from different isotopes
of the same element must be proportional to their relative concentrations. The
yield of each element at different charge states is determined by its chemical properties and conditions at the surface. For close isotopes of the same element both
sputtering rate and ionization yield must be nearly the same. This is clearly seen
in Fig. 4.6(a) for 12 C and 13 C: the ratio of their yields is the same as the ratio of
their natural abundances respectively 98.9% and 1.1%. This ratio is persistently
the same throughout the whole layer, except the very surface. In the end of the
2009 campaign some 7.1 g of 13 C in form of gaseous methane was puffed in the
outer divertor, as detailed by Likonen et al. (2011). The marker has been transported around the whole poloidal circumference and deposited at the apron of tile
1 under consideration. Then within the few top most microns of the layer the ratio of isotopic signals measured by SIMS differed from that in the bulk layer. In
this particular case it could be possible to integrate the signal ratio within the top
layer, subtract the background and obtain the amount of deposited marker. If the
matrix of analyzed material does not vary with probed depth, SIMS yield can be
absolutely calibrated using targets with similar matrix and know concentrations of
(implanted) species that are of interest for the primary analysis. In Paper VI we
compared absolutely measured distributions of elements in thick deposited layers
and SIMS profiles measured at similar positions in the JET divertor.
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Figure 4.6: (a) Elemental depth profiles measured with SIMS from position 10 on
tile 1 (horizontal apron, inner side) of the JET divertor. Plotted is the SI current
in a.u. The thickness of the layer determined optically and with SEM. (b) A part
of the core sample cross section, imaged with SEM. The layers in the SEM image
and the oscillations in SIMS profiles are of the same spatial scale.

Chapter 5

Dust diagnostics in fusion
machines
The problem of dust
In fusion plasmas eroded wall materials can be transported either in form of atomic
impurities or in form of micron-sized particles or droplets (Krasheninnikov et al.,
2011). While the sources of atomic impurities are well recognized and the rate
of impurity influx in the plasma can be estimated or measured, the dust particles
are not as predictable. The ions are confined by the strong B-field, but dust has
much lower charge-to-mass ratio and is barely affected by the magnetic field. Dust
can penetrate deep in the core plasma being a source of high-Z impurities and
even affect the global confinement. Carbon dust originating from regions with fuelrich deposits could contribute to fuel (especially T) transport and accumulation in
remote areas, Be dust could react with cooling water in the case of loss-of-coolant
event and release oxygen (Sharpe et al., 2002). Also the source of dust in fusion
machines is not well characterized and is a subject of ongoing investigations, see
Paper III.

Dust monitoring
Ejected dust can be observed close to the point where it enters plasma by fast
cameras, what in some cases makes it possible to reconstruct 3D trajectories and
velocities of the particles. If radial profiles of plasma parameters are known and
the particle material is well specified, with some simplifying assumptions one can
develop a model relating an apparent particle luminosity to its size and hereby
derive particle size distribution. Such a derivation would be controversial in many
cases because of the complexity of the phenomena. The light emitted by a particle
would be a combination of the line emission of the ablation cloud around the particle
and thermal continuum due to the black body radiation. The line emission spectrum
can suggest particle composition, and the continuum intensity would be a function
47
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of particle temperature and surface area, i.e. its size. For a particle its heating
rate has strong dependence upon local plasma density and temperature and for a
fast moving grain the temperature will depend on its previous thermal experience.
Moreover, the ablation cloud around the particle can locally cool the plasma and
increase its density compared to that of the unperturbed background, (Koltunov,
2012). This introduces a large degree of uncertainty in the temperature estimates.
After all, the sensitivity of visual tracking is dependent on particle luminosity and
this method must be missing the dust moving close to the wall and thus not heated
to high enough temperature to become incandescent. Similarly, the information
about particle size, temperature and velocity can be derived from the scattered
laser signal. Probably, the first historical observations of mobile dust in fusion
machines were made by Thomson scattering (TS) diagnostics due to parasitic laser
light scattering on dust grains. In TEXTOR a multipass TS laser system was
capable of tracking particles by detecting their broad-wavelength thermal emission,
(Kantor et al., 2013). The dust could be heated either by background plasma or
by the laser beam, the power of which was ∼50 MW/cm2 . If a typical particle
were emitting as a black body, it would have to reach ∼2000◦ C to become visible
for the TEXTOR TS system. This is above the melting point for most of steel
grades. Again, the possibility to deduce the dust temperature rests on a number of
assumptions requiring also that the grain has a simple spherical shape. An in-depth
discussion of other limitations can be found in (Ratynskaia et al., 2011).

5.1

Dust injection in tokamak experiments

The source of intrinsic dust in a tokamak is neither well predictable nor spatially
uniform. The dust sporadically manifests itself in signals from various routine diagnostics such as overview optical and infrared cameras, laser reflectometry and
probably even Langmuir probes. This data is scarce for a detailed study of dust
behavior: dust dynamics, its origins and sinks. Such a study can benefit from
an experiment when particles are injected deliberately in a controlled fashion with
predetermined parameters: type of dust (morphology, size distribution, composition), initial velocity distribution, injection rate, injection point, moment of start
and duration of injection. All these parameters if well specified can be used for
benchmarking of codes calculating particle dynamics in fusion plasmas (DUSTT
(Pigarov et al., 2005; Smirnov et al., 2007), DTOKS (Martin et al., 2008) and recently developed MIGRAINe (Ratynskaia et al., 2013b)). Time synchronization is
necessary to include high time resolution diagnostics such as Thomson scattering or
fast (3D) camera imaging. There are two methods for dust injection which received
most attention in the past. A simple passive injector to introduce dust in the bottom divertor was described by Rudakov et al. (2007) as used at DIII-D tokamak,
and similar technique was later applied at TEXTOR by Litnovsky et al. (2013), see
Fig. 5.1(a). In TEXTOR a graphite tablet was mounted in a test limiter introduced
at the bottom of the machine. Before the discharge the limiter was moved close
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to the Last Closed Flux Surface (LCFS) or slightly inside it. When the discharge
develops the plasma “licks out” the dust from the tablet and liberates it. It is not
clear what physical mechanism is responsible for the dust release, most likely the
break up of dust agglomerates on top of the tablet is a response to the thermal
shock. Dust layers have poor heat conductivity in comparison with a bulk graphite
limiter, therefore they disintegrate even in relatively cold edge plasma. Unlike in
DIII-D, where dust was released by moving the outer strike point onto the tablet
with dust, in TEXTOR (a limiter tokamak) the plasma position was determined
by the main toroidal limiter at about R=46 cm, and ccould not be changed during
the discharge. It means that the exact moment when the dust was released was
somewhat ill defined and roughly corresponded to the moment when the tablet
received most intense heat flux. As noted Litnovsky et al. (2013) there could be
several dust launches: first when the plasma stabilized on the limiter and later when
auxiliary NBI heating was switched on. A better alternative can be dropping the
dust from the top of the machine. An active dust dropper design was suggested by
Roquemore et al. (2011) and tested at the NSTX tokamak. Figure 5.1(b) describes
design of a similar dropper recently applied at TEXTOR.
Dust is loaded in a container (C) with calibrated grid on its bottom end (see
inset A-A). Dust with non-spherical grains tends to agglomerate in clusters reaching
100 times the size of a single grain. Then the grid defines the maximum size of
those grains which can pass through and filters out or brakes apart bigger ones. The
container is fixed on a piezo crystal (P) constrained between two O-rings around
its circumference. By applying external signal one can excite a symmetric normal
mode with antinode in the center of the disk. This shakes the container and dust
drops through the grid and the hole in the disk. Such a devise is insensitive to the
magnetic field and can be placed close to the plasma boundary or moved away to
let the particles attain higher velocity by gravity acceleration.

Dust in a full metal machine
After JET has restarted operation with the full metal ITER-like Wall a number of
events were detected by accidental spikes of total radiated power (see Matthews,
2013). These events have been associated with about ∅100 µm particles. Their
size, or amount of released material, could be measured from the absolute intensity
of spectroscopy signals and by characteristic spectral line emission. The main
components of the particles were either Be, or Inconel or W. Most intense influx
of the dust was correlated with changes of magnetic configuration when the strike
points were moved along the surface of the divertor targets. It was also found that
the spectral spikes of W and Be signal in each such event could follow each other
with minor delay suggesting that the same W particle first had been stripped from
its outer Be deposits and then burned by the plasma.
Similar type intrinsic dust has been found in the full metal EXTRAP T2R
machine, as described in Paper III. Particles were collected from flat inner wall
sections and limiters by sticky tapes. It was possible to control positioning and
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Figure 5.1: Two methods for dust injection used at TEXTOR. (a) Few 10 mg of
dust deposited on top of a graphite tablet inserted in a test limiter (L) introduced
from the bottom of the vessel. The limiter is placed near the LCFS and as soon as
the discharge develops plasms “licks off” the dust. Most of the dust is gone in one
discharge. (b) offers controlled injection over a number of discharges. The dust is
stored in container (C) attached to a piezo crystal (P). Big agglomerates are filtered
out by a calibrated mesh, see inset A-A. The crystal is excited by external signal
with predetermined amplitude and duration.

orientation of the samplers, what led to estimates of absolute areal density of the
particles ∼50 mm−2 depending on poloidal position of the sampled spot. The
particles were counted and measured with SEM, also X-ray analysis showed that
their exterior mostly contained Mo, the limiters material. Later analysis included
Focused Ion Beam (FIB) sectioning of several collected particles in order to access
their internal structure and composition. General description of the method can
be found in (Orloff, 2008, Chapter 11). Similar analysis of dust collected in the
divertor of ASDEX Upgrade tokamak with metal wall has been done by Balden
et al. (2013) and revealed complex interior of the particles. In order to preserve
the outer-most shell of the dust collected in T2R, the first ∼100 nm of the Pt-C
protecting layer were deposited with electron beam, as described in (Riazanova,
2013). A SEM image of one of the FIB-cut particles is shown in figure 5.2.
More than a half of the particle appears to be buried in the sticky surface. This
could have led to slight underestimation of the mean particle diameter based on

Dust in a full metal machine

51

Interface

Interface

Pt-C protection

Cr-rich layer

Mo-rich layer

Stainless steel core

2 μm

C sticker (bulk)

Figure 5.2: SEM image of open
cross section of a particle collected at the bottom of the T2R
vessel. The cut is tilted by 52◦
with respect to the image plane.
Original (before cutting) level of
the sticker surface is indicated on
both sides of the image and shows
that most of the particle is hidden under the surface. The particle has a stainless steel core (main
vessel material). The sub micron
outer layer is rich in Mo and has
zones with enhanced concentration of Cr.

measures of the apparent particles size as seen with SEM from the top. X-ray
analysis done on the cross section showed that it has a stainless steel (SS) core,
which is covered by ∼1 µm thick layer rich in Mo or Cr with admixture of SS. A
suggested mechanism of dust formation is following: original SS droplet is created
by unipolar arcing on the SS bellows, what is regarded as a main mechanism of
dust production in machines with metal walls (Rohde et al., 2013). Then it stays
on PFCs (lays at the same place or migrates) accepting atomic fluxes of physically
sputtered or evaporated SS and Mo. The origin of the regions with increased
concentration of Cr is not well understood. Higher concentration of Mo than SS
in the outer layer is explained by stronger atomic erosion source on Mo limiters,
while SS wall is eroded by arcing. On the cross section in figure 5.2 one observes
that the outer layer is not uniform and it probably disappears at the bottom part
of the image. As the particles were collected by impressing a sticky tape onto the
wall surface the bottom part of the image must show the plasma facing side of the
particle, where it could experience even net erosion, what was observed in ASDEX
(Balden et al., 2013).
The particle under consideration must have stayed in the machine for no longer
than ∼200 s of total discharge time since T2R has been rebuilt in 2001. This results
in the growth rate of the outer layer ∼5 nm/s, higher than in the divertor of JET
with C wall. This figure likely underestimates the instantaneous deposition rate.
If the particle experienced remobilisations and migrated inside the vessel during
discharges then regions of net deposition on its surface could experience erosion or
the whole particle cold be ablated by plasma, than instantaneous deposition rates
could be even higher. Also it is statistically unlikely that the particle has been
produced in the beginning of T2R operation, then its actual exposure time was
shorter than the assumed 200 s.
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Dust particles moving in the SOL can be captured by solid targets for post mortem
analysis. A contact mechanics assessment of the collision between a particle and
solid surface demonstrates that for a given geometry and sort of dust and surface
material there exists a threshold for the normal component of impact speed v⊥
th.
below which the particles can stick to the interface. Grains with velocity above the
threshold bounce back. For metal-metal collisions of particles about a few 10 µm
in diameter v⊥
th. is about 10 m/s (Ratynskaia et al., 2013a). Faster particles are not
be captured by a hard surface collector. Widely used Si collectors are expected to
have similar performance. There is also an upper velocity limit, of the order of the
sound speed in the target, above which both surface and the particle are destructed
(Smirnov et al., 2009) and hence they are as well partially lost for post mortem
characterization.
In order to explore the higher speed range, capture and preserve the particles
intact it is possible to use a material with a large mismatch in density as compared to that of the particles. Crushing of the light solid target occurs already
at low velocities when the dust suffers least inelastic deformation or destruction.
The collector can be made of ultra light silica aerogel. Similar dust capture experiments “Stardust” described by Burchell et al. (2006) have been performed in
space, and aerogel proved its feasibility for capture of particles in the ∼km/s speed
range. Speed calibrations of the aerogel were made in relevant diapason. For application of aerogel collectors in laboratory plasmas it was necessary to measure their
parameters, governing particle stopping, in the speed range up to few 100 m/s.

Particle stopping in aerogel
A simple model describing particle braking in low density aerogel target was used by
Niimi et al. (2011). It calculates the stopping force exerted on a spherical particle
in either hydrodynamic or crushing approximation depending on the particle speed.
Deceleration of the particle becomes:
dv
Pc πr2
dv
= −αv 2 , v > Vc ;
=−
, v < Vc
dt
dt
m

(5.1)

where α is a shape constant, r and m – radius and mass of the particle, Pc – the
crushing pressure and Vc – the crushing speed at which both terms hydrodynamic
and crushing are equal. Pc does not depend on the impact velocity, and in the
low speed range below ∼200 m/s the hydrodynamic term is negligible. Then the
calibration has to determine the value of Pc .
The calibration was done with a 94 kg/m3 Si aerogel used in all experiments
described in papers I and II. For tests we selected spherical dust similar to that
injected in TEXTOR (see Paper II): ∅45 µm Ti and ∅60 µm C. Both populations
had significant fraction of particles much smaller than the nominal size. The size
distributions have not been refined, instead we injected samples of dust of each
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Figure 5.3: Schematic view of the airgun-based set up for dust implantation. Sabot
(S) is shot from gun (A) into impactor (I) set up on “muffler” (M). The bullet
intercepts two light beams of detectors (D1) and (D2) and hits the impactor. The
dust passes through the pinhole in the impactor and collides with the surface of
target (T).

type so that all particles had the same initial velocity, thus variation of the track
length with particle diameter could be used to derive the crushing pressure Pc from
(eq. 5.2). For particle acceleration we developed a simple apparatus which design
was based on a standard air gun, see figure 5.3.
Sabot (S) is a modified standard ∅4.5 mm lead bullet (shown in the inset). Its
core is replaced by a stainless steel stop screw, loaded with dust. The screw can
withstand a collision with the impactor without disintegration and does not let the
lead remnants go through the pinhole. The velocity of the sabot is measured by
two light-beam detectors in the “muffler”. When the aerogel target is placed within
a few cm from the impactor the dust speed does not decrease by more than 5% of
its initial value just before the collision, as confirmed by estimates of the air drag.
The effect of dust sticking to the sabot is neglected. Thus we take for the particle
impact velocity that of the sabot. Penetration tracks left in aerogel as well as the
captured particles are measured by optical microscopy from the side of the sample,
see figure 5.6(a).
Since the stopping force in crushing mode is a function of particle’s size and
does not depend on its speed, it is convenient to inject a portion of particles with a
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Figure 5.4: Calibration of the
crushing pressure Pc for the Si
aerogel with density ρ=94 kg/m3 .
The measurements were done
with spherical particles:
C
∅60 µm and Ti ∅45 µm. Typical error bars are shown only for
one point in a series.
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Figure 5.5: SEM images of the particles captured by an aerogel collector upon laser
cleaning tests on the surface of an ALT-II limiter tile from TEXTOR. In (a) the
particle moved at ∼100 m/s; in (b) the thin flake was probably rotating upon the
impact what made the entrance hole larger than its geometrical cross section. The
speed estimation is challenging for such irregular bodies.
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broad size distribution but equal impact velocities. Then the track length l becomes
a simple function of particle radius Rd , particle density ρ, impact speed v0 and the
crushing pressure:
2 Rd ρv02
l=
.
(5.2)
3 Pc
We use this formula to fit the experimentally measured dependence between particle radii and penetration depth for two types of particles: C and Ti spheres, see
figure 5.4. The obtained values of the crushing pressure are similar for both types of
particles, and the observed discrepancy <10% may be due to the assumed density
of particle material. If for example the carbon density were overestimated then
the inferred crushing pressure would be proportionally overestimated as well, see
(eq. 5.1), exactly as observed.
If the particles are not fast enough to leave noticeable tracks, their impact
can still be detected and in some cases it is possible to set the lower or upper
boundaries for the impact speed. By shooting spherical particles of different size at
different speed into aerogel a variety of impact features has been collected. Their
characterization and classification has been accomplished with SEM microscopy.
Few examples of possible occurrences are shown in figure 5.6(b)-(d). Notably, there
is a big difference between the signal collection capabilities of the two types of
electron detectors: the in-lens and Everhart-Thornley secondary electron detector,
figure 5.6(d). The low energy secondary electrons do not escape from the particle
track well, while the higher energy ones show a clear particle image. In cases when
the impact speed is higher than ∼80 m/s for a typical ∅60 µm C particle used
in tests it is possible to measure the length of its penetration track with optical
microscopy from the side of the transparent aerogel collector. When the track length
is short and can not be resolved optically, the depth can be measured with SEM
microscopy from the top by focus variation between surrounding aerogel surface and
visible surface of the particle. Similar method is described for optical microscopy
by Abdullah et al. (2014).

Aerogel in the tokamak conditions
Thermal properties of aerogel do not make it a favourable candidate for exposure
even in the edge plasmas. The low density ∼100 kg/m3 and low heat conductivity
∼0.01 W/m/K make relatively short exposures of 1 s in ∼30 eV boundary plasma
with density ∼5·1017 m−3 dangerous from the point of view of thermal damage
(Ratynskaia et al., 2009). The need for surface analysis of exposed collectors requires that the exposure damage does not create a background of features which
can have a twofold interpretation. An example of degraded quality of the collectors
due to prolonged contact with plasma and uncontrolled exposure can be found in
(Tang et al., 2011). In the work presented in Paper II the aerogels were exposed in
the outer SOL in a time resolved way, what minimized the thread of overheating.
Also the quality of original collector surfaces has been improved considerably.
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Figure 5.6: Microscopy overview of the particle-impact effects on silica aerogel.
Shooting with ∅60 µm C spheres. (a) Optical microscopy view through a transparent side of the sample. Track length l is recovered from the apparent penetration
depth: l=h/sinα, where α is the angle between the line of sight and the surface
normal. (b) SEM view of a slow-impacted particle on top of the aerogel target. (c)
Circular crack left by a slow particle which bounced off. (d) SEM view of the same
entrance hole done with different detectors: in-lens and secondary electron.

Preparation of the collectors
From the first experience of aerogel exposure in TEXTOR and T2R, see (Bergsåker
et al., 2011) and Paper I it was clear that the density of particle fluxes in combination with exposure duration (especially in T2R with short discharges) results
in relatively low areal concentration of collected particles on the surface. In these
conditions the initial quality of exposed surfaces is decisive for correct particle identification and counting. The requirements for the collector surface are following: (i)
it has to be smooth, with microscopic roughness of the order of the natural aerogel
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pore size in the 10 nm range; (ii) macroscopic roughness or waviness of the surface
should permit fitting the sample into standard probe slots, i.e. be much smaller
than linear dimension of the sample, which normally equals a few cm; (iii) there
should be no cracks protruding in depth as they deteriorate optical transparency of
the interfaces used for optical microscopy and create charging artifacts under SEM.
It was found that best performance is achieved if the samples are prepared by brittle fracture, as it was done for the work reported in Paper II. The method excludes
any physical contact between the cutting/cleaving tool and the surface (except the
very edge region), does not involve any liquids (disastrous for hydrophilic aerogels)
and the result meets all the above mentioned requirements. The appearance of the
collectors under optical microscopy and SEM can be assessed in figure 5.6a and b
and in Paper II.

Results
The aerogel collector method has been applied for measurements of particle fluxes
and velocities in TEXTOR tokamak during the dust injection campaign in 2011.
Measured particle speed and size distributions were generally in agreement with the
earlier reported results from the DIII-D tokamak, see figure 7 in (Rudakov et al.,
2009). The work has been reported in Paper II.
The method has also been used for characterization of dust ejected during laserablation cleaning of plasma-exposed surfaces. The collectors were placed in front of
a TEXTOR ALT-II limiter blade exposed to ∼3.5 ns laser pulses with total pulse
power 0.5 J. (Alegre et al., 2014). From the length of the tracks left by captured
particles the impact speed ∼100 m/s has been inferred in agreement with the fast
camera observations. Figure 5.5 shows two examples of captured particles. Both
of them are rather flakes than spherical projectiles, thus the results of the speed
calibration give very rough measure of the impact velocity. The mass of the particles
can be estimated based on the SEM images (assuming equal elongation in the image
plane and in non-sensed z direction) and assuming density ∼1 g/cm3 typical for
carbonaceous deposits. Then measured by SEM focus variation penetration depth
yields impact velocity ∼100 ms/s for the particle shown in figure 5.5a. The particle
in (b) has penetrated to the depth about its diameter and likely was rotating
around the axis at the moment of impact, leaving the curly anisotropic edges of the
entrance hole. This conclusion is, nevertheless, purely qualitative does not lead to
a quantitative estimate of the angular momentum.

Chapter 6
10

Be marker experiment in JET

6.1

Background

In 2007 the design concept for a new full metal ITER-like wall at JET had been
finalized (Paméla et al., 2007). The new selection of plasma facing materials was
radical: beryllium, the lightest solid metal (except for Li which melts already at
450◦ K) had to be used at most areas of the main chamber and tungsten, the heaviest
ever used material for PFCs, in the divertor. The main goal was to study performance of the full metal wall under conditions similar or scalable to those expected
in ITER: magnetic configuration, plasma heating scenarios, disruption mitigation,
power and particle exhaust regimes. One of the most important objectives for the
final decision on selection of materials for ITER first wall was the characterization
of hydrogen retention properties, erosion rates and material transport in the new
environment.
Beryllium erosion, migration and redistribution in the main vessel and in the
divertor had to be traced and measured in order to upscale and make prediction
for the ITER performance, fuel retention and life span of its PFCs. In C wall
machines the migration of C could be traced by deliberate injection of 13 C-marked
methane CH4 followed by modelling in attempt to reproduce the observed distributions (Strachan et al., 2008). In a low-W environment volatile WF6 could be
injected to trace migration of W from a localised source and 15 N as a rare abundance marker for 14 N frequently used in massive gas injection applications. An
overview of these methods was given by Rubel et al. (2004, 2013). No similar experiment had been suggested for JET in the view of its operation with a full metal
Be wall. The reason probably was that there is a few volatile compounds of Be,
e.g. halides releasing toxic halogens upon decomposition (refer to Walsh (2009) for
more details) or because there is no sufficiently abundant isotope of Be except 9 Be
to separate and use as a marker.
Nevertheless, a marker experiment has been proposed, but of a completely different sort: the marker was planned to be a part of the first wall to experience
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Figure 6.1: Bulk Be tile assembly
installed at the inner mid plane
in one of the JET Inner Wall
Guard Limiter (IWGL) beams.
The three central tiles in the assembly have been enriched with
10
Be up to a relative concentration 1.7x10−9 . All tiles of the
IWGL have similar design.

all the same plasma as the other tiles during the whole campaign. To our knowledge, nothing similar has ever been implemented in fusion devices, though this is
routinely done in geophysics. It was suggested to use a long-lived low abundant
isotope 10 Be as a marker for tracing 9 Be in JET.
Using 10 Be as a marker and transport tracer is a well established method in
geophysics, though on the time and spatial scales much larger than those familiar
to the present day fusion experiments (Berggren, 2009). The method benefits from
the fact that the only natural source of 10 Be is spallation reactions on 14 N and 16 O
bombarded by secondary products of high energy cosmic radiation. The average
production rate of 10 Be is 0.8x106 at./cm2 /yr. In the air it gets oxidized and
reaches the surface with rain water. Thus the major sink for atmospheric 10 Be is
the ocean, where it mixes with stable 9 Be in maximum proportion 10−7 . With
passage of time it precipitates in sea sediments and forms Be-storing minerals:
Beryl (including emerald), bertrandite and others. On the time scale of 106 y 10 Be
decays and its relative concentration with respect to 9 Be drops below the 10−14
level. Since the 9 Be content in the crust is stable and known, the ratio 10 Be/9 Be is
a direct measure of the time passed since 10 Be was produced. Because the source of
10
Be is in the atmosphere, its distribution in the crust uncovers the patterns of its
migration with rain water. Stored in natural archives in sea sediments and in polar
ice caps 10 Be is a time marker for global processes affecting its production through
millions of years: solar activity and reversals of the geomagnetic field (Gosse and
Phillips, 2001; Berggren et al., 2009).

6.2

10

Be marker tile for JET

For a transport marker it is important to experience the same plasma conditions
as most of the other tiles, which are predominantly eroded. Most intense erosion
was observed previously at the Inner Wall Guard Limiter (IWGL) mid plane tiles
during JET operation in limiter mode, Heinola et al. (2014). Therefore, the source
was selected to be one of the midplane IWGLs, see figure 1.6. Its tiles are shown in
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Fig. 6.1. The limiter consists of five bulk Be tiles assembled on an Inconel carrier.
The three central tiles were dismounted and irradiated in a uniform flux of thermal
neutrons 9.5x102 n/cm2 /s. The achieved atomic concentration of 10 Be amounted
1.73x10−9 . It can be measured with the Accelerator Mass Spectrometry (AMS)
method, described below, with an ultimate sensitivity <10−14 . The sensitivity
defines the low limit for measurable marker dilution 10−5 . This, in particular,
means that if erosion has the same rate and is uniform across in total ∼200 m2
of the JET inner wall and eroded material from the marker tile is redeposited
uniformly, then its dilution will be 10−4 , still an order of magnitude higher than
the minimal measurable.

6.3

Accelerator mass spectrometry

Due to the very long half life τ ∼1.4x106 y 10 Be is very difficult to measure in low
concentrations by any method based on decay counting (photo emulsion or scintillator counting). It has to be mass separated from the most abundant isotope
and discriminated from its abundant stable atomic isobar 10 B. Quantification of
the 10 Be/9 Be ratio in sampled material can be done with Accelerator Mass Spectrometry, achieving a sensitivity down to 10−14 with amount of consumed material
∼100µg. Sample preparation protocols used in geophysics research are also applicable in the tokamak environment. A brief overview of the method is given below.
Accelerator mass spectrometry (AMS) is a method for sensitive measurement of
low abundance, long decay time isotopes. It has been first applied for quantification
of cosmogenic 14 C in 1970s and later 10 Be and 36 Cl, and antropogenic radionuclides
129
I and 236 U and others (Tuniz, 2001). In AMS the accelerator, its beam transport
system, different stages for discrimination of mass and charge are parts of the
spectrometer. This offer an orders of magnitude higher sensitivity to low abundance
isotopes, than have conventional mass spectrometry systems (Ekman et al., 2009).
In the framework of the 10 Be marker experiment at JET we used an AMS
set up based on 5 MV electrostatic tandem accelerator by NEC, operated at the
Tandem laboratory (Uppsala University, Uppsala). A layout of the machine is
shown in Fig. 6.2.
A sample mainly containing BeO is mixed with Nb, which
following Berggren et al. (2010) provides better heat conductivity and improved
beam current, and pressed into Al cathode holder. Analysis of each sample runs
three times (three cycles of the holder) and in each run the statistical error of
counting 10 Be events in the detector is below 5%.
The holders with samples are interspersed in a carrousel mechanism together
with calibration and monitoring samples: standards with known atomic concentration ratio 10 Be/9 Be and blank samples with known low ratio, see inset A. The blank
references are prepared in the same process as the real samples and serve to reveal
possible (cross) contamination between samples or from outside. Measurements on
calibrated standards help to account for overall transmission of the system. Ultimately, the atomic ratio C10Be of 10 Be and 9 Be in the sample is measured with
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respect to that in the standard (Cst ) as
C10Be =

Rs
· Cst .
Rst

(6.1)

Here R is a ratio between the count rate in 10 Be detector and current of a 9 Be
equivalent, as will be detailed below. Clearly, the method does not evaluate an
absolute amount of marker in the sample, it measures the relative concentration.
The analysis proceeds as follows. The sample is sputtered by a focused Cs+
beam, to produce negative ions of the target material, see inset B in Fig. 6.2. The
ions are extracted from the source and accelerated to ∼100 keV. The first analyzing
magnet (C) separates only singly charged molecular isobars with M=26: 9 Be17 O− ,
10
Be16 O− and 10 B16 O− . 10 B and 17 O are both stable isotopes, and the former
one represents a serious problem for measurement of 10 Be, they follow each other
up to the final stage of separation. Then the ions are injected into the tandem
stage (D) and pass a gas filled stripper cell at terminal potential ∼4.4 MeV. The
molecules break up and acquire a charge distribution. The next analyzing stage
(E) separates all but the isobars 10 Be3+ and 10 B3+ . Conveniently 17 O7+ is passing
close to the primary beam and its current can be measured in a Faraday cup. 17 O
has abundance ∼0.04% of that of O and this fraction is eminently stable and must
be the same in the samples and in the standards. Then its current is used as a
measure of 9 Be content in the target. To separate 10 Be3+ and 10 B3+ they are
passed through a C foil (F) followed by a 180◦ magnet (G). The equilibrium charge
state of B is shifted towards its maximum +5, and a fraction of it is separated by
the magnet. Then the beam passes a Ni foil, in which due to the higher stopping
(Ziegler et al., 2008) B is trapped, and Be passes through. Due to energy straggling
a trace amount of B also penetrates and is separated from Be by different energy
deposition in the gas filled ionization detector (I): Be and B are decoupled in the
E1 -E2 (-E3 ) space. Measurements on targets with known high amount of B are also
done to estimate and subtract B contribution in the spectral region of Be.

6.4

Sample processing

As was noted before, an output of the measurement is a relative atomic concentration 10 Be/9 Be in the target rather than absolute amount of 10 Be. The latter can be
derived if the original size of the sample is known. This measurement is made by
means of Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Ekman et al.,
2009, pp. 21-23 and references therein) at the sample preparation stage. A flow
chart of the process is shown in Fig. 6.3. The initial amount of Be in the sample
has to be ∼100 µg or more to provide low statistical error of the AMS measurement.
The sample is leached in a 4 molar solution of HCl, and 10 vol.% of the solution
is retained for the ICP-MS measurements of 9 Be content. The obtained size of the
sample in terms of 9 Be along with the AMS-measured C10Be (eq. 6.1) gives the
absolute amount of 10 Be in the sample. Further processing includes precipitation
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Sample processing
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Figure 6.3: The flow chart of the sample treatment in preparation for AMS analysis.
The raw collected material alongside with the abrasive sampling heads is leached
in hydrochloric acid. At this step 10% of the solution is isolated for ICP-MS
measurements of total 9 Be content. Adding NH4 OH results in precipitation of
Be(OH)2 , which is then dried out and subject to full combustion at 400◦ C (Wiberg,
2001). What remains is BeO which is mixed with Nb for better heat conductivity
and pressed into the target holder for AMS sputtering ion source.

of Be(OH)2 by adding ammonia hydroxide and full combustion of the base to form
BeO. At this point the isotopic fraction of 17 O in the sample is the same as the natural ∼0.04% of O, what later is used for counting the 9 Be current from the sample
(see previous section). Finally, Nb is added to the oxide to improve performance of
the AMS sputter ion source. So far B is not separated from Be due to their similar
chemical properties and is also present in the sample as an oxide.
To realize the AMS superior sensitivity the background of 10 Be and 10 B and
possibilities of sample contamination at all stages of the experiment have to be
minimized. Possible sources of 10 Be background are discussed below.
• Initial content of 10 Be in raw Be used for JET may differ. Due to the primary
source of 10 Be in the atmosphere its natural background in soils close to the
earth surface may vary from 10 Be/9 Be=10−7 to 10−9 (Henken-Mellies et al.,
1990; Lebatard et al., 2010). In raw ore, nevertheless, the average content of
10
Be must be much lower because of the long geological history of the mineral
formation. Beryllium for the ILW has been supplied by “Materion Brush
Resources Inc.” mining bertrandite ore from a deposit in Utah, where it is
found close to the surface. In the ore Be content is greatly enhanced compared
to the average ∼1014 at./g in the soil, as measured by Lebatard et al. (2010).
This means that the absolute amount of 10 Be that can contaminate Be ore
constitutes no more than 10−14 part of it.
The ITER-like wall consumed ∼4.4 tonnes of Be, of which 2 tonnes were
re-cycled from previously used Be. This material according to Riccardo et al.
(2013) could have a tritium history. This means that Be could have been
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exposed during the D-T experiments at JET either in 1997 or earlier and could
be activated by fusion neutrons. In preparation for the marker experiment
the history and origin of the ILW material have not been scrutinized. Instead,
prior to installation of the new tiles few samples were taken for measurement of
the 10 Be/9 Be background. The measurements were made with AMS following
similar protocols expected to be applicable for the exposed samples. It was
found that in all cases contamination was below the sensitivity limit ∼10−14 ,
i.e. the raw material was qualified as a background-free.
• Activation of 9 Be is possible by the 2.4 MeV neutrons from the D-D fusion
reaction D+D→3 He+n. This reaction has higher rate with auxiliary ICRH
and NBI heating (Hellesen et al., 2010). The n capture cross section of 9 Be at
2.4 MeV is low but if the neutrons can thermalize colliding with the protecting
concrete walls and return back to the vessel the cross section will increase by
a factor 103 . The effect of primary D-D neutrons is discussed in Paper IX and
is considered negligible. But effects of neutron thermalization and induced
activation in 9 Be have to be studied with Monte-Carlo neutron transport
simulation in real geometry (see e.g. Loughlin et al., 1999).
• Contamination of sampled 9 Be with material rich in 10 Be or 10 Be may occur
during sample extraction, handling or transportation. Therefore all materials
to be in contact with Be during the sampling had to be tested as to their
content of these isotopes. Development and implementation of the sampling
method was one of the goals of this thesis work, therefore it is detailed in the
next section.

Non destructive Be sampling
After the first JET ILW campaign during 2011-2012 a number of tiles were permanently removed from the vessel for analysis. Another set of tiles from two opposite
beams of IWGL limiters were dismounted temporarily and had to be re-installed
after the shutdown. Given that for sensitive measurement of marker content in Be
only ∼100 µg of material was required, it could be possible to sample the tiles during the shutdown and let them return to the vessel to their assignment. Sufficient
amount of material could be collected from ∼1 cm2 area of solid Be surface if only
∼1 µm was removed. This is below the original surface roughness and could qualify
as a non destructive. In order to perform the sampling we proposed a method
implying local abrasive grinding of tile surfaces down to the depth of few µm. Effectively, the top layer of tile surface had to be converted into dust. The IWGL
tile special design, see figure 6.1 provides high heat flux handling capabilities, what
requires a castellated surface (Nunes et al., 2007). Therefore, it was necessary
not to damage the edges of castellation and and not transport produced dust into
them. The essence of the method was using a rotating sand paper disc uniformly
impressed onto the tile surface. Tests done on Al, which can according to a good
approximation represent Be properties (Marot et al., 2013), let select an optimal
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regime of sampling and type of the abrasive. It was found that produced dust was
not leaking from the sandpaper, but was filling the space between the grits. The
abrasives were tested for their content of B and Be to minimize the background for
AMS. Finally, an apparatus was designed and built which allowed to keep sampled
tile upright to prevent dust from falling into the grooves. The sampling head could
be precision-aligned against the tile and had a mechanism to exert uniform pressure
to the surface. Over 100 samples were collected from IWGL tiles during the first
shutdown after the ILW commence. Partly, they have already been measured and
first results are summarized in Paper IX.

6.5

Conclusions

Net deposition of Be on several tiles in one IWGL beam was measured with contact
profilometry. Most of the central tile area appeared to be in the net erosion zone.
Total amount of eroded Be per tile at the midplane level was estimated by Heinola
et al. (2014) to be ∼0.8 g. Given the initial concentration of 10 Be in the marker
tile this amount would correspond to 8.3x1013 at. 10 Be with total activity ∼1.6 Bq.
Therefore, the amount of 10 Be in collected samples could not be measured based
on its decay rate even with sensitive imaging plate technique, (Tanabe et al., 2003).
Some deposition was found only at the wings with the layer possibly a few µm
thick. This means that the marker redeposited onto IWGL tiles has to be mostly on
the wings. The measurements reported in Paper IX (see figure 3 and 4) lead to the
conclusion that more than 95% of eroded marker is deposited elsewhere. This is an
interesting finding not predicted by earlier modeling efforts with global transport
code ASCOT, (Miettunen et al., 2013). ASCOT, nevertheless, treats only the “first
flight” migration of the marker and does not recalculate modifications of the surface
matrix due to erosion and impurity deposition. These aspects are better reflected
by the WallDYN code (Schmid et al., 2011), which calculates a global redistribution
matrix of the wall materials in a toroidally symmetric geometry without a complete
3D treatment.
The details of marker deposition in the vicinity of the source can be used for
benchmarking of the local transport Monte Carlo code ERO. To this end, an effort
has been made to obtain more detailed marker distribution around the source by
using a denser spatial grid for sampling locations, see figure 4 in Paper IX.
The marker tile and all the sampled tiles had been returned to their original
positions and successfully restarted operation in 2013. The current experimental
campaign at JET has expanded power limits of the auxiliary heating, attempting
a closer approach to the ITER conditions. This means a stronger erosion of the
main chamber PFCs including the source tile. The previously acquired marker
distribution sets a new larger background for 10 Be in the PFCs, but higher redeposition fluxes in the later campaigns will partly recover the reduced sensitivity. New
sampling is planned during the next shut down in the end of 2014.

Chapter 7

Summary of publications and
conclusions
The aim of this chapter is to give a concise overview of the work done in the
framework of this thesis project. We will summarize the results and present them
in a context of possible prospective research and applications.

Paper I
Pinch

Collection of mobile dust in the T2R Reversed Field

This work has shown capabilities of ultra light silica aerogel collectors for capturing
intrinsic dust in the edge region of fusion plasmas. The experiment was conducted
at the home laboratory small scale devise EXTRAP T2R. Short discharge duration
(compared to that of the present day tokamaks) made it possible to use a simple
passive probe manipulator without risk of overheating the collectors. This helped
to explore edge plasma region closer to the LCFS, than it would be possible in
a tokamak. Analysis of exposed surfaces done with SEM and optically suggested
that the quality of aerogel surfaces had to be improved to increase sensitivity for
particles smaller than ∼10µm – the majority of the detected population. Collection
of mobile dust and atomic impurity fluxes was done with standard polished Si
collectors in similar conditions. Comparison of the results showed that total flux of
dust moving in the SOL could reach that of metallic impurities present in atomic
form.

Paper II Time resolved collection and characterization of
dust particles moving in the TEXTOR scrape-off layer
This paper summarised the achievements in development of the aerogel collector
method and showed its applicability in a medium scale tokamak experiment TEXTOR (Germany). In a modofied sample preparation process the quality of the
collectors was considerably improved. This made possible unambiguous SEM detection of single micron-sized particles on the surface of 3 cm2 . Also new impact
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features have been identified and calibrated against particle sizes and velocities.
This made possible deduction of impact parameters for bounced dust, not present
on the collector. It was also found that distinct dust particles injected during previous campaigns, more than half a year ago, were still mobile in the SOL and could
be collected with little damage. This raised concerns about the long life span of
mobile dust in the edge plasmas. Further studies reported in (Ratynskaia et al.,
2013b) included controlled injection of W dust, which reached the distant collector
within few discharges. This manifested short time scale long range transport of
metallic dust. Inferred modelling determined a key role of dust-wall collisions in
the long-range migration.

Paper III Transport asymmetry and release mechanisms of
metal dust in the Reversed-Field Pinch configuration
The work was done in continuation of the dust migration studies in EXTRAP T2R.
Modelling of dust dynamics recover experimentally observed asymmetries of particle
fluxes under assumption that the source of particles was distributed over the wall
and produced particles with low initial velocities in the range of few m/s. The dust
must have been remobilized from the wall rather than created instantaneously by
e.g. arcing on PFC surfaces. Availability of such source was confirmed by studies
of post-mortem collected dust from the vessel walls. The long life cycle and high
mobility of micron-scale metallic dust was proved also in a small scale machine.
This work has been continued. The post-mortem collected particles were anatomized with a FIB SEM and revealed a multi-layer structure of the surface owing
to a primary production by melting-eruption events on the stainless steel walls and
following exposure to atomic Mo fluxes from the limiters. Continuation of this work
will relate particle composition and morphology to the production mechanism and
particle exposure to impurity fluxes at the wall.

Paper IV Microanalysis of deposited layers in the divertor
of JET following operations with carbon wall
The deposition of plasma fuel and eroded PFC meterials C, Be and other medium
Z metals has been studied on divertor surfaces of the largest currently operating
tokamak JET. The samples were exposed in JET during different time periods from
1998-2009 and faced multiple diverse experiments and plasma conditions. This was
reflected in measured non uniform distributions of elements in thick deposite dlayers. The main analysis method was NRA with 3 MeV 3 He µ-beam. The measurements were made from the top to access lateral distribution of concentrations and
from the side on polished layer cross sections to measure depth profiles of concentrations in the whole layer. Correlations were found between sample position in the
divertor and the structure of deposited layers. Optical microscopy of polished cross
sections showed (in agreement with IBA mapping) consistency of total material
deposition and exposure duration in shadowed regions of inner divertor.
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Paper V Microstructure and inhomogeneous fuel trapping
at divertor surfaces in the JET tokamak
Continuation of the work reported in Paper IV led to more detailed study of the
internal structure of deposits in JET divertor. A procedure was developed to combine high resolution fine imaging capabilities of SEM and elemental mapping made
with ion µ-beam, making possible exact matching and overlay of the maps, and
SEM micrographs, and optical microscopy images. On the upper divertor surfaces
D was found to accumulate close to the layer-substrate interface in micro cavities
protected from plasma and in depressed areas at the surface.
Utilizing the depth-sensing capabilities of D analysis with 3 He µ-beam we showed
that D can have dissimilar lateral distribution in at different depth within top most
∼20 µm of the deposits. For the first time in JET extraordinarily fine-scale columnar structures were found to grow on the divertor targets, in one of the most heat
loaded regions.

Paper VI Quantitative plasma-fuel and impurity profiling
in thick plasma-deposited layers by means of micro ion beam
analysis and SIMS
Measurements of similar samples from JET divertor are made routinely by several
laboratories within Europe. To our concern, there was no systematic comparison
and cross check of the results and analysis protocols. We attempted to reproduce the
depth profiles of elemental concentrations by the complementary methods: SIMS,
EPS and µ-NRA, applied independently on the same samples. The quantitative
results have matched to a good extent and were in qualitative agreement with SIMS
profiling. The work required calibration of (p,p) inelastic scattering cross section
on 9 Be at elevated energies. This was accomplished by in-depth fitting of thick
target spectra.

Paper VII Investigation of tritium analysis methods for ion
microbeam application
In the view of future switch from pure D plasma fuel to equimolar D-T mixture in
JET and later in ITER it is necessary to develop adequate methods for material
analysis. Non-destructive contact-less Ion Beam techniques have multiple advantages and can be applied in µ-beam version to include quantitative 2-dimensional
elemental mapping. In this paper we investigated NRA capabilities for T measurements with 12 C beam in the energy range up to 15 MeV. The method can be
applied with sensitivity about 1 at.% to measurements of T in a C-Be-D matrix.

Paper VIII Combined ion micro probe and SEM analysis of
strongly non uniform deposits in fusion devices
This is a follow up work after what was reported in papers IV, V and VI. We
further investigated capabilities of combined multi-instrumental analysis of complex
layers of deposits from divertor tiles. The case study included µ-IBA and SEM
measurements of C-dominated layers formed during a long period of JET operation
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from 1998-2009, as well as recent Be-rich metallic deposits. The same area on the
latter sample was scanned with two different beams: conventional for this sort
of analysis 3 He and carbon-sensitive D. Distributions obtained by both methods
showed high degree of spatial correlation and reasonable qualitative agreement.
The described method is thought to become a routine analysis tool for divertor
samples from full metal JET with ITER-like wall and may be useful for general
material-analysis applications.

Paper IX First results from the
JET with ITER-like wall

10

Be marker experiment in

The paper reports on the first results of the novel method applied in JET for
measurement of global Be migration. During the C-wall campaigns at JET it was
a general trend that most of eroded material was transported towards the divertor
in a multi-step erosion-redeposition sequence. This might not be the case with the
new metallic wall. The integrated amount of the marker-isotope measured on the
Inner Wall Guard Limiter Tiles in deposition-dominated regions is considerably
lower than the total amount of eroded marker. Such asymmetry was not supported
by preliminary modelling. Also the measurement of Be in the inner divertor by
the µ-NRA method, described in Paper VIII, does not suggest the major marker
deposition there. The main sink for Be remains unrevealed, possibly located at the
inner-most horizontal surfaces close to the divertor.
This work included development and implementation of a fast non destructive
method for marker sampling inside JET Be handling facilities. The sampling was
performed in a short period of time during the recent shutdown. The tiles returned
to the JET wall and successfully passed the restart phase of the new experimental
campaign. The marker tile was sampled as well and returned in its original location.
The experiment will continue, as the marker tile remains in the limiter beam.
The sampling will be repeated during the next shut down in the end of 2014.
The collaboration with modelling groups will be continued to explain the observed
deposition asymmetries.

Summary
In this work an attempt has been made to approach the global diagnostic problem
of materials migration and mixing in devices for magnetic confinement of fusion
plasmas. Several methods and their combinations were applied for studies of:
(i) global transport of eroded first wall materials; (ii) micro-scale distributions of
fuel and impurity deposits on PFC surfaces; (iii) release, migration and evolution
of dust. It proved to be fruitful to apply several complementary techniques for a
multi-faceted characterization of the materials.
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