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Abstract 
 
The dream of abundant clean energy has brought scientists and laypeople alike to 
ponder the possibilities of nuclear fusion since it was established as the energy 
source of the stars in 1939. Starting from the mid the 20th century, significant 
effort has been put into overcoming the technological challenges related to the 
construction of a power plant, but initial optimism has faded somewhat due to a 
notable absence of practical outcomes. Nevertheless, the research continues and 
progress is made slowly but surely. 

The present work deals with a small part of the fusion puzzle, namely the 
materials to be used in the first wall surrounding a magnetically confined plasma. 
Carbon, which has historically been considered as the most viable element for this 
role, has been ruled out due to issues with plasma-induced erosion, hydrocarbon 
formation and a buildup of thick deposited material layers on wall components. 
The latter two lead to an unacceptable accumulation of radioactive tritium, both in 
the deposited layers and in dust particles. A metal wall, which would alleviate these 
particular problems but increase the severity of others, is therefore envisioned for a 
future demonstration reactor. 

Three contributions to the overall research effort are made though this thesis. 
First, an increased understanding of plasma-induced erosion of so-called reduced 
activation ferritic-martensitic steels and preferential sputtering of light material 
components is provided. High-resolution ion beam analysis and microscopy 
methods are used to examine samples of such a steel after exposure to plasma 
under controlled circumstances. Model films consisting of a mixture of iron and 
tungsten deposited on silicon substrates are also studied as they constitute simpler 
systems where the effects of interest may be simulated. The knowledge obtained is 
necessary for an assessment of the possibility to use reduced activation steel as a 
plasma-facing material in specific regions of a reactor wall. 

The second contribution consists of reports on the composition of deposited 
material layers on wall components retrieved from the plasma confinement 
experiments JET and TEXTOR. These provide limited conclusions on the range and 
rate of material erosion, transport and deposition in two cases. 

Finally, a detection system for the ion beam technique elastic recoil detection 
analysis has been assembled, tested and put into operation. In addition to 
improving the quality of analyses performed on fusion-related materials, the 
system has become an established tool available for users of the 5 MV electrostatic 
pelletron accelerator at Uppsala University’s Tandem Laboratory. 
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Sammanfattning 
 

(Swedish translation of the abstract) 
 
Drömmen om riklig, ren energi har lett både forskare och andra entusiaster att 
fundera över möjligheten att utnyttja kärnfusion sedan denna konstaterades utgöra 
stjärnornas energikälla 1939. Från och med mitten av nittonhundratalet har 
omfattande arbete lagts ner för att klara de tekniska utmaningar som byggandet av 
ett kraftverk innebär, men vi är fortfarande långt från målet. Forskningen fortgår 
dock och framsteg görs sakta men säkert. 

Arbetet som beskrivs i denna avhandling rör en liten del av fusionspusslet, 
nämligen de material som skall utgöra den första väggen kring ett magnetiskt 
inneslutet plasma. Kol, som historiskt har ansetts vara det mest lämpliga grund-
ämnet i denna roll, har förkastats på grund av problem med plasmainducerad 
erosion, uppbyggnad av tjocka deponerade materiallager på väggkomponenter 
samt produktion av kolväten. De båda sistnämnda leder till en oacceptabel 
ansamling av radioaktivt tritium, både i de deponerade lagren och i dammpartiklar. 
En metallvägg, som skulle minska dessa problem men förvärra andra, är därför 
föredragen för en framtida demonstrationsreaktor. 

Tre bidrag till den större forskningsinsatsen framförs här. För det första ges en 
ökad förståelse för plasmainducerad erosion av så kallade ferrit-martensitiska 
lågaktiveringsstål och preferentiell sputtring av lätta materialkomponenter. Hög-
upplösta jonstråle- och mikroskopimetoder har använts för att studera prover av 
ett sådant stål efter de exponerats för plasma under kontrollerade förhållanden. 
Modellfilmer bestående av en blandning av järn och volfram deponerade på kisel-
substrat har också studerats eftersom de utgör enklare system i vilka de relevanta 
effekterna kan simuleras. Kunskapen som inhämtats är nödvändig för att uppskatta 
möjligheten att använda lågaktiveringsstål som plasmautsatt material i specifika 
delar av en reaktors innervägg. 

Det andra bidraget utgörs av rapporter om sammansättningen av deponerade 
materiallager på väggkomponenter från plasmainneslutningsexperimenten JET och 
TEXTOR. Dessa har gett upphov till vissa slutsatser om takt och typiskt avstånd för 
materialerosion, transport och deponering i två fall. 

Slutligen har ett detektionssystem för jonstrålemetoden elastisk rekylanalys 
monterats, testats och satts i bruk. Förutom att öka kvaliteten på analyser 
av fusionsrelaterade material har systemet blivit ett etablerat verktyg för 
övriga användare av den elektrostatiska 5 MV pelletronacceleratorn vid Uppsala 
Universitets Tandemlaboratorium. 
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Chapter 1 

Introduction 

 
“The PR department oversells the potential in a manner 

 somewhere between ‘aggressive’ and ‘criminal’. ” 
 

- RationalWiki on Fusion woo

1.1 The current energy situation 

Ever since the industrial revolution some 250 years ago, humanity’s demand for 
energy has grown steadily. Between 1994 and 2016 the total world primary energy 
consumption increased from 8 310 million tonnes oil equivalent (Mtoe) per year to 
13 280 Mtoe [1], or 154 400 TWh. It is expected to have increased further to around 
230 000 TWh by the year 2050, assuming an intermediate economic growth 
scenario [2]. Approximately 33.3% of the energy consumed in 2016 was produced 
from oil, 28.1% from coal, 24.1% from natural gas, 6.9% from hydropower, 4.5% 
from conventional nuclear power and 3.2% from other renewables. The increasing 
energy demand combined with the fact that a majority of supplied energy currently 
requires the combustion of fossil fuels clearly constitutes an unsustainable 
situation. 

One of the most severe long term environmental consequences of waste product 
emission from fossil fuel consumption is climate change. It has been estimated that 
we can only allow using little over one third of the presently proven and accessible 
fossil fuel reserves in the coming century if we are to emit less than 275 billion 
tonnes of carbon into the atmosphere and maintain a 66% probability of limiting 
the global temperature increase from the reference period 1861-1880 to 2 ⁰C [3,4]. 
By continuing to intensify the use of fossil fuels at an alarming rate, humanity is 
performing a geophysical, chemical and biological experiment on a global scale, 
with an uncertain outcome that may affect us as well as future generations for 
centuries, or even millennia to come. 

The annual average atmospheric CO2 concentration as measured at Mauna 
Loa, Hawaii, by the U.S. National Oceanic and Atmospheric Administration has 
already risen from 316 ppm in 1959 to 407 ppm in 2017, and the available global 
data follows a similar trend [5]. The CO2 rise coincides with an increased average 

land and ocean surface temperature of approximately 0.5⁰C from 1960 to 2012 or 
more than 1⁰C from the pre-industrial average to 2017, a 40% drop in the extent of 
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arctic summer sea ice, a global sea level rise of roughly 100 mm from 1960 and 
almost 200 mm from the early 20th century, ocean acidification and an increased 
heat content in the upper ocean as reported by the intergovernmental panel on 
climate change (IPCC) among others [4,6]. Further adverse effects of observed and 
projected climate change include loss of unique ecosystems, extinction of animal 
species, an increased prevalence of extreme weather events, loss of fresh water 
resources, increased land erosion in coastal regions and reduced agricultural 
yields [7,8]. These effects combined with a projected peaking of the fossil fuel 
extraction rate within the coming few decades [9] make it relevant to develop 
alternative solutions for our future energy supply. 

Claims have been put forth stating that the environmental problems related to 
fossil fuels can be overcome and that the supply problem is actually quite 
insignificant [10], but the overwhelming scientific consensus is that human-caused 
global warming is a fact [11,12], that fossil fuel consumption and resulting 
greenhouse gas emission is the leading cause of this warming [13] and that the 
extraction of fossil fuel has to decline eventually in any case due to limited existing 
reserves [14,15]. Even in a hypothetical best case scenario from the perspective of 
fuel availability and climate change it is still relevant for many countries to reduce 
the use of fossil fuels in order to mitigate dependence on fuel import from the 
principal producing nations and thereby reduce vulnerability of their energy 
systems to changes in supply. 

One should remember that the concept of energy discussed here is not 
immediately equivalent to electricity. Especially the transport sector presently 
relies heavily on combustible fuels; 97% of its energy demand is satisfied by oil or 
natural gas. With abundant electricity supply, however, it is in principle possible to 
synthesize fuel. We may also run vehicles on electricity either indirectly via 
batteries or hydrogen fuel cells, or directly with grid connected systems such as 
electric railways. The transition to a fully fossil-free transport system has been 
analyzed and considered feasible, albeit with a significantly reduced air traffic 
sector [16]. For these reasons, the focus for the rest of this section is on sustainable 
generation of electricity. 

Alternatives for carbon neutral electricity production include renewables such 
as solar-, wind- and hydropower, conventional nuclear power in fission plants and 
the possible development of controlled nuclear fusion. Then, which of these options 
are most attractive for large scale implementation in the foreseeable future, and 
why? An important argument to consider is that of reliability [17]. Since renewable 
energy sources depend on the momentary availability of sun, wind or water flow, 
they may prove problematic for present day distribution grids due to over-
production peaks. They may also require the development of large scale energy 
storage systems as periods of maximum production and consumption do not 
necessarily coincide. Available and envisioned nuclear power options, on the other 
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hand, all provide a constant output power and can therefore be integrated as major 
components in future energy systems more conveniently than renewables. 

The power density, here measured as the land area occupied per unit of power 
produced, is also rather low for renewables. For a fair comparison, the area used for 
extraction, processing and waste management of fossil or nuclear fuels should be 
taken into account. Attempts to generate comparable numbers show that wind and 
solar power are less energy-dense than fission, coal or potential fusion power by 
factors from 102 to 104 [18,19]. Considering land use, material requirements, 
production continuity and ecological impact, it seems likely that renewables have to 
be combined with nuclear energy in order to construct a stable and sustainable 
system for electricity production [20]. 

When comparing the nuclear energy alternatives fusion and fission, fusion has 
the disadvantage of still requiring significant technological development before 
becoming available. A clear advantage of fusion is that it does not produce high 
level radioactive waste (HLW). While the current fission fuel chain gives rise to a 
multitude of long lived daughter nuclei such as 135Cs (half-life: 2.3 My), 
99Tc (0.211 My) and 93Zr (1.53 My), so-called minor actinides like 241Am (432.2 y) 
and various plutonium isotopes, fusion as presently envisioned between deuterium 
and tritium generates no radioactive nuclei from the reaction itself. For details on 
spent fuel composition from different fission reactor types, the reader is 
encouraged to consult the freely available database SFCOMPO [21,22]. 

The concern for radioactive waste from a fusion plant is rather about spent 
reactor components that have been activated by neutrons and tritium fuel atoms 
retained in wall materials. These are estimated to be classified as intermediate level 
waste (ILW) for decades or centuries after which a majority of the material can be 
reclassified as low level waste (LLW) under the present UK regulations [23,24]. 
One should not underestimate the waste problem for fusion, however, as storage of 
large quantities of ILW with α activity above 4 MBq/kg or total β and γ activity 
above 12 MBq/kg would certainly be problematic. It is estimated that a future 
demonstration fusion rector using deuterium and tritium fuel would produce tens 
of thousands of tonnes of ILW out of which at least several thousand tonnes would 
remain above the intermediate level activity limit after 1000 years of storage [23]. 

Already the proof-of-concept facility ITER, which is currently under 
construction in southern France, will produce 30 000 tonnes of waste. A fifth of 
that waste, 6000 tonnes, will have to be stored for at least a century [25]. Then 
again, the problem is arguably smaller for fusion than for fission. Volumetric 
estimations yield up to 8000 m3 of LLW and ILW from a fusion plant over an 
assumed 50 year lifetime, whereas a comparable pressurized water fission reactor 
produces approximately 800 m3 of HLW and up to 14 000 m3 of LLW and ILW 
over 40 years [26]. Apart from waste concerns, fuel supply is also a potential 
problem for fission. Projections point towards a possible future shortage of 
uranium, or at least a gradual price increase [27,28]. 
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It is prudent at this point to mention that many of today’s problems with fission 
are possible to overcome. An increased use of fuel reprocessing would allow a 
larger fraction of available 235U, but also 239Pu present in spent fuel, to be used 
already in present day power plants [29]. While reprocessing reduces the final 
amount of waste produced per unit of supplied energy it does not eliminate the 
need for long term storage, since fission daughters and minor actinides are not 
recycled. 

The currently ongoing development of fourth generation fission reactors 
features six different main concepts and a multitude of subcategories, many of 
which are intended to use fast neutrons [30]. Such reactors may induce fission in 
actinides other than those which are fissionable by thermal neutrons. Especially the 
splitting of transuranic nuclei helps reduce the radiotoxicity and lifetime of waste, 
and could be applied to existing waste in storage. The neutron surplus from fast 
reactors may furthermore be used to breed fissile fuel due to neutron capture by 
the fertile isotope 238U and subsequent beta decay into 239Pu [31]. The breeding 
process may use natural or depleted uranium. Breeding of fissile 233U from 232Th is 
another interesting idea due to the relatively large natural abundance of thorium in 
the earth’s crust [31,32]. About 20 fast neutron reactors have already been 
operated, proving the feasibility of that concept [33]. 

Utilization of fourth generation fission reactors would increase the time for 
which available resources could sustain the current rate of fission electricity 
production from somewhere between 70 and 300 years to several thousand years 
[19]. This being said, all fission concepts, existing and under development will to 
some degree bring about problems related to waste, rector safety and nuclear 
weapons proliferation [34]. 

As the discussion about both fission and renewables up to this point suggests, 
there exists a motivation for research on fusion as a potential alternative for 
securing a sustainable, safe and clean future energy supply. In the case that it is 
developed successfully, fusion would likely be part of a gradual transfer from the 
fossil based energy mix of today to a combination of fusion, fission and renewables 
[35,36]. Returning to the quote in the beginning of this chapter, however, I want to 
emphasize that fusion is not relevant as a response to the urgent need for 
adaptation of our energy system to mitigate climate change. This is simply due to 
the fact that it will not be available in time. The ITER project will not go into full 
power operation until 2035 [37] and a demonstration plant for fusion electricity 
production, DEMO, will be available at the earliest sometime around 2050 [38]. 
Immediate measures are therefore needed to replace carbon based fossil fuels by 
fission and renewables. 

The previous notes on radioactive waste show that fusion is not as clean as is 
sometimes suggested. While it is often hailed as virtually inexhaustible, it also 
suffers from resource availability issues. This is discussed further in Section 1.6. A 
relevant question is then whether we should bother with fusion research at all. It is 
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the opinion of this author that we should. Even though the exploration of fusion 
has been somewhat costly so far, it still constitutes only a tiny fraction of our total 
spending on energy research and subsidies. If that investment could result in 
technologies that provide alternatives for the future energy mix it is worth it just to 
find out. If fusion turns out to be economically unfeasible for commercial power 
plants, the advances in fundamental plasma physics, neutron physics and plasma-
material interactions that constitute much of past and present efforts are in 
themselves good reasons for continued research. 
 

1.2 Fusion energy 

The realization that nuclear fusion could be exploited for energy production 
emerged gradually via a series of events during the first part of the 20th century. 
Important milestones include the discovery of mass-energy equivalence by Einstein 
in 1905 [39,40], work on detailed measurements of atomic masses implying the 
possibility of nuclear reactions in the sun and the suggestion of hydrogen fusion as 
the energy source of the stars by Eddington in 1920 [41]. A quantitative description 
of stellar nuclear fusion was finally given by Bethe in 1939 [42]. 

In order for a nuclear reaction to qualify as feasible for fusion energy 
production on earth, a few criteria have to be fulfilled. First, the reaction obviously 
has to be exothermic. It also needs to use elements of rather low atomic number 
since otherwise electrostatic repulsion between the reactants makes it exceedingly 
difficult to achieve fusion conditions. A two body reaction is preferred simply 
because it is more probable than one between three or more nuclei and thus gives a 
higher reaction rate under otherwise similar conditions [43]. Furthermore, the 
reaction should be purely strong interaction mediated. This means that it should 
have two or more ion species, or neutrons, as products and conserve the total 
number of neutrons and protons. Although reactions for which this is not the case 
may be favorable from the point of view of energy gain, their rates are suppressed 
due to the comparatively low coupling strengths of the electromagnetic (photon 
emission) or weak interaction (proton to neutron conversion and vice versa via β+ 
or β- emission) processes required to conserve both energy and momentum. 
Examples of reactions excluded by this condition are 
 

H H → He 	 23.9	MeV  
and 

H H → H e ν 0.42	MeV. 
 

By the above reasoning, the intermediate 4He nucleus in the first case is 
significantly more likely to expulse the excess energy of 23.9 MeV by splitting into 
either a triton and a proton or a 3He nucleus and a neutron, than by emitting a 
photon. In the case of a collision between two protons, the given reaction is the 
most likely one aside from an elastic scattering event, but it is still unacceptably 
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improbable due to the required positron emission. The following reactions do fulfill 
the criteria, and could therefore in principle be utilized for power production in a 
fusion plant [43,44]: 
 

H H → He n 3.27	MeV 1a

H H → H H 4.03	MeV 1b

H H → He n 17.6	MeV 2

H He	 → He H 18.4	MeV 3

H H → He 2n 11.3	MeV 4

He H → He H n 12.1	MeV 5a

He H → He H 14.3	MeV 5b

He He → He 2 H 12.9	MeV 6

H Li → He He 4.02	MeV 7

H Li → 2 He 22.4	MeV 8a

H Li → He He n 1.80	MeV 8b

H Li → H He H 2.56	MeV 8c

H Li → Li H 5.03	MeV 8d

H Li → Be n 3.38	MeV 8e

He Li → 2 He H 16.9	MeV 9
H Li → 2 He 17.3	MeV 10

H Be → 2 He H 0.65	MeV 11a

H Be → Li He 2.13	MeV 11b
H B → 3 He 8.68	MeV 12

 

 
Out of all these reactions, 1a, 1b and 2, fusing deuterium (2H) with either 

deuterium or tritium (3H), are the most favorable for a first generation of power 
plants. This is due to the lower energy required in a collision between two nuclei 
with atomic number Z=1, compared to any other pair, to overcome the barrier of 
electrostatic repulsion between them and enable a fusion reaction to take place. As 
a result, fusion can be achieved at the lowest possible temperature if hydrogen 
isotopes are used as fuel. Further, the reaction between deuterium and tritium has 
a cross section which is significantly higher than that of deuterium-deuterium or 
tritium-tritium at the lowest possible collision energy. It is therefore envisioned 
that the first fusion power plants would use a mixture of 50% deuterium and 
50% tritium as fuel. 

The cross section maximum of approximately 5 b for the deuterium-tritium 
reaction occurs at an energy close to 120 keV for a deuteron impacting on a 
stationary triton, i.e. a total kinetic energy around 70 keV in the center of mass 
frame [45,46]. This is far below the energy required to bring the nuclei to a distance 
small enough for strong interaction to provide an attractive force larger than the 
electrostatic repulsion, and the reaction relies therefore on quantum tunneling. In 
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order to allow collisions between nuclei to take place frequently enough and at 
energies close enough to the cross section maximum for a reasonable reaction rate 
to be achieved, enough deuterium and tritium has to be brought together at high 
enough temperature and pressure. This statement is quantified in the Lawson 
criterion, after J.D. Lawson who identified it in the nineteen-fifties [47-49]. The 
criterion for maintaining fusion conditions is that the rate at which a reacting mass 
is heated must be equal to or larger than the rate at which it is cooled down due to 
energy losses to the surrounding environment. It can be formulated in terms of 
properties of the reacting mass in the following way: 
 

〈 〉  ,   (1.1) 

 

where the rate of heat supplied per unit volume on the left hand side is given by the 
externally supplied heating power Pext (measured, again, per unit volume), and the 
fusion heating which is calculated from the volume densities of reactants, n1 and n2, 
the velocity averaged reaction cross section, 〈 〉, and the energy added to the 
reacting mass per fusion reaction, Ef. 

For the deuterium-tritium reaction, Ef is approximately 3.5 MeV, i.e. one fifth 
of the energy released in the reaction. This is the energy of the 4He nucleus, which 
is the reaction product assumed to be confined to the reacting mass. The rest of the 
energy is carried by an unconfined neutron. The rate of energy loss on the right 
hand side of (1.1) is determined by the thermal energy density, W, and the energy 
confinement time, . The latter is defined as the decay time constant describing 
the timescale over which the reacting mass would lose its contained thermal energy 
if fusion reactions and external heating were to stop. 

Note that temperature and density are critical parameters when attempting to 
maintain the inequality provided by (1.1). n1 and n2 are, of course, proportional to 
the density of the reacting mass while W is proportional to both temperature and 
density. 〈 〉 is also temperature dependent, as it contains the velocity distribution 
of reactants. Assuming a mixture of equal amounts of deuterium and tritium in the 
form of a fully ionized plasma with Maxwell-Boltzmann velocity distributions of 
equal temperatures for both electrons and ions, (1.1) can be rewritten in terms of 
temperature, T, and total reactant density, n, as 
 

4  
〈 〉

 
〈 〉

.         (1.2) 

 

The Boltzmann constant, kB, has been introduced here and kBT is thus the 

average kinetic energy of individual particles. The second term in (1.2) is referred to 
as the fusion triple product. This number is a relevant engineering parameter since 
operating at the lowest possible temperature, density and energy confinement time 
minimizes the difficulty of constructing a device in which fusion conditions can be 
maintained. As demonstrated by (1.2), however, under the practical condition of 
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limited external heating power, there exists a critical value of the triple product 
which must achieved if the Lawson criterion is to be satisfied. An optimal 
temperature, at which the inequality provided by (1.2) is met with minimal effort, 
can be found in the range 10 keV ≤ kBT ≤ 20 keV, or 1.2×108 K ≤ T ≤ 2.3×108 K, 
close to the minimum of the right hand side expression [50]. 

A minimum operating temperature can also be established by examining the 
criterion for ignition. In this context, ignition refers to a state when the reacting 
mass is heated by fusion reactions faster than energy is lost from it as 
electromagnetic radiation. In practice, it means exactly what it sounds like, namely 
that the reacting mass can “burn” on its own, without further addition of external 
heating power. For the deuterium-tritium reaction, the minimum ignition 
temperature is 5.1×107 K if the heating is assumed to come only from produced 
4He [51]. As already assumed, a deuterium-tritium mixture with a temperature 
within the range discussed here will be in the form of a practically fully ionized 
plasma. The average kinetic energy of ions in such a plasma is below the cross 
section maximum, and fusion reactions therefore take place primarily between 
particles on the high energy tail of the Maxwell-Boltzmann velocity distribution. 

In order for a fusion power plant to function, at least three things must be 
achieved. First, as demonstrated above, a hot plasma must be confined in a manner 
that keeps density and energy confinement time high enough to fulfill the Lawson 
criterion. Second, the energy that does leave the reaction volume, 80% of which will 
be in the form of 14.1 MeV fusion neutrons when relying on the deuterium-tritium 
reaction, must be harnessed for electricity production. Third, fuel must either be 
naturally occurring and possible to gather, for example by mining, or possible to 
produce as part of the power plant’s fuel cycle. The first condition of confinement 
could potentially be alleviated by driving the fusion reaction with energy that is 
continuously added to the reacting mass, making a power plant that works as an 
energy amplifier rather than an energy producer. This line of thinking leads 
towards accelerator driven fusion. The idea has previously been rejected on the 
grounds that the ratio of cross sections for fusion reactions to those of scattering 
and ionization events in the target is so low that an energy surplus can never be 
achieved. Nevertheless, it has regained some momentum recently and may yet 
prove to be feasible [52]. Other exotic fusion energy concepts exist, for example 
muon catalyzed fusion [53], but none have been developed far enough to be 
considered as relevant as the designs that involve a confined plasma. 
 

1.3 Plasma confinement 

The first devices with which the confinement criterion for fusion outlined in the 
previous section was fulfilled, albeit briefly, were thermonuclear weapons during 
the early nineteen-fifties. As such, the idea of peaceful power production through 
the detonation of hydrogen bombs in a steam-filled cavern was conceived at the 
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Lawrence Livermore National Laboratory (LLNL), California, USA around 1957 [54]. 
A project by the name of PACER was subsequently launched to this end at the Los 
Alamos National Laboratory (LANL). Studies were carried out until 1975 when the 
project was discontinued due to geological problems, technical difficulties, 
radiation problems and concerns regarding the construction of massive quantities 
of nuclear bombs [55]. A thorough review conducted at the time concluded that a 
PACER was far from being economically viable and that “/…/ the potential benefits 
from peaceful nuclear explosions would not appear to be sufficient to permit their 
testing to stand in the way [of arms control or disarmament objectives]” [56]. The 
project did, however, constitute the seed to what would become known as inertial 
confinement fusion (ICF), one of two major branches of fusion research today. 

The idea behind ICF is to simultaneously heat and compress a small amount of 
deuterium-tritium fuel enough to briefly achieve ignition, in essence to generate a 
small fusion explosion. It was realized early on that the best way to do so is to focus 
high-energy lasers onto a fuel pellet, compressing it by a factor between 103 and 
104. As fusion reactions commence, the inertia of the pellet’s constituents ensures 
that they are kept together long enough to allow a portion of the fuel to be 
consumed (hence the name “inertial confinement”) [54,57]. Today, the flagship 
device for ICF is the National Ignition Facility (NIF) at LLNL [58]. Although the 
breakeven point where the reacting mass generates more power through fusion 
reactions than it receives in the form of external heating has technically been 
achieved at NIF [59], the low overall efficiency of the pellet heating via gigantic 
lasers combined with the technical problem of actually harnessing the produced 
fusion energy for electricity generation makes a power plant based on ICF currently 
seem excessively difficult to construct. A concept that is arguably closer to meeting 
the practical demands on a power plant is the second principal branch of present 
research; magnetic confinement fusion (MCF) [60]. 

To maintain conditions that make it possible to fulfill the Lawson criterion, a 
fusion plasma should as much as possible be kept out of contact with the materials 
making up the machine that contains it. Heat transfer to the surrounding wall 
otherwise leads to both an unacceptable rate of cooling of the plasma and severe 
damage to the wall. In ICF, the problem is solved by having fusion happen quickly 
and in a small part of a larger vacuum chamber. The explosion of the fuel pellet and 
the following loss of favorable conditions for fusion in an ICF device typically takes 
place on the timescale of about a nanosecond [57]. To sustain fusion reactions for a 
longer time, a more stable method of confinement is required. MCF provides such a 
method. 

It is based on the well known fact that a charged particle in a magnetic field is 
accelerated perpendicularly to the field and to it’s own velocity vector. This results 
in particles following trajectories that spiral around the magnetic field lines. If the 
field strength is sufficiently large, the radius of the spiral, usually referred to as the 
gyro radius, can be kept small enough that particles are practically confined to 
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motion in the direction parallel to the field. In the Joint European Torus (JET) in 
England, the largest MCF device presently in operation, the magnetic field strength 
at the plasma center is 3.45 T [61]. Assuming a temperature such that kBT is equal 
to 10 keV, this means that the gyro radii for electrons and deuterons with average 
energy and velocity vectors perpendicular to the magnetic field are 0.12 mm and 
7.3 mm respectively. Since these are typically small numbers compared to the 
machine size, it is customary to talk about the gyro center motion, i.e. the motion of 
the center of a particle’s circular orbit or its average position over one gyration. 

One might be inclined to think that the gyro center motion is always restricted 
to be exactly parallel to the magnetic field, and that closed field lines which are not 
intersected by any material in some region could be used as a perfect container for 
an ionized plasma. That is, however, not true for a few reasons. First of all, the gyro 
center motion of a single particle is parallel to the magnetic field only in the case of 
a field without gradients, with straight field lines and without the presence of any 
other agent that provides a force on the particle (like an electric field or even 
gravity). This is clearly not the case in any practical setup, and the curvature of a 
particle’s trajectory therefore changes over one gyro-orbit. The result is cross field 
drift motions which give transport of particles and energy perpendicularly to the 
magnetic field [62,63]. The drifts can be expressed to first or higher order in gyro 
radius depending on the level of detail required to describe physically relevant 
phenomena [64]. 

Second, the presence of a plasma with moving particles and associated currents 
will generate a magnetic field in addition to the external field that provides the 
confinement. The additional field will in turn affect the particle motion and so on. 
In order to form an understanding of plasma confinement it is therefore necessary 
to generate self-consistent models, that is to say models that take into account the 
electromagnetic field, particle motion and the interactions between these. Such 
models may treat the full distribution function for plasma particles of each species 
in phase-space, , , , derive expressions for charge and current densities from 
it and combine these with Maxwell’s equations and the Lorentz force. The results 
are usually referred to as kinetic theories [65]. 

One may also construct various fluid models either by deriving them from the 
more fundamental kinetic theories or by considering conservation of charge, mass, 
momentum and energy, again combined with Maxwell’s equations and the Lorentz 
force. Magnetohydrodynamics (MHD) is a particularly successful fluid model for 
which Hannes Alfvén was awarded the Nobel prize in Physics in 1970 [66]. 

The MHD equations, as well as other self-consistent plasma models reveal a 
complex interplay between the plasma and the electromagnetic field [67]. For 
instance, a small perturbation to a plasma in equilibrium may lead either to a 
restoring mechanism (stable situation) or to further displacement and uncontrolled 
growth of an instability. It is generally agreed that MHD stability is a necessary 
condition for a magnetic confinement concept to be viable from the point of view of 
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fusion energy production [68]. A particularly noteworthy result from MHD in static 
equilibrium under some ideal assumptions, which holds approximately in practice, 
is that both magnetic field lines and current lines lie on surfaces of constant 
pressure. These are referred to as magnetic flux surfaces and their topology is 
central for theoretical confinement studies. 

Finally, kinetic theories and fluid models use continuous descriptions of charge 
and current densities which stem from continuous distribution functions. The 
granular nature of the plasma, which consists of individual particles, is therefore 
neglected. Short range interactions between particles referred to as Coulomb 
collisions are added to the models separately and lead to displacements of particles 
perpendicularly to the magnetic field. This in turn gives rise to collisional transport 
of particles and energy [69]. Chaotic fluctuations of the pressure and velocity fields 
produce additional turbulent transport phenomena [70], similar to those described 
in fluid dynamics [71]. Taking all of the above into account, the confinement 
problem in MCF can be summarized as the endeavor to compensate for cross field 
drifts, avoid MHD instabilities and minimize collisional and turbulent transport. 
All of these are interesting research subjects in their own right and have been 
investigated to great detail. They will, however, not be treated further here. Instead, 
focus is now turned to some of the machines that have been constructed or 
conceptualized to realize magnetic confinement in practice. 
 

1.4 Magnetic confinement devices 

 
"When attempts were made to construct thermonuclear reactors, a confrontation 

between the theories and reality was unavoidable. The result was catastrophic." 
 

- Hannes Alfvén on the difficulty in applying early plasma theories to practical devices [72] 
 

 
The simplest and first constructed magnetic confinement devices are known as 
magnetic pinches. A pinch device confines a plasma by providing a magnetic field 
that pushes particles towards the central axis of a cylinder via the Lorentz force. 
One can imagine a current in the axial direction and a magnetic field in the 
azimuthal direction (z-pinch), or inversely a current in the azimuthal direction and 
a magnetic field in the negative axial direction (θ-pinch). In equilibrium, these 
configurations feature magnetic flux surfaces in the form of concentric cylinders 
which prevent the plasma from expanding radially. A z-pinch can be realized 
simply by applying a voltage along a cylindrical discharge tube. The resulting 
current carried by the plasma provides the magnetic field and pinch effect which 
gives confinement in the axial and radial directions but the configuration is 
sensitive to MHD instabilities. 

A θ-pinch on the other hand has favorable stability properties and good radial 
confinement but requires an external pinch coil to provide the magnetic field. 
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Furthermore, it does not provide confinement in the axial direction at all. The two 
concepts may be combined in order to capture the benefits of both, which results in 
a screw pinch. All three configurations are sketched in Fig. 1.1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1: Magnetic pinches. : magnetic field, : current density in plasma, : current in 
pinch coil, V: pinch coil voltage. 

 
Reactor concepts based on linear z-pinches have been suggested [73], but even 

though this configuration gives limited axial confinement the loss of particles at the 
ends of the cylinder is problematic. The end loss problem gets even worse when 
attempts are made to improve MHD stability by adding an axial magnetic field. 
One can imagine a solution by starting from a homogenous magnetic field in the 
axial direction and using coils to increase the field strength at both ends of the 
cylinder. This will cause particles to reverse their velocity component parallel to the 
magnetic field when approaching the high field region, if that velocity component is 
small enough compared to the perpendicular one. Since particles are reflected at 
the positions of the coils, the setup is referred to as a mirror machine [74]. The 
mirror machine concept has been thoroughly investigated as a potential fusion 
reactor and is still relevant to this day. 

The approach to MCF that has become most successful, however, solves the end 
loss problem in another way; by bending a pinch into a torus and connecting the 
ends to each other, thus producing a so-called toroidal pinch. What was the axial 
direction in the cylinder becomes the toroidal direction, while the azimuthal 
direction becomes the poloidal one. A drawback of the toroidal geometry is that 
magnetic field lines are necessarily curved (which is not the case for the linear 
θ-pinch). In practice there will also be a gradient since the compression at the inner 
side of the torus leads to a higher field strength there as compared to the outer side. 
The consequence is an increased problem with cross-field drifts. Moreover, it can 
be shown from force balance considerations that no MHD equilibrium exists for a 
toroidal θ-pinch [75]. This problem is further examined in Section 1.5. 
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In the case of a simple toroidal z-pinch, the magnetic field is purely poloidal. 
Similarly to the linear case, the addition of a toroidal field can improve MHD 
stability. The poloidal field helps to remedy the drift problem since particle gyro 
center trajectories spiral around the torus, alternating between the inner and outer 
sides. The drifts experienced by those particles at different parts of their 
trajectories can then be made to cancel each other sufficiently well to improve 
confinement to an acceptable degree. 

Early research into toroidal pinches was performed at LANL where a z-pinch 
known as the Perhapsatron was constructed in 1952 [76]. After a few modifications 
and addition of a toroidal field it was clear that thermonuclear temperature, that is 
to say a temperature high enough to drive fusion, had not been achieved in the 
Perhapsatron. Greater success was found with the device Scylla I, a linear θ-pinch 
also located at LANL in 1958. While nuclear fusion had been demonstrated as early 

as in 1932 through the reaction 7Li(p,4He)4He using an electrostatic accelerator at 
the Cavendish Laboratory [77], Scylla I was the first laboratory setup with which 
fusion was achieved in a thermonuclear plasma. 

It was announced in January 1958 that neutrons had been produced from 
fusion reactions in the toroidal z-pinch Zero Energy Thermonuclear Assembly 
(ZETA) in the UK already in the previous year. These turned out, however, to just 
be spallation neutrons due to protons that had been accelerated by electric fields 
related to plasma instabilities. Nevertheless, ZETA became one of the most 
important machines for magnetic confinement studies during the nineteen-fifties 
and sixties, further exploring the z-pinch concept with toroidal field [78]. The time 
for which a plasma could be sustained in early machines like ZETA was on the 
order of a few milliseconds. Apart from improved confinement at higher 
temperature, a goal for the continued development of magnetic confinement 
machines has been to increase that time, referred to in the following as the pulse 
time, or even to allow for steady state plasma operation. 

A concept similar to the early toroidal pinches but with a larger toroidal field, 
known as the tokamak, was explored in the Soviet Union starting in the nineteen-
fifties. The ratio of toroidal to poloidal field in the tokamak made it possible to 
avoid some of the instabilities that plagued the z-pinch, leading to better 
confinement and longer pulse times. Even though civil research on fusion had been 
declassified at the First Geneva Conference in August 1955 [79], international 
interest for the tokamak did not pique until a team of British scientists were invited 
to Moscow to review results from the T-3 machine. It was verified that a 
temperature over 107 K had been achieved for a pulse time of 70 ms [80]. After this 
breakthrough tokamaks were constructed all around the world. 

The tokamak concept, just like the z-pinch with toroidal field, allows for 
compensation of cross field drifts due to helical magnetic field lines. Furthermore, 
it has favorable MHD stability under operating conditions which have been 
thoroughly studied [81,82]. Tokamaks have produced world records in both fusion 
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triple product (JT-60U, Japan [83]) and fusion power (16 MW transient, JET 
[84]). During the pulse in which the latter record was set, in 1997, a ratio of 0.67 
was achieved for fusion power produced to heating power going into the plasma. 
This ratio, referred to as the Q-value, is an important parameter for any fusion 
machine and the value reached at JET has not been exceeded in a magnetic 
confinement device since. 

Thanks to the undeniable successes of tokamaks, the concept is the one that has 
been selected for ITER. There exist, however, also certain drawbacks which have 
motivated research on alternative designs. The first problem for the tokamak is 
shared with the toroidal z-pinch and it is related to the current in the plasma which 
generates the poloidal magnetic field. The driving of a current in the axial direction 
of a linear z-pinch is easily achieved by applying a voltage along the cylinder. In a 
toroidal device there are obviously no ends at which to put the voltage terminals. 
Current therefore has to be driven inductively by means of a time-varying magnetic 
flux through the hole in the center of the torus. This is achieved either by placing a 
solenoid in the hole or, if space is limited, by putting a transformer core through it, 
having a regular primary winding and the plasma itself as secondary winding. In 
any case, to provide a constant electric field in the toroidal direction, the magnetic 
flux though the center of the torus must be steadily increasing or decreasing which 
in turn requires a steadily increasing or decreasing current in the central solenoid 
or primary transformer winding. Such a current pulse can not be extended 
indefinitely and tokamaks are therefore fundamentally limited to pulsed operation. 

It has been suggested that this problem could be overcome by a mechanism 
known as bootstrap current which in combination with current drive by particle 
beams and electromagnetic waves could eliminate the need for extended inductive 
current drive in a steady-state tokamak reactor [85]. The idea is currently being 
developed and tested in practice. An alternative approach is to accept pulsed 
operation of a tokamak power plant and simply extend the pulse time as much as 
possible. JET already routinely produces pulses around a minute, while ITER aims 
for 400 seconds [86]. 

A second problem of the tokamak, also related to the plasma current, is its 
sensitivity to so-called plasma disruptions. These are events in which the growth of 
instabilities leads to a complete loss of particle and energy confinement and 
quenching of the plasma current on a millisecond timescale [87-89]. The quenched 
current induces forces of several MN that deform structural materials and the loss 
of confinement brings transient heat loads on the order of 1 GW/m2 to wall 
components [90,91]. 

The most notable magnetic confinement configuration to provide an alternative 
to tokamaks is the stellarator [92]. This design aims to provide the magnetic fields 
necessary for confinement of a toroidal plasma entirely through complex external 
coils, thus eliminating the need to drive a plasma current. As a result, the problem 
with disruptions is greatly reduced. The stellarator was described by Lyman Spitzer 
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already in 1951 [93,94], but due to its technical intricacy it did not receive as much 
attention as the tokamak or pinch designs [95]. With advances in computational 
capacity, however, it is possible to optimize the geometry of superconducting coils 
and thereby improve confinement [96]. This work has led up to Wendelstein 7-X, 
which aims to demonstrate steady state operation under fusion relevant conditions 
and began its first experimental campaign in 2015 [97]. 

The spherical tokamak, advocated among others by the UK based company 
Tokamak Energy [98], and the reversed field pinch [99] are two other alternative 
toroidal configurations, both in many ways similar to the tokamak. The former is 
regarded as a possible reactor candidate while the latter is primarily considered a 
useful laboratory configuration for plasma physics investigations. A bit less closely 
related to the tokamak are the field reversed configurations, which are based on 
toroidal plasma structures that form around the central axis in a linear θ-pinch 
when the direction of the applied magnetic field is rapidly reversed [100]. These 
structures constitute toroidal plasmas confined without the need for any object 
penetrating the center of the torus. Development of a field reversed configuration 
with the aim to create a power plant is being carried out by TAE Technologies in 
the U.S. [101]. The spheromak (not to be confused with the spherical tokamak) is a 
structure similar to that in a reversed field configuration but with an additional 
magnetic field in its toroidal direction [102]. 

On the topic of alternative confinement methods, I want to conclude this 
section by mentioning a few noteworthy concepts that are not normally sorted into 
the magnetic confinement category. The magneto-inertial fusion engine developed 
by Helion Energy [103], and the magnetized target fusion approach of General 
Fusion [104] both rely on cyclic processes, conceptually somewhat similar to 
combustion engines. The class of methods labelled inertial electrostatic 
confinement includes designs like the Penning trap, the polywell and the fusor, the 
latter of which has achieved deuterium fusion in setups built by students and 
amateurs but is not relevant for a reactor. Other inertial electrostatic confinement 
concepts may have potential for far future power plants due to the possibility to 
utilize the proton-boron reaction, number 12 from the list on page 6 [105]. 

As interesting as these alternative concepts may be, the main focus of present 
academic research is on tokamaks and stellarators, the machines which have come 
closest to demonstrating reactor-relevant performance. The ITER Organization, 
which consists of China, India, Japan, Korea, Russia, USA and the European 
Atomic Energy Community focuses efforts toward the tokamak through the 
construction of ITER. Its members carry out research on tokamaks as well as 
devices belonging to the other magnetic confinement categories described above, 
the most important of which are listed in Table 1.1. The research presented in this 
thesis deals primarily with the tokamak, but results are relevant for all magnetic 
confinement concepts. 
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Region Device Type Notes 

EU JET Tokamak Present world records for plasma volume, fusion power and Q-value among 
MCF devices. 

ASDEX 
Upgrade 

Tokamak Medium size machine with full tungsten first wall (see Section 2.1). 

Tore-
Supra/WEST 

Tokamak First tokamak with superconducting coils. Studies long pulse operation with 
active cooling. World record for tokamak pulse time: 6.5 minutes [106]. 

COMPASS Tokamak Focused on detailed studies of plasma edge physics relevant for ITER [107]. 

TCV Tokamak Flexible machine which allows for highly variable plasma geometry [108]. 

MAST Spherical tokamak Uses a wide range of plasma diagnostics to optimize confinement [109]. 

W7-X Stellarator Largest superconducting stellarator constructed to date, optimized coils. 

RFX-mod Reversed Field 
Pinch 

Largest constructed reversed field pinch. Can be operated in tokamak 
configuration to study control of MHD instabilities and 3D physics [110]. 

China EAST Tokamak Has achieved H-mode for pulses longer than 60 seconds [111] (see Section 1.5). 

USA DIII-D Tokamak Evaluates requirements for steady state operation and prepares for burning 
plasma [112]. 

NSTX-U Spherical tokamak Explores unique operating parameters for spherical tokamaks [113]. 

MST Reversed Field 
Pinch 

Second largest reversed field pinch after RFX-mod. Advances understanding of 
toroidal magnetic confinement [114]. 

Japan JT-60U Tokamak Second largest tokamak after JET, world record for fusion triple product. 
Upgrade to JT-60SA under construction. 

LHD Stellarator Second largest superconducting stellarator after W7-X. 

Russia T-15MD Tokamak Aims to extend the operational parameter space of machines complementary to 
ITER [115]. 

India ADITYA Tokamak Medium size machine for general magnetic confinement studies [116]. 

Korea KSTAR Tokamak Provides the possibility to study long pulses at high temperature with 
suppression of ELMs [117] (see Section 1.5). 

 

Table 1.1: Important magnetic confinement devices presently maintained by the ITER partners.
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1.5 Characteristics of the tokamak 

A model of a tokamak plasma and essential machine components is presented in 
Fig. 1.2. When comparing it to the simple linear pinches shown in Fig. 1.1, a few 
differences can immediately be noted. First, while the axial field in the theta pinch 
is depicted as being generated by a single coil covering the whole cylinder, the 
toroidal field in the tokamak is produced by a set of individual coils, evenly 
distributed in the toroidal direction. Tokamaks are constructed in this way simply 
for practical reasons. In order to accommodate ports for plasma diagnostics, 
heating, remote handling equipment and gas injection systems among other things, 
there needs to be space at the surface of the torus not covered by a coil. Since 
superconducting materials cooled by liquid helium to temperatures of a few Kelvin 
are required to sustain the currents of tens of thousands of Ampère needed for 
producing the toroidal magnetic field in a reactor class device, it is also impractical 
to have a single coil structure that covers the entire surface of the torus [118]. The 
modular coil configuration, along with the presence of ferromagnetic structures in 
the vicinity of the plasma leads to a ripple in the toroidal magnetic field which is 
detrimental for confinement [119]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Schematic picture of a diverted tokamak produced with the open-source 
software FreeCAD. Confinement is provided by a helical magnetic field forming closed 
concentric flux surfaces around the magnetic axis, the line where the plasma pressure is 
maximal. The toroidal field component is provided by external coils while the poloidal 
component is generated by the toroidal plasma current. 
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A second apparent difference between the linear pinches and the tokamak is the 
presence of horizontal coils which generate a vertical magnetic field in the latter. 
Such coils are needed in toroidal devices due to the force balance requirement 
mentioned in Section 1.4. When a linear pinch is bent into a torus, three forces 
which act on the plasma are introduced: the hoop force, the tire tube force and the 
1/R-force [75,120]. These tend to make the plasma torus expand outwards and in 
order to reach an equilibrium a compensating force must be applied. It could in 
theory be provided by a perfectly conducting wall. As soon as the plasma were to 
move outwards, eddy currents induced in the wall would tend to counteract that 
motion as per Lenz’s law. In practice, however, there is no such thing as a perfectly 
conducting first wall and the compensating force is provided instead by the vertical 
magnetic field. The field is set up in such a way that a plasma carrying a toroidal 
current is affected by an inward force, and balance is restored. This illustrates 
neatly why MHD equilibrium can not be achieved in the pure toroidal θ-pinch, as 
no toroidal current is present in that case. 

Perhaps the most striking contrast between Figures 1.1 and 1.2 is the shape of 
the poloidal cross section of the tokamak plasma, which is significantly different 
from the circularly cylindrical case of the linear pinches. The reason for the 
seemingly odd appearance is that accumulated experience of tokamak operation 
has shown that the introduction of plasma elongation and triangularity affects a 
wide range of properties like MHD stability, heat transport and turbulence in the 
plasma edge to name a few [121-123]. The plasma is also “pinched off” at the 
bottom using additional magnetic coils which are not shown in Fig. 1.2. A boundary 
structure, or separatrix, is thus formed. The magnetic field strength is zero at the 
point where the separatrix intersects itself; the x-point. Inside the separatrix the 
magnetic flux surfaces form concentric tori with accompanying confinement. Any 
ion or electron that drifts past the separatrix, however, is quickly transported via 
the x-point to the divertor, a region of the machine designed to withstand a large 
flux of energetic particles. The plasma layer outside the separatrix is referred to as 
the scrape-off layer (SOL), and the region below the x-point as the private flux 
region. 

The divertor is introduced because, as previous sections show, there are 
multiple mechanisms by which outward transport of plasma particles and energy 
occur. As the plasma expands, it inevitably comes into contact with surrounding 
materials. It is highly undesirable to have this contact happen in an uncontrolled 
manner, and the divertor provides a solution. Alternatively, the plasma extension 
may be limited by a structure protruding from the rest of the first wall referred to 
as a limiter. The magnetic flux surface that intersects the tip of the limiter, the last 
closed flux surface (LCFS), then defines the region inside which plasma is confined. 

The idea of a divertor has been around for as long as fusion research itself. 
Originally, the reason for including it in a prospective fusion power plant design 
was that it separates the surface where plasma interacts with a material from the 
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confined plasma itself and provides a region towards which fusion reaction 
products and other plasma impurities may be transported and removed [124,125]. 
Impurities resulting from plasma-material interactions are further discussed in 
Section 2.1. Further effects of the presence of a divertor have subsequently been 
described, and the relevance of its geometry has been investigated [126]. The 
configuration depicted in Fig. 1.2 has a single x-point and is referred to as single-
null [127]. Configurations with an additional upper x-point (double-null) as well as 
various extensions of the single null to more complex geometries are studied as 
possible alternatives for a tokamak reactor [128,129]. 

In 1982, while performing experiments with plasma heating on the ASDEX 
tokamak, Friedrich Wagner accidentally discovered that the divertor configuration 
provides facilitated access to an operational state of improved confinement 
which later became known as the H-mode [130-132]. The H-mode is of critical 
importance for ITER and possible future reactors as it allows operation at a higher 
ratio of plasma thermal energy to magnetic field energy than what would otherwise 
have been possible. This ratio, known as the beta-value, is a typical figure of merit 
for any magnetic confinement concept. Operating at high beta is equivalent to 
having a hot and dense plasma confined by a comparatively weak magnetic field. 

After its discovery in the divertor tokamak, the H-mode has been observed in 
limiter tokamaks as well as other toroidal devices. While it helps improve overall 
confinement, the H-mode typically comes with the occurrence of instabilities at the 
plasma edge known as edge-localized modes (ELMs) [133]. One consequence of 
ELMs is transient power loading onto divertor components, which might cause 
surface melting of target materials [134]. The discussion on material damage due to 
heat loads and plasma-material interactions in general is continued in Chapter 2. 
 

1.6 Critical obstacles for fusion power 

 
“ITER is akin to an electrical appliance that converts hundreds  

of megawatts of electric power into neutron streams.” 
 

- Daniel Jassby in the Bulletin of the Atomic Scientists [135] 
 

 
The previous two sections have focused almost entirely on plasma confinement and 
the current status of the effort to construct a reactor-relevant confinement device. 
Recalling Section 1.2, however, it is clear that the confinement problem is not the 
only one standing in the way of realizing a working fusion power plant. The 
confined plasma must also be heated to fusion-relevant temperatures, and both 
fuel availability and methods to convert exhaust power into electricity must be 
addressed. Plasma heating is presently done by three methods. At low temperature, 
simply running a current through the plasma will dissipate energy and provide 
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heating greater than the losses to the surrounding environment. As the thermal 
energy stored in the plasma increases, its resistivity scales as 
 

∝ / ,         (1.3) 
 

where Te is the electron temperature [136]. Resistive heating therefore becomes 
less effective at higher temperatures and it can only increase the value of kBT to 
5 keV at most [137]. 

To reach somewhere between 10 and 20 keV, which is desirable from the point 
of view of the Lawson criterion as discussed in Section 1.2, two other methods are 
applied. These are neutral beam injection (NBI) and heating by electromagnetic 
waves at resonances of either the electron or ion gyro frequencies or the so-called 
hybrid frequencies [138]. NBI is accomplished by accelerating hydrogen ions, 
neutralizing them in a target, allowing the thus neutralized particles to enter the 
plasma, get ionized again and finally transfer their energy to plasma particles 
through collisions. An ion beam can not be used, simply because it would be 
deflected by the magnetic field. While some development of systems is required for 
ITER and future machines, the principles for plasma heating are understood and 
this author does not consider it to pose a critical problem in achieving and 
maintaining fusion conditions. On the contrary, as briefly mentioned in Section 1.4, 
both NBI and electromagnetic waves may actually be used to drive plasma current 
in addition to providing heating. They thereby allow for control of current profiles 
and somewhat alleviate the dependency on bootstrap current. The present status of 
heating and current drive systems is reviewed in Ref. [137] and the references 
therein. A relevant note for this section is that even though it is possible to 
construct heating systems that get the job done, a challenge remains in making 
them efficient enough to not use up a significant fraction of the energy produced by 
the power plant of which they are a part [139]. 

The problem of fuel availability for fusion is often brushed off by statements 
which conclude that enough deuterium is available to run fusion power plants for 
millions of years. It is true that deuterium is readily available as it constitutes 
approximately 0.0156 at.% of natural hydrogen and can be easily isolated [140]. 
Tritium, on the other hand is radioactive with a half-life of 12.3 years and thus 
naturally available only in minute quantities. The primary source of commercial 
tritium on earth is CANDU-type fission plants where it occurs in the coolant and 
neutron moderator as a byproduct of reactor operation [141]. In order not to rely on 
a fission reactor for tritium, a fusion power plant utilizing the deuterium-tritium 
reaction would have to produce it itself. This can be accomplished by using fusion 
neutrons to breed tritium through either of two reactions with lithium: 
 

n Li → He H 4.78	MeV 
and 

n Li → n He H 2.47	MeV. 
 

The minus sign present in the second breeding reaction indicates that it is 
endothermic, requiring neutrons with energy above 2.47 MeV. Moreover, it has a 
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relatively low cross section maximum of less than 0.4 b. The first reaction on the 
other hand releases 4.78 MeV, has a cross section peak of over 3 b around a 
neutron energy of 250 keV and even higher for thermal neutrons [142], but suffers 
the drawback of consuming the initial neutron. 

Utilization of breeding changes the resource consumed during power plant 
operation from tritium to lithium. Albeit substantially more common than tritium, 
lithium is still a limited resource and providing a significant fraction of the world’s 
electricity with fusion would stretch the supplies thin unless efficient extraction 
from seawater becomes available. An estimate of the resources required when 
relying only on the exothermic breeding reaction and supplying 30% of the world’s 
electricity with fusion yields an annual consumption of approximately 800 tonnes 
of 6Li or about 10 000 tonnes of natural lithium. With a lithium fraction of 0.17 
ppm in seawater, this would mean processing on the order of 5×1010 tonnes of 
water per year [143], a daunting task indeed. 

If 6Li was reserved for fusion and only depleted 7Li was used in other 
applications, like batteries where the nuclear properties do not matter, an adequate 
supply of lithium could be obtained from minerals and salt brines. These are the 
main sources of lithium today. Currently proven and extractable reserves could 
provide the world with fusion electricity on the timescale of about a millennium, 
while potentially extractable resources could extend that figure by a factor of 
roughly 3.5 [143]. It can be argued whether this time limited and conditional 
availability can be considered sustainable. It is, at least, certainly unreasonable to 
think of our solid lithium supplies as inexhaustible. 

In any case, the problem of initial loading of power plants with tritium remains 
even if continued supply during reactor operation can be ensured by breeding. For 
this task, the issue with tritium shortage is a serious one, and initial operation of 
future fusion plants may have to be dedicated to neutron generation via the 
deuterium-deuterium reaction in order to produce a startup tritium stockpile [144-
145]. A thorough review of issues and considerations related to the role of tritium 
in the fuel cycle for a fusion plant is given in Ref. [146]. 

A significant fraction of the fusion neutrons produced in a power plant would 
be lost due to capture by elements other than lithium in the structural material 
making up much of the reactor. Since every consumed tritium nucleus only 
provides one neutron, the production of additional neutrons is required in order to 
achieve a tritium breeding ratio of one or higher (i.e. to breed at least as much 
tritium as is consumed). This can be accomplished through a number of reactions, 
for example 
 

n Be → 2 He 2n 	1.57	MeV 
or 

n Pb → Pb 2n 7.37	MeV. 
 

The material which is used to produce the additional neutrons is called a 
neutron multiplier and it is another consumable for the power plant, in addition to 
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the fuel. Beryllium, although being one of the more attractive neutron multiplier 
options, is out of the question for use in a significant number of future reactors 
simply due to its scarcity [143]. Lead is the most notable alternative and abundant 
enough to avoid a shortage on the timescale of tens to hundreds of thousands of 
years. The reaction with lead above does use up a lot of the initial neutrons’ energy, 
but on the other hand this helps the material function as a moderator, providing 
low-energy neutrons for the breeding reaction with 6Li. An even more effective 
option than lead for both neutron multiplication and moderation is depleted 
uranium [147], although its use would reintroduce the problem of transuranic 
element production, and put the waste problem on par with that of fission. 

When discussing the obstacles faced by any nuclear power option, one must 
devote some attention to the problem of nuclear proliferation: the possible creation 
and spreading of nuclear weapons or their constituent materials. This was already 
noted as a problem for fission in Section 1.1. As also stated in that section, neutrons 
can be used to breed the fissile isotopes 239Pu and 233U. It is clear from above that 
both fast and thermal neutrons will be abundant in a power plant relying on 
deuterium-tritium fusion. Hence, there is a risk that such a power plant would be 
used as a fission bomb factory. Since the plant would handle both lithium, 
deuterium and tritium in addition to the aforementioned fissile isotopes, the 
production could potentially be extended to include fusion bombs. An analysis of 
the proliferation risk suggests that it is smaller for fusion than for fission, but not 
negligible [148]. 

The use of depleted uranium as a neutron multiplier would be inexorably linked 
to plutonium breeding, which is a strong argument against it from a proliferation 
viewpoint. On the positive side, the presence of neutrons could provide several civil 
benefits. The breeding of fissile material could generate fuel for conventional 
nuclear power plants and high energy neutrons could break down transuranic 
elements in existing waste. Another possibility is to use fusion neutrons to drive 
fission in a subcritical system, providing a fusion-fission hybrid plant [149]. 

Somewhat related to the fusion neutrons is the issue of handling the power that 
is generated in the plasma. Neutrons with an energy of 14.1 MeV flow out in all 
directions from the vacuum vessel in which the plasma is confined and carry 80% 
of the produced fusion power. The rest of that power, along with any externally 
applied heating power, ends up as a combination of electromagnetic radiation, 
energetic electrons and ions striking materials in the divertor, and neutral particles 
from charge exchange reactions in the plasma hitting the entire first wall. It is 
problematic that most of the fusion power comes out as high-energy neutrons, as 
vividly pointed out through the quote in the beginning of this section. This problem 
is perhaps not of critical concern for ITER, which is not intended to produce 
electrical power, but it will be significant for a future power plant. The neutrons 
should, in addition to taking part in neutron multiplication and tritium breeding 
reactions, deposit their energy as heat in the blanket surrounding the vacuum 
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vessel. That heat should then be carried away by a cooling medium, and in the end 
drive a steam cycle. In practice, however, the neutrons cause a wide range of 
nuclear reactions and material damage due to displacement of atoms. This can not 
be avoided by design: the neutrons must enter the blanket to induce nuclear 
reactions in lithium and the multiplier material. Through providing conditions 
where that can happen, one also inevitably allows nuclear reactions and/or 
displacement events to take place in wall materials, structural materials and in the 
cooling medium. 

It is of critical importance that neutrons do not reach the superconducting 
toroidal field coils for two reasons. The first is that they would cause severe 
radiation damage to the sensitive superconducting material in the coils, thereby 
lowering both the required operating temperature and maximum possible current 
[150]. The second reason is that every watt of power deposited in the coils needs to 
be removed by the cooling system at a cost of about 500 watts. As such, if even a 
small fraction of the fusion power goes to heating the coils, a power plant can not 
produce net energy. A blanket thickness of at least 1 m, attenuating the neutron-
carried power flux by a factor between 105 and 106 is required to avoid these 
problems [151]. See also the average neutron energy as a function of distance 
travelled in various materials in Ref. [147]. 

The accumulated neutron damage to a material is often evaluated by stating the 
average number of displacement events that have occurred per atom (dpa). The 
relationship between neutron fluence and dpa depends on material properties, but 
a rough estimation for carbon and beryllium is that 1 dpa in the first few decimeters 
beneath the surface corresponds to approximately 1025 neutrons/m2 with energy 
14.1 MeV [152]. Displacement events cause formation of interstitial-vacancy pairs 
in the lattice structure of crystalline materials. Especially at elevated temperatures, 
vacancy mobility can be relatively high. This may lead to the formation of vacancy 
clusters or voids, which in turn gives rise to material swelling [153]. It also changes 
essential properties of the material, like thermal conductivity and brittleness, with 
severe consequences for the operation of a power plant. 

Nuclear reactions induced by neutrons further bring about transmutation as 
well as activation. It has, for example, been estimated that a tungsten wall after 5 
operation years under reactor relevant conditions would contain on the order of 5% 
of rhenium and around 1% of osmium and tantalum [154]. Material activation by 
neutrons may impede machine maintenance, introduce safety concerns and worsen 
the waste problem. Elements that get severely activated and should therefore be 
avoided in the construction of a deuterium-tritium fusion power plant are Nb, Mo 
and to a lesser degree also Al, Ni and Cu. Low activation elements include Be, C, B, 
Si, Mg, V and Cr [155]. 

Although neutrons carry the majority of the fusion power out of the plasma and 
cause a range of issues, the problem that is of central interest for this thesis 
concerns the remaining 20% of the fusion power and the external heating power. In 
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order to minimize damage to divertor materials it is desirable to have a relatively 
large fraction of that power come out as electromagnetic radiation rather than as 
energetic ions and electrons flowing onto the divertor targets. The radiated power 
must, however, also be limited so that the energy confinement time does not 
deteriorate to the point where fusion conditions are lost. It is envisioned that the 
plasma in ITER will exhaust 500 MW of fusion power and 50 MW heating power. 
Out of this, 400 MW will be neutrons, 50 MW will be radiation from the core 
plasma, predominantly bremsstrahlung, 60-70 MW should be radiated in the 
divertor region and 30-40 MW should thus be carried by particles striking some 
material surface. The latter will occur primarily in the divertor, but to some degree 
also on the main chamber wall [156]. 

The distribution of power, combined with the divertor design, should keep the 
non-transient power flux to materials lower than the specified design value of 
10 MW/m2 for high heat flux (HHF) components [157,158]. In Chapter 2, focus is 
turned specifically to the power deposition by particles in the divertor and the main 
chamber wall, the effects that plasma particles give rise to when interacting with 
materials and the problems related to such plasma-wall interactions (PWI). 



25 

 

Chapter 2 

Material studies in magnetic fusion research 

2.1 The first wall: Material selection and interaction with the plasma 

Energetic particles that impinge on plasma-facing component (PFC) surfaces in 
fusion devices interact with those surfaces and modify them. In addition to eroding 
materials and degrading the functionality of affected components, the interaction 
pollutes the plasma with impurity atoms from the material in question. The main 
PWI processes that occur at surfaces are (a) scattering of the impinging particle 
back towards the plasma, (b) physical sputtering, i.e. removal of atoms from the 
surface due to collision events or cascades of such events, (c) sputtering combined 
with the formation of chemical bonds between the impinging particles and material 
atoms, referred to as sputter-assisted chemical erosion or chemical sputtering for 
short [159], (d) implantation into the target material, occasionally accompanied by 
gas bubble formation [160], and (e) deposition of species from the plasma onto the 
surface. 

Atoms eroded by chemical or physical sputtering are typically ionized either 
immediately in the sputtering event or as they enter the plasma. Depending on the 
length travelled before ionization, they may be promptly re-deposited close to their 
original location in the wall or transported through the plasma to other areas. They 
may also get neutralized and pumped out of the vessel. Deposited materials can 
get re-eroded, re-deposited, re-eroded again and so on leading to migration of 
materials to almost anywhere in the machine. Joint deposition of fuel and impurity 
atoms, referred to as co-deposition often occurs and can produce hundreds of 
micrometer or even millimeter thick mixed layers [161,162]. Due to the pulsed 
machine operation, such layers typically have a stratified structure. Mechanisms by 
which particles received by the wall return to the plasma (including backscattering) 
are collectively referred to as fuel recycling, and are crucial for understanding the 
dynamics of a magnetic confinement device [163]. 

Plasma-facing materials, whether they are used in limiters, divertor targets or 
other PFCs, should ideally fulfill a number of requirements. They should have high 
threshold energies for physical sputtering and low sputtering yields, be resistant to 
chemical erosion, have high thermal conductivity and high melting or sublimation 
temperatures. They should preferably also maintain their properties under both 
neutron irradiation and transient heat loading due to ELMs and disruptions. From 
the point of view of plasma confinement, it is beneficial if wall materials can bind 
impurities, like oxygen, while not permanently retaining deuterium or tritium fuel 
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atoms. Especially the retention of tritium must be minimized since reaching a 
sufficient tritium breeding ratio is already difficult, as discussed in the last section 
of the previous chapter. A too large tritium inventory in the machine also brings 
radiation hazards and an increased nuclear proliferation risk. A maximum tritium 
inventory of 1 kg has therefore been specified for ITER, with an administrative limit 
of 700 g retained in in-vessel components [164,165]. Finally, the wall must neither 
release too many impurity atoms into the plasma, nor be prone to material layers 
flaking under thermal stress and forming large amounts of dust. 

Avoiding plasma impurities is of central importance for MCF devices both 
because fuel dilution leads to a decreased fusion reaction rate and because impurity 
ions produce electromagnetic bremsstrahlung and line radiation [166,167]. The 
emission of radiation decreases the energy confinement time as power is exhausted 
from the plasma. Fuel dilution limits the maximum acceptable concentration of 
elements with low atomic number, up to around Z=18, while radiation losses are 
critical for heavier elements [168]. In order to fulfill the Lawson criterion, upper 
limits exist for the concentrations of all impurities [169]. Low-Z elements like 
carbon or beryllium can, from the point of view of radiation losses, be allowed in 
the plasma at levels of several percent while heavier elements must be strictly 
limited [170]. The tungsten fraction, for example, must be kept at a maximum 
between 10-6 and 5×10-5 [170-173]. 

While radiation losses can be detrimental to plasma confinement, one should 
also remember that a certain amount of radiated power is necessary to reduce the 
flux of energetic particles to PFCs, as noted in Section 1.6. This has led to tokamak 
operation with seeding of impurities including nitrogen, argon and neon into the 
SOL, providing cooling of the plasma edge [156,174]. High impurity radiation levels 
are characteristic of operating scenarios with divertor detachment, for which 
plasma contact with the divertor is minimized [175]. Massive injection of gas, 
resulting in a strongly increased radiative power loss may further help mitigate the 
damage caused to wall components during disruptions [176,177]. Runaway 
electrons accelerated to relativistic energies by the toroidal electric field, however, 
remain a cause of localized destruction of wall elements in these events [178,179]. 

The problem with dust in fusion research comes about because of particle 
cluster ejection from wall components under high thermal loads as well as 
detachment (flaking) of pieces from mechanically unstable stratified co-deposited 
layers. So-called brittle destruction of graphite, agglomeration from carbon vapor 
and growth from hydrocarbon precursors constitute other possible sources in the 
case that carbon is present in the wall [162,180,181]. Dust particles thus formed 
may grow and aggregate into larger clusters during continued machine operation. 
After longer working periods, particles on the size scale from nanometers to tens of 
micrometers are produced. The dust is activated by neutrons and retains tritium. 
As such, it may become a radiation hazard due to the presence of small, easily 
airborne particles. It also constitutes a source of plasma impurities due to ablation 
of grains. Finally, it creates an explosion risk in the event of air and water leakage 
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into the vacuum vessel [181,182]. Dust production in tokamaks is for these reasons 
to be minimized to the furthest possible extent. 

The selection of wall materials for a controlled fusion device must be done 
taking into account all of the issues discussed here. For solid components made of a 
single element, three alternatives have emerged as the most promising: beryllium, 
carbon and tungsten [170-173, 183]. Table 2.1 gives a comparison of these from the 
point of view of their viability with respect to the requirements introduced so far. 
While carbon materials have been used in most magnetic confinement devices, 
their high fuel retention, chemical erosion and the formation of unacceptably thick, 
fuel-rich layers have led to the conclusion that a full metal first wall is necessary for 
a power plant. ITER will thus be equipped with a tungsten divertor and beryllium 
main chamber wall [184]. 

Due to the low melting point and high sputtering yield of beryllium it is not 
viable for a reactor. The baseline design for a DEMO power plant therefore uses a 
tungsten divertor and a main chamber wall with a tungsten armor layer on top of 
EUROFER97 structural steel [185,186]. That steel and its possible role as a plasma-
facing material is discussed in Section 2.3. Tokamak operation with metal wall 
components is being studied in several present devices. An ITER-like wall (ILW) 
project is, for example, carried out at JET since 2011 [187, 188], and a full tungsten 
coated wall has been installed in ASDEX Upgrade [189]. 

In addition to the options in Table 2.1, many more advanced materials have 
been suggested for PFCs in prospective future fusion reactors. Various tungsten 
alloys, for example with rhenium, are explored with the purpose of reducing the 
brittleness problem that is present for pure polycrystalline tungsten. In order to 
provide a tungsten surface and simultaneously make use of the mechanical bulk 
properties of some other material without the need for a discrete boundary layer, 
functionally graded materials may be employed. These are alloys in which the 
atomic fractions of different elements vary continuously with depth. Suggested 
options include tungsten-rich surfaces transitioning into either a copper or a steel 
bulk. Layered materials constitute yet another alternative [190]. For increased 
safety in the case of air and water leakage into the vacuum chamber self passivating 
alloys like tungsten-chromium-yttrium are considered [191]. 

When it comes to carbon, its chemical erosion sensitivity can be remedied while 
preserving or even improving upon its benefits by using boron carbide or silicon 
carbide [192,193]. Unfortunately, the presence of large amounts of boron in the 
wall is problematic due to its high neutron absorption, and large scale silicon 
carbide production may leave impurities in the material that get activated by 
neutrons. An idea that is being explored in great detail at present is the use of 
liquid lithium surfaces on both divertor targets and limiters [194-196]. The 
indicated references provide some orientation on PFC material selection and 
development for the interested reader. The level of detail presented so far is, 
however, adequate to provide a background to the appended papers, and the 
subject will therefore not be explored further here. 
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Element Structures Benefits Drawbacks 
Beryllium  Polycrystalline 

 
 Single crystal* 

 Low neutron activation and chemical 
erosion yield. 

 
 Relatively unproblematic plasma 

impurity due to low atomic number. 
 

 High affinity for oxygen while 
retention of hydrogen isotopes is low. 

 

 Relatively low melting point: 1560 K, 
likely to melt under transient heat 
loading. 

 
 Sensitive to physical sputtering. 

 
 Fuel retention may increase due to 

formation of beryllium deuteride. 

Carbon  C fibre composite (CFC) 
 
 Graphite 
 
 Diamond 

 Low neutron activation 
 
 Does not melt, but rather sublimates 

at 3915 K. 
 
 Thermal conductivity up to at 
       least 500 W/mK for CFC. 

 High chemical sputter rate by hydrogen 
isotopes due to CXHY-production. 

 
 Forms thick hydrocarbon layers which 

peel off and generate large amounts of 
dust. 

 
 High fuel retention. 
 

Tungsten  Polycrystalline 
 
 Single crystal* 
 
 W fibre reinforced W* 
 
 
 
 
*  Under investigation or 
   ongoing development 

 High threshold energy for physical 
sputtering: approximately 200 eV for 
deuterium projectiles. 

 
 Low physical sputtering yield. 
 
 High melting temperature: 3695 K. 

 Small tolerable plasma impurity fraction. 
 

 Polycrystalline form brittle below the 
ductile-to-brittle transition temperature 
of ~670 K. 

 
 Further embrittlement due to neutron 

irradiation and heat loading. 
 
 Intermediate neutron activation 
 

 

Table 2.1: Properties of the most suitable candidates for single-element solid PFCs (see for example [153, 170-173, 197-202]).
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2.2 Erosion, transport and deposition experiments 

When assessing the performance of a wall material for fusion applications, among 
the properties of vital interest are its characteristics with respect to erosion, 
deposition and fuel retention. These can, to a limited extent, be studied in non 
fusion related lab setups (sputtering yields, response to heat loading, oxygen 
affinity etc.), but erosion and migration studies in a tokamak environment must 
also be carried out [203,204]. Fuel retention and the composition of deposits are 
routinely examined by removing PFCs after experimental campaigns in fusion 
machines and performing ex-situ analyses (see for example Refs. [205-210]). Such 
studies are often of a “piggyback” nature, that is to say the primary purpose of 
machine operation is not PWI-related. As such, the materials received for analysis 
have typically been exposed to a range of plasma pulses under different conditions. 
Under such circumstances one can only address the accumulated material 
migration, while the effect of individual events may be impossible to determine. 
Furthermore, detection of elements present during transport of samples between 
the tokamak and the material analysis facility, or elements to which the sample is 
easily exposed in general (most prominently H, C, N and O) may indicate either in-
vessel deposition or later contamination. 

To solve these problems, tracer experiments are performed. These are 
experiments in which a tracer isotope, i.e. an isotope that is rare to non-existent in 
nature or in the specific device under study, is introduced in a controlled manner. A 
possibility to analyze the distribution of the tracer after operation is thereby 
provided. This allows one to draw conclusions about transport mechanisms under 
specific operating conditions, especially if the experiment is carried out at the end 
of an experimental campaign. It can also provide knowledge about the memory 
effect related to the wall uptake and subsequent release of gases introduced for 
edge cooling or disruption mitigation. Tracers can be introduced into the plasma 
from a localized source either by a gas puff or by applying them to limiter or probe 
surfaces with which the plasma is allowed to interact. One can also imagine 
including a tracer in the working gas introduced into the vacuum vessel before 
plasma startup. Tracers of potential interest for fusion include 13C, 15N, 18O, 21Ne, 
22Ne, as well as heavier species like Mo or Ta, depending on which elements are 
already present in the device under study [209, 211-214]. 

Tracer experiments have been carried out under different operating conditions 
in many machines, as outlined in Paper VIII and Ref. [215]. The appended Paper I 
treats such an experiment performed in the toroidal experiment for technology 
oriented research (TEXTOR), which was operated at Jülich research center in 
Germany until 2013 [216]. TEXTOR was a limiter tokamak with circular plasma 
cross section whose primary purpose was to be utilized for PWI research [217]. In 
the case of the experiment presented in Paper I, 15N and Mo tracers were studied. 
The former was introduced into the machine as 15N2 while the latter was in the form 
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of MoF6. Apart from providing molybdenum as a gas, this gave an additional tracer 
element for study, namely fluorine. 

While Paper I gives some results on material transport and co-deposition, the 
work that led up to it also highlighted the need for development of analysis tools for 
the study of materials containing several elements with mass close to the tracers of 
interest as well as a combination of light and heavy elements. The characterization 
of materials that were removed from TEXTOR after its decommissioning has been 
thoroughly covered elsewhere [218], and the development of analysis tools is 
further explored in Paper II and Chapter 3. Paper VI also includes detection of 18O 
after its introduction as a tracer in JET-ILW. The discussion on results from Papers 
I and VI is continued in Section 4.1.  
 

2.3 The role of reduced activation steel 

A specific research question in the field of PFCs comes from the development of 
materials initially aimed at addressing the neutron activation problem. Recall from 
Section 1.6 that Ni, Nb and Mo are high activation elements, which are not to be 
used in fusion reactors. Ti and Co are also somewhat problematic and should be 
avoided if possible [219]. This places restrictions on the composition of structural 
steel used in blanket components. Several reduced activation ferritic martensitic 
(RAFM) steels have been developed to tackle the issue, and the elemental contents 
of three of these are given in Table 2.2. 
 

  Material 
  EUROFER97 F82H (IEA) EK-181 (RUSFER) 

E
le

m
en

t 

C 0.11 0.09 0.15 
Si < 0.10 0.07 0.33 
V 0.20 0.19 0.25 
Cr 8.9 7.8 11.2 
Mn 0.47 0.10 0.74 
Ta 0.14 0.04 0.08 
W 1.1 2.0 1.1 
Fe Balance 

Table 2.2: Weight percentages of components in three RAFM steels [220-223]. In 
addition to these elements, B, N, Al, P, S, Ni, Cu, Nb and Mo occur in trace quantities 
(typically << 0.05 wt.%). Different references give slightly varying numbers. 
 

The point of the compositions of EUROFER97, F82H and EK-181 is to provide 
materials with similar properties as Cr-Mo ferritic steels, while circumventing the 
need for high activation alloying elements. Tungsten is therefore used instead of 
molybdenum, while niobium is replaced by tantalum and an increased fraction of 
vanadium [224]. A possibly beneficial side effect of this composition is that the 
materials may become quite resistant to sputter-erosion. The reason is that 
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elements with high sputtering yields and/or low threshold energies are prefer-
entially eroded, while the components that are difficult to sputter remain at the 
material surface. In equilibrium, the surface layer is thus enriched with erosion 
resistant tungsten and tantalum. RAFM steels are being considered as potential 
first wall materials for a reactor class fusion device, and the increased erosion 
resistance could be rather important for their viability in this role [225]. By having 
a RAFM steel first wall, one avoids the technologically challenging bonding of a 
tungsten armor to the structural steel bulk [226]. 

An important parameter for determining the erosion resistance of the RAFM 
steels discussed here is the surface fraction of tungsten and/or tantalum for which 
an equilibrium is reached with respect to preferential sputtering. The surface 
fraction is dependent on the bulk fraction of the element in question and the 
sputtering yields for all components of the steel. These in turn depend on the 
energy, mass, and possibly the chemical properties of the bombarding ions as well 
as the surface binding energy of the sputtered species. A first estimation discussed 
briefly in the appended Paper V is that the surface binding energies are the same as 
those in pure crystalline samples of each material. In that case, sputtering yields 
measured in such samples can be used to estimate the rate of removal of a specific 
component as 

Γ ,              (2.1) 
 

where Γi is the number of atoms of species i removed per unit area and time, φi is 
the surface fraction of that species, Fin is the projectile ion flux and Yi is the pure 
sample sputtering yield. The condition for equilibrium is that the ratio of removal 
rates is the same as the ratio of bulk fractions, Фi, i.e. 
 

Γ Γ 	∀	 . 
 

(2.2)

Inserting (2.1) into the equilibrium expression, (2.2), yields 
 

. 
 

(2.3)

 

In the case of a binary alloy, the result is 
 

			and			  
 
 

⇒		 	 			or			 1 	 .	 
 

(2.4)

 

Looking, for example, at a mixture of 90 at.% iron and 10 at.% tungsten sputtered 
by 400 eV deuterons with yields from Ref. [202], the tungsten surface fraction 
becomes: 
 

	
0.1 ∙ 3.5 ∙ 10 	at./ion

0.9 ∙ 8 ∙ 10 	at./ion 0.1 ∙ 3.5 ∙ 10 	at./ion
	 0.83. 



32 |   CHAPTER 2. MATERIAL STUDIES IN MAGNETIC FUSION RESEARCH 

 

So the sample surface in this example would be enriched with tungsten, from the 
initial 10 at.% to 83 at.% in equilibrium. The initial total erosion rate by (2.1) is 
 

Γ Γ Γ 3.2 ∙ 10 	at./ion , 
 

while the rate at equilibrium is 
 

Γ 6.6 ∙ 10 	at./ion . 
 

It is clear that the erosion rate decreases as the surface fraction of tungsten 
increases. In the general case for the binary alloy, (2.1) and (2.4) may be combined 
to give 
 

 
Γ 	 	 , 

 

(2.5)

 

where Yeq is the effective equilibrium sputtering yield for the alloy. In the limit 
where Y2/Ф2 << Y1/Ф1, i.e. when one component has a relatively small sputtering 
yield and a large bulk fraction compared to the other, (2.5) simplifies to 
 

 
Y . 

 

(2.6)
 

The following conclusions may be drawn: 
 

 In the case of a binary alloy where the sputtering yields of the components 
are different, the total equilibrium erosion rate will be reduced due to 
preferential sputtering. It will depend on the bulk fractions of the 
components, but it will not be lower than the rate for a pure sample of the 
most erosion resistant component (unless the surface binding energy is 
higher in the alloy than in the pure element sample). 
 

 The surface fraction of the most erosion resistant component will increase. It 
will tend towards unity in the limit where the sputtering yield for that 
component is negligible. 
 

Considering the RAFM steels in Table 2.2, the sputtering yields for Cr and Fe 
are similar enough to treat these elements together. The same is true for W and Ta. 
All other elements can be neglected for the present discussion. RAFM steels should 
therefore behave similarly to binary alloys of iron and tungsten when it comes to 
the equilibrium surface composition under sputter-erosion. The erosion rate of, for 
example, EUROFER97 should be lower than that of iron, but higher than that 
of tungsten. The exact rate depends on the individual components’ sputtering 
yields and the atomic fraction of tungsten plus tantalum in the material. 

The most notable improvement should occur if the energy of projectiles is lower 
than the sputter threshold for tungsten but higher than that for iron. For 
deuterium, the energy range of interest is thus 40 eV ≲ ED ≲ 200 eV. At 150 eV, the 
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sputtering yield for tungsten by deuterium is almost negligible. Assuming a value of 
5×10-6 at./ion, (2.5) yields for EUROFER97 
 

Y 1.2 ∙ 10 	at./ion, 
 

where the sputtering yield for iron of 2×10-2 at./ion from Ref. [202] was used and 
the tungsten plus tantalum atomic bulk fraction was recalculated from the weight 
fractions in Table 2.2 as 0.0038. This is an almost 20-fold improvement over the 
erosion resistance of pure iron, and shows that the ideas presented here are at least 
worth some further investigation. 

A number of practical questions immediately come to mind when considering 
the previous few paragraphs. While the simple approximations introduced give an 
order-of-magnitude estimation of the relevant erosion rates, how close are they to 
the actual values? What is the thickness of the enriched layer? How does the atomic 
fraction of tungsten decrease from the surface value towards the bulk? Does the 
presence of several elements change the dynamics of the collision cascade to the 
point where pure sample sputtering yields are irrelevant? Are the energies of 
deuterons impinging on the first wall actually between 40 and 200 eV? 

The latter may be answered by considering the ion temperature of the SOL 
plasma in a DEMO reactor. This increases from the wall temperature of kBT ≲	0.2 eV 
to 100 eV a few centimeters from the wall and approximately 300 eV after 10 cm 
[227]. As such, a large fraction of charge-exchange neutrals reaching the wall will 
have energies within the range where sputtering of RAFM steels should be strongly 
suppressed thanks to tungsten and tantalum enrichment. It must be emphasized, 
though, that the erosion rate of any wall material will ultimately depend on the 
impurity concentration in the edge plasma, as sputtering yields due to impurity 
species are typically much higher than those of deuterium. Furthermore, the 
impact of tritium was ignored for the present discussion. The tritium particles in a 
deuterium-tritium plasma should produce a similar effect as that by deuterium, but 
with higher sputtering yields and lower threshold energies. 

Experimental studies of the properties of the near-surface layer in both RAFM 
steels and iron-tungsten (FeW) films deposited on silicon by magnetron sputtering 
have been carried out after exposure to deuterium ion bombardment with the aim 
to answer some of the questions posed here [228-230]. The appended Papers III-V 
contribute to that effort by combining several ion beam analysis techniques to 
measure the depth distributions of elements present in the top ~20 nm layer. Paper 
III focuses on the problem of tungsten depth profiling in general, with an FeW film 
deposited on silicon and eroded by 200 eV deuterons as a prominent example. A 
more detailed study, with a range of such films exposed to a sequence of ion 
fluences and subsequently heated to different temperatures, is carried out in Paper 
IV. The changes in surface morphology due to sputter erosion and heating are also 
investigated here. Paper V concludes the exercise by describing the preparation of a 
set of samples of EUROFER97, erosion by 200 eV deuterons at different fluences 
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and temperatures, and the following analysis of the near-surface region with ion 
beam techniques as well as optical and atomic force microscopies. The outcomes 
and conclusions of these studies are discussed in Section 4.2. Before any results can 
be reviewed, however, the methods that have been implemented for surface 
analysis in connection with experiments on material migration and RAFM steel 
erosion must be understood. 
 

2.4 Overview of available surface analysis methods 

Many different analysis methods are presently employed for PFC surface studies. 
These may be classified based on the type of probes they use: photons, electrons, 
ions or mechanical probes in contact with the sample. Different probes are 
sensitive to different surface quantities and can therefore provide complementary 
data. Methods with photons may be used for analyzing surface morphology (optical 
microscopy or optical surface profiling, the latter of which uses a semi-transparent 
beam splitter and measures interference to determine the path length difference 
between the sample surface and a reference) or reflectivity as well as obtaining 
information on atomic composition and chemistry. The energy of incident photons 
can be anywhere from a few eV (near-infrared) to several hundred keV when using 
x-rays or gammas from high-energy synchrotrons [231]. Detection of photons that 
have scattered either elastically (Rayleigh scattering) or inelastically (Compton 
scattering, Raman scattering), secondary x-rays (x-ray fluorescence analysis, 
XRF) or photoelectrons (x-ray photoelectron spectroscopy, XPS, or electron 
spectroscopy for chemical analysis, ESCA) are all possible [231-233]. 

Electron-based techniques include scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). SEM uses a focused beam of primary 
electrons which is scanned across the sample surface and detectors are located 
above the same surface. In the case of TEM, the sample is a thin slice of material 
(on the order of 100 nm or less) and detectors are placed behind it. If the beam is 
scanned across the sample in TEM to produce a 2D image, the method may be 
referred to as scanning TEM, or STEM. For both SEM and TEM, similarly to 
photon-based methods, one may detect scattered electrons, secondary electrons or 
x-rays. The analysis of emitted x-rays with an energy-resolving detector and using 
either electrons or x-rays as the excitation source is referred to as energy-
dispersive x-ray spectroscopy (EDS/EDX). 

SEM combined with EDS is employed in Paper VI to produce images showing 
the morphology of deposits on components from JET with additional information 
about the atomic composition in the interaction layer, extending down to 
approximately 1 μm below the sample surface. While SEM provides excellent 
lateral resolution, depth profile information is typically not obtained. This may be 
remedied by cutting the sample using a focused ion beam (FIB) and performing 
SEM or TEM on the cross-section [234]. The names electron microprobe (EMP) 
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and electron probe micro-analyzer (EPMA) may be used for instruments that are 
similar to those used for SEM, especially if they are equipped with wavelength 
dispersive x-ray (WDX) spectrometers [235]. 

The class of surface analysis methods known as scanning probe microscopy 
(SPM) employs a sharp tip to scan across a region and map some physical property. 
An overview of SPM techniques is given in Ref. [236]. The one used for the work 
presented in this thesis is atomic force microscopy (AFM). In its simplest form, 
AFM works by approaching the sample surface with a cantilever at the end of which 
the tip is placed. As the tip is pressed towards the surface, the cantilever bends. A 
laser is pointed towards it, and the position of the reflected spot on a detector is 
used as a measure of the force acting on the tip. The height at which specific force is 
produced can be recorded, thus generating a topographic map of the surface. This 
way of operating an AFM is known as contact mode. 

Another possibility is to make the cantilever oscillate at or close to a resonant 
frequency. The force acting on the cantilever as it is brought closer to the surface 
modifies the amplitude of the oscillation as well as its phase with respect to the 
driving force. Again, the recorded variable is the height for a given force. That force 
may be due either to an attractive van der Waals-type interaction (non-contact 
mode), or to the electromagnetic repulsion as the tip comes in contact with the 
surface on every oscillation (tapping mode). The pico-Newton sensitivity of AFM 
can be used to measure properties such as stiffness, adhesion and surface friction, 
and atomic resolution can be achieved [237]. The application in this work, however, 
is limited to height mapping with approximately 10 nm per pixel or more laterally. 
Fig. 2.1 shows two examples of AFM images of polished EUROFER steel samples 
from Paper V. Polishing lines with depths around one or a few a nanometers as 
well as height differences at grain boundaries after erosion by deuterium ion 
bombardment are clearly visible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Tapping mode AFM height maps of polished EUROFER97 steel samples. The 
sample depicted to the right has been exposed to 600 eV D  ions at a fluence of 1023 D/m2. 
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Of central importance for this thesis have been methods that use a probing beam of 
ions in the energy range from tens of keV to tens of MeV. Such methods are usually 
referred to collectively as ion beam analysis (IBA). IBA measurements are included 
in all appended papers and were carried out at the Tandem Laboratory of Uppsala 
University. They provide information on atomic composition and depth profiles, 
with depth ranges from a monolayer to tens of micrometers depending on the ion 
species used and its energy as well as the sample surface roughness and experiment 
geometry. A drawback of IBA as compared to the photon- and electron-based 
methods described previously is the need for a relatively large and expensive ion 
accelerator. The primary advantages are high sensitivity; some methods can be 
used to detect areal densities of elements corresponding to only a small fraction of 
a monolayer, and quantitatively accurate depth-resolved information on material 
composition. The first few sections in Chapter 3 treat the most notable techniques, 
their typical beam species and energies, descriptions of the data that can be 
obtained, minimum detectible areal concentrations of elements and additional 
method specific information. 

Before concluding this chapter, a few methods that are commonly used for 
fusion material studies but do not fall into the previously specified categories 
should be mentioned. The first of these is thermal desorption spectroscopy (TDS), 
which is based on heating a sample and using a mass spectrometer to analyze the 
material desorbed from the surface [238]. Within fusion research, TDS is applied 
primarily for studying the desorption of fuel atoms that have been retained in the 
wall [239]. Another method using a mass spectrometer is secondary ion mass 
spectrometry (SIMS). In this case the analyzed particles are generated by 
sputtering the sample with an ion beam [240], providing high sensitivity and 
information that is laterally localized. Depth profiles can be obtained with SIMS by 
continuously monitoring the signal intensities from various ion species. The 
elapsed sputter time is then used to provide a measure of the depth reached in the 
sample. This method has a depth resolution as good as approximately 3 nm but 
suffers the disadvantage of partially destroying the layer that is being profiled. 

On the topic of partially destructive techniques there is also laser-induced 
breakdown spectroscopy (LIBS) [241]. It uses a short laser pulse to ablate on the 
order of a nanogram of material from the sample surface. The result is a plasma 
plume from which line radiation can be measured, thus providing information on 
the atomic composition of the ablated layer. The option of depth profiling by 
continued ablation exists, similarly to SIMS. An advantage of LIBS is that it may be 
applied in-situ, to study material surfaces immediately after tokamak operation 
and without breaking vacuum [242,243]. Glow discharge optical emission spectro-
scopy (GDOES) also uses surface layer ablation, but does so by exposing the sample 
to a plasma discharge. Rather recent development of the technique has made it 
possible to use GDOES for destructive depth profiling with depth resolution on the 
order of several nanometers and around a millimeter laterally [244]. 
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Note that while GDOES is an ex-situ technique using plasma-induced ablation, 
the entire purpose of surface analysis in the context of this thesis is to study 
materials that have been exposed to fusion or laboratory plasmas. It is, of course, 
possible to detect line radiation emitted from the SOL as the wall is ablated during 
tokamak operation, providing an in-situ, intra-pulse erosion monitoring method. 
One such method, using video cameras equipped with wavelength filters of 
different bandwidths to isolate a specific emission line and subtract plasma 
continuum radiation as well as thermal radiation from material surfaces, is 
discussed in Paper XIV. 

A final possibility to measure erosion and deposition rates on PFCs in-situ is 
provided by quartz crystal microbalance (QMB) setups [245]. They work by 
measuring the resonant frequency of acoustic waves driven by an oscillating 
electric field in a piezoelectric quartz crystal. As that frequency depends on the 
mass the system, it can be used to monitor the loss or gain of material from pulse to 
pulse. If net erosion is expected, a selected film of known composition may be pre-
deposited on the crystal to study the erosion yield of a specific material. Intra-pulse 
monitoring of deposition in a tokamak environment is unfortunately not possible 
with QMBs, since the resonant frequency of the crystal is affected by electric and 
magnetic fields as well as temperature variations. 
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Chapter 3 

Ion beam analysis: Methods, 
detectors and data processing 

As already mentioned in the previous chapter, the most important class of methods 
for the present work has been IBA. It is typically applied for ex-situ analysis of PFC 
surfaces or test samples subjected to PWI phenomena. There exists, however, also 
the possibility to use a single ion beam setup to modify a surface by sputtering or 
implantation and subsequently study the result. An example of this methodology is 
demonstrated in Paper XIII for erosion and in-situ analysis of RAFM steel. Much 
like many of the methods described in Section 2.4, different IBA techniques may be 
characterized by the projectiles which are used, their energies and the detected 
particles. One can also distinguish the methods that use flight-time systems to 
measure the velocity of outgoing particles from those that rely only on energy-
resolving detectors. The former are known as time-of-flight (ToF) methods. 

Any elemental species in any charge state can in principle be used as a probe, 
but some are more common in practice. The charge state is often unimportant for 
the analysis and may therefore be selected to optimize beam current. Projectile 
energies can be anywhere from around 1 keV in the case of low energy scattering as 
performed in Paper XIII to tens of MeV. Methods that employ MeV beams typically 
require access to laboratories equipped with electrostatic accelerators in the MV 
range. The measurements with beam energy less than 100 keV in this work, which 
are described in Section 3.2, were performed with a system based on a 350 kV 
high-current ion implanter from Danfysik. All other IBA measurements used the 
Tandem Laboratory’s 5 MV pelletron tandem accelerator, model 15SDH-2 from 
National Electrostatic Corporation. 
 

3.1 Rutherford Backscattering Spectrometry (RBS) 

RBS is one of the most fundamental and commonly applied IBA techniques. It uses 
a primary beam of light ions, typically 1H or 4He with energy around one or a few 
MeV. The beam is focused on a sample and backscattered ions are examined. An 
energy-resolving detector is most often used for this task, generally at an angle 
somewhere between 160° and slightly less than 180° with respect to the forward 
direction of the beam. The most common detector types are surface barrier 
or implanted silicon semiconductor detectors [246,247], and the output of a 
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measurement is an energy spectrum for backscattered ions from which information 
on sample composition can be deduced. 

Energy is lost by the probing ions due to interactions with electrons and small 
angle collisions with nuclei in the sample as well large angle ion-nucleus elastic 
scattering events. The former two of these mechanisms are characterized by the 
energy loss per unit length of material traversed, known as the electronic and 
nuclear stopping powers. They have been measured and modelled for most ion-
target combinations at the relevant beam energies. Stopping powers used in the 
present work are taken from the semi-empirical tables included in the commonly 
used program Stopping and Range of Ions in Matter (SRIM) [248]. For a 
compound, the stopping powers from individual elements are weighted by their 
respective atomic fractions and added as per Bragg’s rule [249]. 

The energy loss due to a scattering event is derived considering conservation of 
classical kinetic energy and momentum (relativistic effects are usually negligible). 
By combining the energy losses from electronic stopping, nuclear stopping and a 
single scattering event the energy of an ion backscattered from a sample atom 
of given mass at a given depth is calculated. Taking into account the scattering 
cross sections, which can be approximated using Rutherford’s formula modified 
by electron screening [250,251], a forward calculation from a given sample 
composition profile to an energy spectrum can be readily carried out. The inverse 
problem of going from an energy spectrum to a sample composition, which is the 
usual task, is not as simple. One can understand this by considering that the only 
measured parameter is the energy of the scattered ion, while two degrees of 
freedom are available to modify that energy; depth and the mass of the target atom. 
The matter is complicated further by the fact that the stopping power in the sample 
cannot be calculated without knowledge about the atomic composition. 

Instead of trying to solve the inverse problem, RBS spectra are for these reasons 
often analyzed by starting from an educated guess of the sample composition in 
terms of a set of discrete layers, calculating an energy spectrum and modifying the 
guess until the experimental spectrum is reproduced. This fitting process may 
be partially automated. For the present work, the reconstruction of sample 
composition layer structures has been carried out using SIMNRA [252]. Fig. 3.1 
shows an example of a measured RBS spectrum and the corresponding SIMNRA 
calculation based on the data presented in Fig. 4 from Paper IV. The sample in this 
case was an approximately 250 nm thick film of 1.7 at.% tungsten and 98.3 at.% 
iron deposited on a silicon substrate, exposed to 600 eV D  ions at a fluence of 
1024 D/m2. An analyzing beam of 2 MeV 4He+ was applied at an angle of 5° wrt. the 
sample normal and backscattered ions were detected at 170° wrt. the forward beam 
direction. 

A few characteristic traits for RBS and also for IBA in general are revealed in 
Fig. 3.1. The unit in which layer thickness or sample depth is measured, for 
example, is atoms per unit area. This areal density can be thought of as the natural 
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way to express thickness in the context of IBA. The reason is that depth, as already 
discussed, is measured via the energy lost by the projectile (and the outgoing 
particle) due to electronic and nuclear stopping. Now, that energy loss is not 
directly dependent on the distance that projectile has travelled. It rather measures 
how much substance has been passed, i.e. the number of atoms. The measured 
energy spectrum therefore becomes independent of the volume atomic density in 
the sample. An actual sample depth in units of length can only be calculated if that 
density is known. With volume atomic density n and areal density λ, the conversion 
to layer thickness, d, is simply 
 
 

, 
 

(3.1)

 

where ρ is the mass density in the sample, m is the atomic mass, M is the molar 
mass and NA is Avogadro’s number. In the case of a compound the average value of 
m or M should be used. If the depth scale is to be accurate, the formula should be 
applied for every layer individually. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: RBS data from iron-tungsten film exposed to 600 eV D  ions. The table gives 
the layer structure used for the spectrum calculated with SIMNRA. It seems like the film has 
been oxidized and enriched to an average W fraction of 9.3 at.% in the top 1.5×1017 at./cm2. 
 

The value of n can be viewed as a conversion factor from layer thickness to areal 
density. One atomic monolayer corresponds typically to somewhere between 1014 
and a few times 1015 at./cm2, i.e. an average distance of a several Å between atoms. 
A rule of thumb is that n is slightly lower for heavier elements since the average 
interatomic distance is larger. In the case of regular body centered cubic α-iron, for 
example, n is 8.49×1015 (at./cm2)/nm. For tungsten it is 6.32×1015 (at./cm2)/nm. 
The volume atomic density in a compound may not always be easily estimated. 
Therefore, in the case of layers with unknown density a model is required if actual 
sample depth is to be given. 
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In the case of iron, oxygen and tungsten treated in the present example, it has 
been assumed for Paper V that the mass density can be estimated as 
 

19.25 7.87 2.25 	g/cm ,            (3.2) 
 

where φi is the atomic fraction of element i. The factors before the fractions are the 
natural densities of tungsten and iron, and the density of iron scaled by the ratio of 
oxygen to iron average atomic masses. The approximation is thus that tungsten and 
iron contribute to the layer density by the bulk values from pure samples of those 
materials weighted by their respective atomic fractions. Oxygen atoms are assumed 
to be as densely packed as iron atoms, contributing the same value only scaled by 
the atomic mass ratio. The volume atomic density becomes 
 

	 / 	 / .            (3.3) 
 

For the layers in Paper V, this formula yields values of n between 8×1015 and 
8.5×1015 (at./cm2)/nm, i.e. slightly lower than for pure iron. This is one example of 
the rather crude approximations used to calculate layer densities throughout this 
work. Layer thicknesses presented in units of length should therefore be viewed as 
reasonable estimations at best. 

The typical appearance of an RBS spectrum, which is exemplified in Fig. 3.1, is 
that signals from heavier elements show up at higher energies due to the scattering 
kinematics. At the rightmost (high energy) edge of every element signal, the counts 
corresponding to scattering at the sample surface are found. Lower energies are 
then equivalent to increasing depth. The signals from iron and tungsten in the film 
analyzed in the present example are clearly visible as well as the surface peak due to 
tungsten enrichment. The film thickness can be determined from the iron signal. 
Most of the low-energy part of the spectrum is occupied by the silicon substrate 
signal and the presence of surface oxide gives rise only to a tiny, almost 
unnoticeable bump. This illustrates that it is typically difficult to quantify elements 
lighter than the substrate or matrix material with RBS. For heavier elements on the 
other hand, a layer containing as little as one or a few times 1013 at./cm2 of tungsten 
or around 1014 at./cm2 of iron can be detected. 

When it comes to the thickness of the enriched layer, 1.5×1017 at./cm2 has been 
used for the calculated spectrum displayed in Fig. 3.1. The width of the measured 
surface peak, however, is rather close to the energy resolution of the detection 
system, around 20 keV FWHM. It is therefore possible to reproduce the spectrum 
equally well using a thinner layer with a correspondingly higher fraction of 
tungsten. It can be concluded in this particular case that while the entire film 
thickness of approximately 250 nm is determined with RBS, the enriched layer at 
the surface may only be characterized in terms of the total number of tungsten 
atoms it contains per unit area. 

A first estimate of the layer thickness that may be resolved with RBS is obtained 
by considering the energy loss of a particle backscattered close to the surface. It is 



3.1 RUTHERFORD BACKSCATTERING SPECTROMETRY (RBS)   | 43 

 

assumed here that the projectile with energy Ein comes in at an angle α with respect 
to the sample normal, is backscattered at depth D and exits at angle β. The 
outgoing energy, Eout, then becomes 
 

 
cos cos

. 
 

(3.4)

 

The energy loss in the scattering event is characterized by the projectile 
kinematic factor, Kproj, which is just the ratio of the projectile’s energy before and 
after the collision. dEin/dx and dEout/dx represent the stopping powers for the 
projectile on the way in and out. The limit for when a layer is considered possible to 
resolve can be defined as the thickness for which the difference between outgoing 
energies of projectiles scattered at the front and back of that layer is larger than the 
detector energy resolution. Kproj is given by 
 

 
sin cos

, (3.5)

 

where mp and mt are the masses of the projectile and target atom, and θ is the 
scattering angle of the projectile measured from the forward beam direction. 
Similarly for the target atom (or recoil) at angle Ф: 
 

 4 cos
. 

 

(3.6)

 

The role of recoil ions is examined more closely in Section 3.5. Returning to the 
example from Fig. 3.1, the question is how thick a layer needs to be in order to be 
resolvable using the thickness of the tungsten surface peak. Scattering of 4He from 
tungsten at 170° is therefore to be considered. The incoming stopping power is 
evaluated at the initial projectile energy of 2 MeV for a mixture of 50.7 at.% iron, 
9.3 at.% tungsten and 40.0 at.% oxygen, whose density is estimated as 6.68 g/cm3 
from Eq. (3.2), and the outgoing stopping power is evaluated at Kproj times the 
initial energy in the same material. The values of all parameters necessary to 
calculate the resolvable tungsten layer thickness are thus: 
 

5°; 				 170°; 				 0.917;				 0.460	
MeV
μm

;				 0.476	
MeV
μm

. 

 

Inserting the obtained values in (3.4) yields 
 

1.834	MeV ∙ 0.901
MeV
μm

. 

 

Ideally, the energy resolution of a silicon detector used for RBS should be close 
to 15 keV, which would correspond to a resolvable thickness of 17 nm in this 
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example. Since the tungsten enriched layer does not appear to be resolved in 
Fig. 3.1, a higher resolution is required. That could potentially be achieved by 
modifying the angles α and β to increase the length of the projectile’s path in the 
sample, thus also increasing the energy loss per unit of depth. However, doing so 
might introduce a significant problem with errors resulting from sample surface 
roughness. If rough structures were present on the surface, a possible projectile 
path for scattering at a given depth could pass through those structures. The 
projectile would then have to pass more material to reach a certain minimum 
distance from the surface than would be the case if the surface were flat, resulting 
in a false impression of depth being produced in the energy spectrum. This 
problem does not only affect RBS. Rather, it is a general issue for all IBA methods, 
especially those involving small incident or exit angles with respect to the sample 
surface. An alternative solution for providing higher depth resolution is to go to a 
lower beam energy, which neatly brings us to the next topic. 
 

3.2 Low and Medium Energy Ion Scattering (LEIS/MEIS) 

By lowering the energy of the primary beam compared to standard RBS, the range 
of energies for which the detector needs to be sensitive is shrunk. This usually 
makes it possible to provide a higher absolute resolution. As a consequence of 
Eq. (3.4) the absolute resolution, rather than the relative one, is the limiting factor 
for the resolvable layer thickness. Depending on the selected energy, the resulting 
method is either referred to as LEIS or MEIS. The former is usually reserved for 
energies from 1 keV to around 10 keV while the latter uses a few tens to a few 
hundreds of keV. LEIS has only been applied in relation to the present work in 
Paper XIII, which is not appended to this thesis. Details on the technique are given 
in that paper as well as Ref. [253], and are not included here. 

MEIS, on the other hand, has been applied for Papers III-V using the ToF setup 
described in Ref. [254]. A similar estimation of the resolvable thickness as 
performed for RBS in the previous section is carried out for that setup in Paper IV, 
assuming an energy resolution of 1 keV for a 60 keV analyzing beam of 4He. The 
result is 2 nm, i.e. almost an order of magnitude better than in the example with 
RBS for a similar geometry. This is true even though the relative energy resolution 
is worse. Since the publishing of Papers IV and V, the setup has been upgraded to 
increase its energy resolution further. The improved resolution brought about by 
ToF-MEIS does, however, come with a price. By decreasing the energy of the 
primary beam, a similar reduction of the analyzed depth is introduced. The 
application of both RBS and ToF-MEIS on the same sample is a typical example of 
a case where two techniques provide complementary information; a larger analyzed 
depth from RBS and a better surface resolution from ToF-MEIS. 

Fig. 3.2 (b) shows the energy-converted ToF-MEIS spectrum obtained with 
60 keV 4He backscattered towards 155±2° from the same FeW film exposed to 
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1024 D/m2 as was analyzed with RBS for Fig. 3.1. In Fig. 3.2 (a), the spectrum from 
an identical film exposed to a ten times lower deuterium ion fluence is shown. Both 
are based on data presented in Paper IV. Similarly to the RBS case, analysis has 
been carried out by repeatedly calculating spectra and adapting layer compositions. 
SIMNRA was not used in this case but rather the Monte Carlo backscattering code 
TRBS [255]. The results of the best fitting simulations are included in the figures, 
along with tables of the corresponding layer structures. The simulations shown 
here are similar to those described in Paper IV but they are improved by taking 
oxygen into account properly and using the layer density estimation from Eq. (3.2). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Energy converted ToF-MEIS spectra from FeW films exposed to 600 eV D  
ions at fluences of (a) 1023 D/m2 and (b) 1024 D/m2. The tables give the layer structures 
used for the overlain TRBS simulations. 
 

The reason that TRBS is used for analysis of the present ToF-MEIS spectra 
instead of SIMNRA relates to a complication that has so far been swept under the 
rug. Recall from page 40 that the forward calculation from a sample composition to 
an energy spectrum is rather straightforward under two assumptions. First, only a 
single large-angle scattering event is assumed to have occurred for each projectile. 
Second, all interactions in the sample except that single scattering event are taken 

(b) 10
24

 D/m2 

(a) 10
23

 D/m2 
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into account as energy losses due to electronic and nuclear stopping of the 
projectile while it moves along a straight line trajectory. As it turs out, both these 
assumptions are a bit shaky. At typical RBS energies, the effects are quite 
unproblematic and their impact on calculated spectra can normally not be 
distinguished above a few hundred keV. For lower energies, however, particles 
reaching the detector may have undergone many large-angle scattering events. 
They have also typically experienced a continuous change to the directions of their 
trajectories in between each such event because of the accumulated effect of small-
angle collisions. 

SIMNRA can take into account two large-angle scattering events per particle, 
which has been done for Fig. 3.1. It can also approximate the directional spread due 
to multiple small-angle collisions analytically. Accurate reproduction of the MEIS 
spectra in Fig. 3.2, however, requires taking into account on average somewhere 
around 10 large-angle scattering events for each backscattered particle. This is only 
practically possible by performing Monte Carlo simulations. TRBS is optimized 
specifically for studying backscattering, constructing the trajectory of each particle 
as an alternating sequence of free flight and collision events, during the former of 
which stopping and directional spread take place. For each of the curves shown in 
Fig. 3.2, 108 particle trajectories were simulated. Out of these, approximately 6×105 
resulted in backscattering while most of the projectiles were implanted in the 
target. A few times 104 backscattered particles came out in the angle interval from 
153° to 157° and their energies constitute the displayed TRBS spectra. In Paper V, 
where the tungsten fraction in the analyzed EUROFER97 samples is lower than 
that in the model films of Paper IV, between 4×108 and 1.2×109 trajectories were 
simulated per presented spectrum to get sufficient statistics at all relevant energies. 

While the complexity of data analysis is greater for MEIS than RBS, it is verified 
by comparing Figures 3.1 and 3.2 (b) that the ToF-MEIS measurement in this 
example provides additional information on the internal structure of the tungsten 
enriched layer. Whereas only a surface peak is seen in Fig. 3.1, the elevated 
tungsten signal in Fig. 3.2 (b) extends all the way down to 45.6 keV where it 
intersects the iron signal. The corresponding sample depth is approximately 
20 nm, and the composition of the layer down to that depth is thus measured. It 
can be concluded that in this particular case, the full layer thickness is similar to 
the minimum resolvable thickness for the RBS measurement. The table in 
Fig. 3.2 (b) reveals a decreasing tungsten fraction from 11 at.% near the surface 
down to 6.4 at.% at depth of approximately 1017 at./cm2. The total amounts of 
tungsten in the enriched layer as measured by RBS and ToF-MEIS are similar (they 
differ by a factor of 1.06), but depth profile information is only resolved with ToF-
MEIS. 

A comparison between Figures 3.2 (a) and (b) further demonstrates the 
possibility to resolve the enriched layer with ToF-MEIS. For the sample exposed to 
the lower deuterium ion fluence of 1023 D/m2, the measured tungsten signal 
decreases to the value produced by the bulk atomic fraction in the film at an energy 
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corresponding to a sample depth of roughly 9 nm, with most significant enrich-
ment in the first 5 nm. This conclusively shows that the larger layer thickness 
measured in the sample exposed to 1024 D/m2 is not an artifact due to poor 
resolution of the method. In order to understand the results, modification of the 
sample surface morphology must also be taken into account. A continued 
discussion on this topic, concerning both FeW films and polished EUROFER97 
samples, can be found in Section 4.2. For the present discussion, the example of 
tungsten enrichment in FeW films has highlighted the differences between RBS 
and MEIS, as well as their respective advantages. It has thereby served its purpose 
in this context and is left for the moment to turn focus back to the review of IBA 
techniques. 
 

3.3 Nuclear Reaction Analysis (NRA) 

While the methods of the previous two sections amount to what could be described 
as glorified billiards, NRA, as the name suggests, is based on using an ion beam to 
induce nuclear reactions in the sample. Both reaction products and backscattered 
projectiles may then be detected, but also characteristic gammas. NRA has been 
applied in Paper VI to quantify 9Be and 2H in deposited layers on components 
retrieved from the JET divertor. A 2.8 MeV beam of 3He was used and the following 
nuclear reactions were of interest: 
 

He Be → B H 
He H → He H. 

 

The attentive reader might recognize the second of these reactions from the list 
of viable fusion reactions on page 6. It was used here not to produce fusion energy, 
but rather as an analysis tool. Processing of NRA spectra was carried out with 
SIMNRA in a similar fashion to that described in Section 3.1 for RBS. Cross section 
tables for a wide range of nuclear reactions are included in SIMNRA and those used 
in this case come from Refs. [256] and [257]. A spectrum based on Fig. 2 from 
Paper VI is presented in Fig. 3.3. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: NRA spectrum from Inconel 600 block retrieved from JET-ILW divertor. 
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The sample on which the spectrum in Fig. 3.3 was recorded is a block of the alloy 
Inconel 600 (75.5 wt.% Ni, 15.5 wt.% Cr, 8 wt.% Fe and 1 wt.% Mn), which was 
attached to a carbon structure in the JET divertor during the first ILW campaign. 
The same alloy is used for many structural components in JET. A deposited layer 
containing 1H, 2H, Be, C, N, O and W was present on the sample when it was 
retrieved from the vacuum vessel, but only the areal densities of 2H and 9Be were of 
interest for this measurement. As such, an approximate layer composition obtained 
with elastic recoil detection analysis (see Section 3.5) was used as a first guess for 
the spectrum calculated with SIMNRA, and the fractions of 2H and 9Be were 
adapted to reproduce the areas of the proton peaks indicated in the figure. 

It can be noted that the reaction with beryllium yields two different proton 
energies, the lower of which leaves the product 11B nucleus in an excited state. The 
spectrum is scaled to reproduce the signal of backscattered 3He from Inconel 600, 
assuming that the material composition is unaltered beneath the deposited layer. 
Additional peaks, primarily due to nuclear reactions with carbon are seen between 
the energies of 3He backscattered from tungsten and the first analyzed proton peak. 
These have not been taken into account for the present analysis. 

The example given here illustrates the fact that NRA complements RBS by 
making it possible to quantify light elements in a heavy matrix. The minimum 
detectable areal density of 2H is around or a bit less than 1015 at./cm2 under the 
present experimental conditions, and for 9Be it is less than 1016 at./cm2. The 
number varies from one reaction to another depending on the cross section. A 
unique possibility for depth profiling with resolution on the order of 5-10 nm can 
be provided by NRA when using a reaction whose cross section is peaked around a 
specific energy. An example is 
 

N H → C He. 
 

This reaction has a sharp resonance at 6.385 ± 0.005 MeV for a 15N ion 
impacting on a stationary hydrogen atom, increasing the cross section by two 
orders of magnitude. A characteristic gamma is emitted at 4.43 MeV and may be 
detected. By scanning the beam energy, the sample depth at which incident ions 
reach the resonance energy can be varied, and the detected gamma intensity 
corresponds to the hydrogen concentration at each depth [258,259]. 
 

3.4 Particle-Induced X-ray Emission (PIXE) and micro-beam analysis 

PIXE relies on the detection of secondary x-rays from the repopulation of inner 
shell electron states in a sample after excitation by an ion beam. The most common 
projectiles are protons with energy around a few MeV [260]. While being one of the 
more well-established IBA methods, PIXE has not been employed for any of the 
work in this thesis, and is therefore described here only briefly for completeness. 
The main advantages of PIXE are fast analysis and simultaneous non-destructive 
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quantification of a wide range of elements down to a typical depth of a few μm. It is 
also comparatively sensitive. The detection limit is as low as approximately 
0.2 ppm for atomic numbers in the range 25 ≲ Z ≲ 35 [261], but sharply increasing 
for lighter elements. A further drawback is that depth profile information is usually 
not obtained. 

Thanks to its high sensitivity, PIXE is a particularly suitable technique for 
micro-beam analysis, i.e. scanning of the sample surface with a beam focused to a 
spot size on the order of 1 μm2 with the purpose of providing laterally resolved 
information. Micro-beam RBS or NRA are also commonly performed, but require a 
longer measurement time per unit of studied area. Of particular interest for fusion 
material analysis has been 2D mapping of deuterium with the 3He nuclear reaction 
from the previous section, correlating the fuel trapping to surface features 
measured with SEM. Such an approach is exemplified in Ref. [161]. 
 

3.5 Elastic Recoil Detection Analysis (ERDA) 

The methods described in Sections 3.1 and 3.2 rely on detection of primary beam 
ions after they have undergone scattering events in the sample under study. In the 
case of ERDA, the particles of interest are instead the recoils, i.e. atomic nuclei 
ejected from the sample as a result of collisions with primary ions. A bulk fraction 
less than 0.1 at.% or a film containing around 5×1014 at./cm2 can typically yield 
measurable signals. By using the known kinematic relationship from Eq. (3.6), the 
screened Rutherford recoil cross section [251,262], and considering the stopping of 
the projectile on the way in as well as the recoil on the way out, analyses of energy 
spectra can be performed by a process similar to that already described for RBS. 
The principal advantage of ERDA as applied in the present work, however, comes 
from using both velocity- and energy-resolving detectors to analyze each recoil. 
Knowledge of these quantities immediately gives the ion’s mass, which allows for a 
forward calculation of the sample composition directly from the measured 
spectrum (as opposed to the inverse problem that occurs in the case of RBS because 
information about mass and depth are mixed). Velocity has been measured here by 
recording the flight time of recoil ions over a set distance. The method is therefore, 
as indicated in the beginning of this chapter, referred to as ToF-ERDA. Fig. 3.4 
shows the typical geometry for an ERDA measurement. 
 
 
 
 
 
 
 
Figure 3.4: ERDA geometry. α and β are the angles between the sample normal and the 
respective trajectories of the primary ion and the detected recoil, while D is the sample 
depth at which the depicted scattering event has occurred. 
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Both the incoming angle α and the outgoing angle β have been kept rather large 
in this work. A standard setting was α=β=67.5° with a detector angle of 45° wrt. the 
forward beam direction. The motivation for selecting this particular geometry is 
that the recoil energy decreases with increasing angle as cos2(Ф) by Eq. (3.6), while 
the Rutherford differential recoil cross section increases as 
 

 

Ω
	

4
1
2

1
cos

. 
 

(3.7)

 

Zp,t are here the atomic numbers of the projectile and target (recoil) ions, mp,t 
their masses, Ep is the projectile energy and e the elementary charge. An 
intermediate value of Ф thus gives reasonably high values for both the recoil energy 
and the cross section. Furthermore, a value too close to 90° for either α or β gives a 
very long path in the sample for the projectile or recoil for a set value of the sample 
depth D. Similarly as for RBS, this could potentially increase the depth resolution 
while decreasing the maximum reachable depth and increasing the severity of 
problems related to sample surface roughness. By selecting α=β we minimize the 
effect of roughness and maximize the probed depth. Fig. 3.5 shows an example of a 
raw ToF-ERDA spectrum based on data from the same sample that gave the NRA 
spectrum in Fig. 3.3. The data constitutes part of the material behind Table 1 of 

Paper VI. A 36 MeV primary beam of 127I8+ was used in this case and outgoing 
particles were detected with the system described in Paper II (see also Section 3.6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5: 2D histogram of raw ToF-ERDA data for a ~200 nm thick film of 1H, 2H, Be, 
C, N, O and W on Inconel 600 (75.5 wt.% Ni, 15.5 wt.% Cr, 8 wt.% Fe and 1 wt.% Mn). 
Flight time and energy were recorded for recoil ions as well as primary 127I scattered 
towards the detector. The axes are oriented such that the upwards direction in the figure 
corresponds to shorter flight time, and energy increases toward the right. The signal 
labelled “Cr” comes primarily from 52Cr while the thicker region labelled “Ni” contains 
both 58Ni, 60Ni and 56Fe. The small amount of 55Mn present in the substrate is difficult to 
distinguish in this case. 
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As seen in the figure, ions with different mass end up in different banana-
shaped regions in the energy/flight time histogram. This illustrates the possibility 
to identify species present in a sample with ToF-ERDA by their atomic mass. 
Distinction between ions with a mass difference of 1 u can be achieved up to 
approximately 20 u (neon). Almost complete information is therefore obtained 
about the sample’s content of light isotopes. The only species with overlapping 
masses that may occur are 14C and 14N. This is rarely a problem for fusion material 
analysis, as 14C is most often not expected to be present at a measurable level. See 
for example the measurements presented in Ref. [215], where the 14C content in 
samples from TEXTOR is even concluded to be lower than that found in living 
organisms. 

Heavier species can normally be identified rather well, but as also seen in Fig. 
3.5 isotopes of elements with small relative mass difference like Ni and Fe may 
have to be treated together. All of the appended Papers I-VI report results obtained 
with ToF-ERDA. It has for that reason been one of the most important, if not the 
single most important, technique applied in the work that constitutes the 
motivation for this thesis. In order for that to have been true, however, the 
availability of an algorithm for recalculating raw data into atomic concentration 
depth profiles was critical. Such an algorithm builds on the following steps: 
 
Step 1. Generate an initial estimation of the sample composition from which to 
calculate stopping powers. This can be done for example by taking the number of 
counts, Ni, in each recoil mass region and calculating the atomic fractions as 
 
 

	
, Ω⁄ , Ω⁄

	, 
 

(3.8)

 

where the recoil cross sections in the denominators are evaluated at the surface 
recoil energy using the screening compensated Eq. (3.7). 
 
Step 2. Calculate the stopping power in the sample using Bragg’s rule for a range 
of energies from zero to the beam energy for the projectile and from zero to the 
surface recoil energy for each recoil ion. Pure sample stopping powers must be 
available; for example from the SRIM tables. 
 
Step 3. Divide the sample into a set of depth slabs. Number the slab interfaces 
consecutively with number 0 corresponding to the sample surface and increasing 
numbers for interfaces at increasing depth. Let Epr,n be the primary ion energy at 
interface n, and Dn the distance from interface n to interface n+1 (i.e. the thickness 
of the (n+1)th slab, referred to as “slab n” below). The ion will lose energy due to 
stopping in each slab, yielding 
 
 

, , cos	 , . 
 

(3.9)
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The stopping powers in Eq. (3.9) should be evaluated at Epr,n by interpolation 
using the closest available values from Step 2. Primary ion energy at each slab 
interface can thus been calculated. Assuming a single scattering event at interface 
n, the recoil ion of species i will have energy 
 
 

, , , , , 	, (3.10)
 

where Krec,i is, again, defined by Eq. (3.6) with mt=mi, the atomic mass of species i. 
Binding energy in the sample is orders of magnitude lower than the typical beam 
energies and can therefore be neglected. The recoil loses energy on the way out so 
that the energy for a recoil from slab interface n, at slab interface k-1 is 
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(3.11)

 

By iterating (3.11) from k=n to k=0, the outgoing recoil energy for species i from 
the nth slab interface; Erec,i,n,0 is produced. 
 
Step 4. Assign each count from each mass region to a slab. A count belongs to slab 
n if it has energy between Erec,i,n,0 and Erec,i,n+1,0. The energy can be taken either 
directly from the calibrated energy detector signal for the count in question or be 
recalculated from the flight time signal. The latter approach is often more accurate. 
 
Step 5. Calculate the atomic fractions of all species in all slabs, ,  from Eq. (3.8). 
The number of counts for species i in slab n should be used instead of Ni and the 
recoil cross sections should be evaluated at Epr,n. Recalculate the stopping powers 
in each slab using the new composition. 
 

Finally, repeat Steps 3-5 until the resulting sample composition does not 
change significantly from one iteration to the next. It is usually sufficient to 
perform three iterations. The use of Eq. (3.8) in Step 5 ensures that the sum of 
elemental fractions in each slab is normalized to unity, which makes sense if 
all elements in the sample have been detected and correctly included in the 
analysis. There is, however, certainly a possibility for errors. For example, the steps 
as described so far fail to take into account different detection efficiencies for 
different species or loss of gas molecules during the measurement (we’ll return to 
such potential problems shortly). To more easily spot the occurrence of errors due 
to oversights like these, one could modify Eq. (3.8) and give the final atomic 
fractions as 
 

, 	 ,
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,
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(3.12)

 

where the values of a and b are used to select the depth interval over which 
to perform the normalization. If ∑ ,  differs significantly from unity for some 
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slabs, this can be interpreted as a sign that something is missing in the analysis 
procedure. 

An additional potential problem comes from the assignment of counts to energy 
bins in Step 4. If counts have energy larger than Erec,i,0,0, that is to say larger than 
what would be expected from a scattering event at the surface, those counts will be 
discarded. One could claim that this should not be a problem because counts with 
higher energy that the expected maximum should not occur. In reality, however, 
such counts do occur. The reason is that counts are displaced due to limited 
detector resolution so that what should look like a sharp surface edge in the energy 
spectrum in fact gets slightly smeared out, with some counts at higher energies. 
The simplest way to take these counts into consideration is to extend the 
energy binning from Eqs. (3.9) - (3.11) to include negative values of n (i.e. “negative 
depths”) until all counts are included. A further beneficial effect of this procedure is 
that an error in the ToF or energy calibration clearly shows up in the end result as 
profiles extending to large negative depths, and may therefore easily be identified. 

Similar algorithms to the one outlined here have been implemented in several 
more or less well developed programs. Two examples are Potku from the University 
of Jyväskylä, Finland and Allegria from the University of Montréal, Canada 
[263,264]. For the present work, Potku has been used as well as well as our own 
Matlab code CONTES, originally written by M. Janson. Fig. 3.6 displays the depth 
profiles calculated with Potku from the raw data of Fig. 3.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: ToF-ERDA depth profiles of species present in the layer deposited on an 
Inconel 600 block from the JET-ILW divertor as a result of plasma-material interactions. 
 

Many sets of depth profiles such as the one displayed here have been treated for 
Papers I and VI, where studies of deposits on limiter tiles from TEXTOR and 
divertor components from JET-ILW are reported. A relevant question posed in the 
latter paper, relating back to potential problems with the stepwise depth profiling 
algorithm, is whether exposure to the analyzing beam has modified the deposits’ 
composition enough to affect the reported results. ERDA is, after all, based on the 
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detection of sputtered ions and sputtering may very well modify a sample, as 
already discussed in Sections 2.1 and 2.3. In fact, the possibility of ion beam-
induced modification of the sample during measurement is a problem not only for 
ERDA but to some degree for all ion-beam methods discussed in this chapter. An 
estimation of the severity of the problem can be made by considering the typical 
beam current and spot size on the sample. ToF-ERDA measurements performed in 
the appended papers have almost exclusively used a 36 MeV 127I8+ beam carrying 
approximately 1 nA to the sample over a spot size of 1 mm2. The incoming ion flux 
is thus 
 

10 	A	
8 ∙ 1.602 ∙ 10 	C ∙ 10 	m

≲ 	10 /m s. 
 

Typical measurement times have been less than or around 103 s, giving a total 
primary ion fluence of 1018/m2. The sputtering yield for 127I impinging on, for 
example, carbon at 36 MeV is estimated by extrapolating from the limited data 
available for xenon in Ref. [202] and [265] to less than or around 1 at./ion. The 
incidence angle of 67.5° in the case of ERDA could potentially increase this number 
by almost an order of magnitude. The measurement may thus sputter up to 
1015 at./cm2 of carbon from a sample. Thicknesses of typical deposits of interest in 
this work are somewhere on the order of 1017 or 1018 at/cm2, as exemplified by 
Fig. 3.6. Sputtering by the analyzing beam is therefore close to negligible. A similar 
estimation for the MEIS measurements performed in Paper V shows an even 
smaller problem in that case with a total primary 4He+ ion fluence of less than 
1017/m2 at normal incidence. 

The fact that the issue with sputtering is rather insignificant for ion beam 
measurements in this work does not mean that ion-induced surface modification 
has not occurred at all. Rather, the main cause of such modification has been local 
heating of the sample under the beam spot due to the energy deposited by the 
beam. This leads to ion-induced release of elements that may leave the sample in 
gas form, as described in Ref. [266]. A model to describe ion induced release of 
hydrogen from amorphous carbon films is introduced in the same paper, and that 
model has subsequently been used also for deuterium release from deposits on 
fusion materials [267]. 

Attempts to take into account the release of deuterium and oxygen for ToF-
ERDA measurements with a 36 MeV 127I beam are made in Papers VI and XII. The 
number of counts in the region of the 2D data histogram corresponding the species 
of interest is compared to the number of counts coming from the substrate. By 
dividing the collected data into chronological slices with an equal number of data 
points per slice, and studying the ratio of these numbers, the release can be 
quantified. The substrate signal is assumed to vary only with fluctuations of the 
beam current, and any decrease of the ratio over time therefore indicates a loss of 
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the studied species. A fit to the evolution of the ratio can be performed with the 
following expression adapted from Eq. (6) of Ref. [266]: 
 

 1
. 

 

(3.13)

 

Here, Y(x) is the count ratio in slice number x with initial value Y0. V is the 
inverse of the final value and k is the characteristic time of the decrease from the 
former to the latter. Fig. 3.7 gives a fit of this kind, with free parameters Y0, V and k 
to the ratio of deuterium and nickel plus chromium signals for the data presented 
in Figs. 3.5 and 3.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Fit of Eq. (3.13) to ion-induced release of deuterium from deposited layer on 
Inconel 600 during ToF-ERDA measurement with 36 MeV 127I beam. Adapted parameters: 
initial value Y0 ≈ 0.032, final value 1/V ≈ 0.002, k ≈ 0.009 per slice. 
 

As demonstrated by the figure, significant release of deuterium may take place 
during ToF-ERDA measurements with a heavy primary ion species such as 127I. 
Oxygen has been observed to be subject to a similar effect, although less 
pronounced. It is reasonable to suspect that the same will occur for nitrogen, which 
can also be released from a sample as diatomic gas molecules. A possible way to 
compensate the atomic fractions in the stepwise depth profiling algorithm for this 
effect is to generate compensation factors, qi for each species as 
 

 , /〈 〉, (3.14)
 

where the angle bracket in the denominator indicates the average of the counts 
fraction Y(x) over the measurement for species i. The compensation factors can 
then be applied to the number of counts used to calculate the atomic fractions in 
Eqs. (3.8) and (3.12): 
 

 
, , . , .  

(3.15)
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The application of Eq. (3.15) to the measured yields corresponds to using the 
initial values, Y0,i for each species when calculating atomic fractions, instead of the 
average values over the measurement. This type of compensation is yet to be 
implemented in presently available analysis programs. 

The problem with ion-induced release is not nearly as severe for the other ion 
beam methods described in this chapter as it is for heavy ion ERDA. It is therefore 
relevant to ask why we want to use heavy primary ions when performing ToF-
ERDA. It is true that a lighter projectile at lower energy would lessen the release 
problem for a given primary ion fluence, but a heavier projectile has the advantage 
of providing a significantly higher recoil cross section, which scales with  and 

(mp+mt)2 as seen in Eq. (3.7). It requires, thus, less fluence in order to provide a 
given detection sensitivity by a factor that scales with the atomic number to 
something like the fourth power. The second argument for using heavy projectiles 
is related to a practical problem which arises when large amounts of primary ions 
scatter into the detector. The increased count rate due to these particles may 
increase the dead time of the detection system or give rise to pile-up issues. The 
maximum scattering angle for the projectile ion is 
 
 

arcsin . 
 

(3.16)

 

The formula applies in the case mp > mt, while projectiles lighter than the target 
may scatter in any direction. To avoid primary ions scattering into a detector placed 

at 45°, the projectile mass should be selected to fulfill mp/mt > √2 ≈ 1.4 for as many 
of the constituents of the sample as possible. During the measurement behind 
Fig. 3.5, for example, primary ions should only have been able to enter the detector 
if they scattered from tungsten. In practice, however, the iodine signal has two 
parts, a high energy part seen at the rightmost edge of the 2D histogram and a low 
energy part beneath the nickel and chromium signals. The high energy part comes 
from single scattering on tungsten, while the low energy part comes from dual 
scattering on other sample constituents. A final difference between light and heavy 
primary ions for ToF-ERDA is their different stopping powers in the sample 
matter. Heavy ions are stopped more effectively and thus provide an increased 
depth resolution but a decrease in probed depth. 

Since dual or multiple scattering, as just pointed out, clearly does occur during 
ToF-ERDA measurements, it is prudent to put some effort into determining 
whether the single scattering assumption in Step 3 of the depth profiling algorithm 
makes any sense. This question has been analyzed in detail, for example in Refs. 
[268] and [269]. The conclusion is that multiple scattering is most problematic for 
the low-energy portion of collected data and that it leads to tails extending to 
energies lower than those corresponding to recoils originating from the backside of 
the studied film. Similar tails are then produced in the depth profiles calculated 
with the stepwise algorithm and the total film thickness may be overestimated. A 
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test of the validity of the depth profiles can be performed by recalculating the 
energy spectrum using a Monte Carlo code such as MCERD [270] and comparing 
the results to the original data. 

An implicit assumption for Eqs. (3.9) – (3.11) is that the sample surface is flat. 
If that is not the case, i.e. if there are rough structures present on the same size 
scale as the typical analyzed depth, problems arise. It has already been suggested 
that the presence of rough structures gives a false impression of depth, but it 
actually also brings into question the whole notion of a “depth”. For example, 
consider the situation depicted in Fig. 3.8. Roughness in the form of periodically 
occurring rectangular protrusions is shown as an example here, and the red and 
orange lines indicate the trajectories of primary ions and recoils as in Fig. 3.4. In 
the presence of such roughness, how do we define the depth at which a scattering 
event has occurred? Should it be the distance D1, perpendicular to the mean surface 
plane or should it perhaps be the distance D2 to the closest spot on the surface? In 
any case we’re likely not interested in (D3+D4)cos(α), which is what will come out 
of the stepwise algorithm. 
 
 
 
 
 
 
 
Figure 3.8: Illustration of the problem with defining sample depth in the presence of 
rough surface structures.  
 

Due to the complication illustrated here, it is questionable whether depth 
profiles can even be specified in the presence of surface roughness. They could, if 
depth was clearly defined as for example either D1 or D2. The problem of actually 
calculating those depth profiles from raw ERDA data then remains. Methods exist 
for taking into account surface roughness when calculating energy spectra 
backwards from given sample compositions [271,272]. Doing the same for the 
present stepwise forward calculation algorithm constitutes an interesting problem, 
but it will not be treated in further detail here. 

In addition to the problems with ion beam-induced sample modification, 
multiple scattering and sample surface roughness, the tabulated stopping powers 
used in Steps 2-3 of the depth profiling algorithm may contain uncertainties. The 
output from SRIM-2010 is expected to deviate between 3.5% and 5.6% from 
experimental data. The major stopping power error, however, comes from the use 
of Bragg’s rule from which a measured value “usually deviates less than 20%” 
according to Ziegler and Biersack [248]. A final source of uncertainty for ERDA 
comes from the number of counts in each energy interval used in Step 5. Since this 

is a Poisson distributed quantity, a standard deviation of √  should be expected, 
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i.e. a relative statistical uncertainty of 1/√ . This applies, of course, also for the 
number of counts per bin for all of the other methods discussed in this chapter. 
 

3.6 Design of ToF-ERDA detector 

While focus so far has been on how to interpret and process ToF-ERDA data, 
the main question of Paper II is how that data is obtained. Since one wants to 
sequentially measure both the velocity and the energy of recoil ions, the first 
measurement must not significantly disturb the detected particles. If it does, the 
second measurement will be affected and the identification of counts may become 
more difficult. The practical way to achieve this is to first let the ion that is to be 
detected pass through two thin foils. In the present case those foils are made out of 
carbon with between 5 and 10 micrograms of material per square centimeter. The 
interaction between the ion and one of the foils does not significantly alter the 
energy of the former but leads to ejection of electrons that may be multiplied and 
detected. Each ion thus gives rise to a signal pulse in each foil setup and the time 
difference between these may be used as a measure of the ion’s velocity. Finally, the 
ion is stopped in an energy-resolving detector for the second measurement. 

It has been suggested that the energy detector should be of silicon diode type 
[273], and a system with such a detector was used for the measurements in Paper I. 
Two drawbacks were identified with that detector, however, namely that its 
resolution was poor for heavy elements due to charge carrier recombination and 
that it got damaged by an influx of heavy ions. The decision to set up a new system 
using a gas ionization chamber (GIC) for the energy signal was therefore taken. 
Paper II gives a thorough description of the system and a photograph is shown in 
Fig. 3.9. The experiment chamber (I) is seen to the right in this photograph, 
followed by the two ToF foil setups (IIa, IIb) and finally the GIC (III) to the left.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9: Photograph of ToF-ERDA detection system described in Paper II. 

I 

IIa IIb 
III 
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As most of the design parameters of the detector are covered in Paper II, this 
section is focused on a few topics that were left out of the paper. The first of these is 
the rationale behind the selection of the distance over which the flight time is 
measured. That distance must be long enough to provide adequate flight time 
resolution, but if it is too long the solid angle coverage of the energy detector will be 
inconveniently small. A smaller solid angle means longer measurement times and 
therefore an increased problem with ion beam-induced modification of the sample. 
Making the flight distance longer may also increase problems with pile-up in the 
system as every ion occupies the detector for a longer time, thus lowering the 
maximum allowable count rate. In order to make it possible to optimize the flight 
distance, an expression for the surface depth resolution achieved when using the 
flight time signal in Step 4 of the depth profiling algorithm is required. This can be 
obtained by first considering the energy calculated from the measured flight time, t. 
For a recoil ion of mass mrec: 
 

 1
2 2

, 
 

(3.17) 
 

where L is the flight distance. An error in the time measurement propagates as  
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This error in turn propagates to the calculated depth, D, yielding 
 

 
Δ Δ . 

 

(3.19)

 

Analogously to Eq. (3.4), Erec is obtained as a function of D as 
 

 
cos cos

. 
 

(3.20)

 

Since surface depth resolution is treated here, it can be assumed that the 
stopping power is unaffected by the energy loss in the sample. It is thus evaluated 
at the initial energy, , for the primary ion and at  for the recoil. 

Combining (3.18), (3.19) and (3.20) gives 
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The recoil energy from (3.18) has here been replaced by , again due to 

the fact that surface depth resolution is considered which allows neglecting the 
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energy loss from stopping. The depth resolution finally decreases as L-1 when the 
flight distance is increased. Putting in some numbers to get an idea of what this 
means in practice, consider for example the depth profiling of 16O in carbon with a 
36 MeV beam of 127I. Δ  is assumed to be 300 ps as stated in Paper II and the 
detector angle is 45°. Stopping powers are taken from SRIM-2013. 
 

0.199	;					 9.33	MeV/μm	;					 2.33MeV/μm	; 					 67.5° 

 

⇒ 	Δ
3.7	nm
	 m

. 

 
A surface depth resolution better than 10 nm in this case would thus require a 

flight length of at least 370 mm. A similar calculation for tungsten in molybdenum 
yields Δ  = 0.84 nm/L[m] while hydrogen in carbon gives 6.1 nm/L[m]. As it turns 
out, a heavy element like tungsten is rather well depth-resolved thanks to it’s large 
stopping power in any sample. Looking at the other end of the mass scale, the 
resolution for hydrogen is not spectacular. This is caused by a small kinematic 
factor which suppresses the contribution of primary ion stopping to the calculated 
depth. As seen from the present example, the selection of a flight length of 400 mm 
in Paper II gives a surface depth resolution on the order of 10 nm while preserving a 
decent solid angle coverage for the energy detector. 

A topic not included in Paper II, to which quite some time and effort was 
nevertheless dedicated is the investigation of the detection efficiency of the ToF 
system. It is known that the ToF produces a signal only for a fraction of all ions that 
pass through both foils. The term detection efficiency will here be used to refer 
precisely to that fraction. If the detection efficiency is different for different species, 
a compensation has to be included in the depth profiling algorithm in order to 
produce accurate profiles. Such a compensation is applied in both CONTES and 
Potku. It can, for example, compensate the collected number of counts similarly to 
Eq. (3.15) but with qi replaced by the inverse of the detection efficiency for species i 
at energy Erec,i,n,0. 

Detection efficiencies have been measured by having a single species enter the 
system, either through scattering of light primary ions from a heavy sample or by 
performing heavy ion ERDA on a single element sample with atomic mass such 
that primary ions were not scattered into the detector. An energy interval was then 
selected by considering all counts in a specific energy range from the GIC. All these 
counts must have been be due to ions that passed through both ToF foils (otherwise 
they could not have reached the GIC), so the detection efficiency was simply 
extracted as the fraction of the selected counts for which a coincident partner was 
seen in the ToF. The most systematic study of this type was carried out in the form 
of a student thesis project by E. Morast and E. Svantesson, and results are reported 
in Ref. [274]. As suggested in Ref. [273], it has been assumed that the detection 



3.6 DESIGN OF TOF-ERDA DETECTOR   | 61 

 

efficiency depends on the stopping power for the ions that are to be detected in the 
ToF foils, since the probability that a count is lost increases as the energy deposited 
in each foil decreases. The following empirical formula was fitted to the measured 
data: 
 

 exp , (3.22)
 

where x is the stopping power in the foils and A to D are fit parameters. An example 
with a few data points and the fit from Fig. 8 of Ref. [274] is given in Fig. 3.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: Fit of Eq. (3.22) to values of the detection efficiency for the ToF system from 
Paper II, measured by scattering light ions from a gold film. Scattered ions: 2 MeV 1H, 
4 MeV 7Li, 8 MeV 7Li, 12 MeV 7Li, 14 MeV 12C and 20 MeV 12C. Adapted parameters: 
A = 0.9562, B = -0.9242, C = -0.05204. Fixed parameter: D = 1. 
 

The efficiency curve has been re-measured after venting of the system for 
exchange of ToF foils and it has been noted that the upper part, x ≳ 150 eV/(1015 
at./cm2), is stable and lies close to unity. Quantification of elements heavier than 
carbon can therefore be done rather accurately even without efficiency 
compensation. The most critical need for compensation occurs instead for 
hydrogen, helium and lithium, where the curve drops to lower values. In the 
corresponding range of stopping powers, the efficiency measurements have 
unfortunately shown a dependence on the vacuum quality in the proximity of the 
ToF foil setups. This introduces an uncertainty in the quantification of light 
isotopes, especially those of hydrogen, with the present system. On the positive 
side, a comparison between NRA data and ToF-ERDA compensated for both 
detection efficiency and ion-induced release is performed in Paper VI and shows 
reasonable agreement between the methods for deuterium quantification. 

A notable feature of the ToF-ERDA detection system, which is brought up in 
Papers II and VI comes from the realization that only one of the measured signals is 
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needed for depth profiling. As previously indicated, the ToF-signal is usually used 
since it provides the best resolution. The energy signal is therefore only required for 
identification of counts. As such, one does not necessarily need to measure the 
energy specifically, as long as the property that is measured can give an adequate 
method for performing the aforementioned identification. To provide a chance to 
make use of this flexibility in the analysis, the GIC used in the present setup 
features an anode that is segmented into four parts. Paper II provides a detailed 
account of the geometry of the detection volume and examples of how counts can 
be identified. 

A specific method that is implemented for one measurement in Paper VI rests 
on the collection of three signals. These are the ToF signal, the signal from the first 
anode segment in the GIC, and that from the remaining three segments connected 
in parallel. Instead of just measuring flight time and full energy, the setup thus 
provides two partial energy signals coming from stopping of particles in two 
consecutive regions of the detection gas volume. The idea of collecting several 
partial energy signals in a GIC itself is not new. Ref. [262], for example, shows data 
where two such signals have been recorded; so-called ∆E-E measurements. 
Returning to the example from Paper VI, the first anode signal for light ions gives a 
measure of their stopping power in the detection gas, as they lose only a relatively 
small fraction of their energy in the first detector region. 

The same type of ToF-ERDA measurement has been performed with a 36 MeV 
127I beam on a beryllium flake from the so-called upper dump plate in JET, 
collected after plasma operation that caused it to melt partially. The obtained data 
is used here to demonstrate the possibility to identify counts. A photograph of the 
partially molten flake is shown in Fig. 3.11, and the raw data from the ToF-ERDA 
measurement is given in Fig. 3.12. The upper plot has the ToF signal on the y-axis 
and the first partial energy signal on the x-axis, whereas the lower one has the sum 
of the partial energy signals on the x-axis. The latter thus recreates a full energy 
spectrum like the one from Fig. 3.5. 

The stopping power based separation in the upper plot demonstrates identi-
fication of elements by atomic number. This is to be expected, as the atomic 
number of an ion governs its interactions with electrons and thus determines the 
value of the electronic stopping force. Something perhaps more striking is the 
excellent mass resolution obtained in the lower recalculated full energy plot. When 
comparing it to Fig. 3.5, where the full energy was measured directly, an improved 
resolution is seen for the multiple anode signal approach. While 14N and 16O barely 
provide room for another signal between them in Fig. 3.5, the same signals in 
Fig. 3.12 leave ample space for the identification of 15N. Recalling the beginning of 
Chapter 2, such separation is highly desirable from the point of view of 15N tracer 
detection which this measurement thus readily enables. 

The critical difference between the experiment settings for Figs. 3.5 and 3.12 
might not necessarily be the use of a segmented anode itself. The gas pressure in 
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the detector was 45 mbar for Fig. 3.5, and the full energy signal was extracted from 
the first three anode segments connected in parallel. For Fig. 3.12 on the other 
hand, the gas pressure was only 15 mbar and significant care was taken to cycle gas 
through the detector before starting the measurement in order to minimize the 
amount of oxygen in the detection volume. These measures likely helped reduce the 
amount of charge carrier recombination that occurred in the gas, thus improving 
resolution by minimizing pulse height defects [275]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Partially molten and re-solidified beryllium flake from JET on which ToF-
ERDA was performed with the detection system from Paper II. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: ToF-ERDA data obtained with separate signals from the first and 
subsequent three anode segments in the GIC as described in Paper II. Upper plot: flight 
time vs. the first anode signal, lower: full energy obtained by summing the anode signals. 
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The example provided on the previous pages demonstrates that the possibility 
to vary the gas pressure in the GIC and the selection of anode segments from which 
to extract signals can lead to improved mass resolution as compared to simply 
measuring the full energy of recoil ions at some standard pressure. The present 
method might not constitute the best possible choice, and further experimentation 
on the topic is therefore likely to be of interest. In the case of the beryllium flake 
from JET, the comparatively high surface roughness makes depth profiling 
unreliable. The data can be used rather to analyze the average fractions of species 
occurring in the first micrometer or so beneath the sample surface. In order not to 
not to deviate too much from the content of the appended papers that analysis will 
not be further discussed here. 

All ion beam data presented until this point, except that from ToF-MEIS, was 
obtained with the FAST MPA-3 data acquisition system from ComTec GmbH. In 
order to provide a simple way to perform preliminary analysis of such data, 
especially that obtained with three or more analog to digital converter (ADC) data 
acquisition cards, the Python program pylist was written as a part of the present 
work. It uses Cython [276] for efficient reading of binary list mode (.lst) files and 
application of coincidence criteria. Further, it features some simple functions like 
adding of signals from two different ADCs, combining (appending) data from 
different files, adding a constant offset and generating 1D or 2D regions of interest 
(ROI). As every operation yields a new dataset, several functions can be applied 
consecutively which allows for rather complex data filtering. Finally, visualization 
of 1D or 2D histograms is performed with the pyplot framework [277]. All 2D 
histograms of ToF-ERDA data presented in this chapter were produced with pylist. 
As the list mode format saves data with timestamps in the same order as it is 
recorded, a certain time fragment of a measurement can be extracted and ion 
induced release of gases can be easily investigated. Least square fitting of Eq. (3.13) 
is included in pylist’s Yield Change-function. 

While used here only for treating ToF-ERDA data, pylist has turned out to be 
practical for other applications where coincident signals from several ADCs are 
generated, especially micro-beam PIXE and NRA. A screenshot of the user 
interface is shown in Fig. 3.13. I will gladly supply the program to anyone who may 
want it either as Python code or bundled with the Python interpreter in the form of 
a Windows executable. 
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Figure 3.13: Screenshot of the graphical user interface in pylist; a Python/Cython 
program for treatment of binary list files with coincident events from up to 8 ADCs, written 
to simplify analysis and visualization of data from the detection system in Paper II. 
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Chapter 4 

Results from surface analysis 
on plasma-facing materials

The previous chapters have provided a background to fusion research in general, a 
motivation for material characterization in particular and an introduction to 
available analysis methods. The appended papers have also been put in a context 
and some of the results obtained in them have been examined. In this relatively 
short final chapter, the results are discussed further and the contribution to the 
overall research effort from the present work is stated. As already indicated, that 
work can roughly be divided into three categories: 
 

(i) Analysis of materials exposed in the tokamaks TEXTOR and JET, 
primarily with ToF-ERDA as presented in Papers I and VI. 
 

(ii) Design and assembly of a ToF-ERDA detection system in Paper II. 
 

(iii) Studies of surface enrichment of tungsten and tantalum in RAFM steel 
and FeW model films deposited on silicon, with an emphasis on results 
obtained with ToF-MEIS in Papers III-V. 

 
Details on the ToF-ERDA detection system were treated in the previous 

chapter. In the context of the present discussion, it can be noted that apart from 
being used for Papers IV, V and VI, the system provides an important improvement 
of capabilities for continued research. The possibility to identify selected light 
isotopes and simultaneously resolve signals from tungsten and molybdenum is 
essential when it comes to studying transport of tracers in fusion devices, as 
exemplified by the discussion on 15N and 18O in Section 4.1. In addition, the system 
has been extensively used for studies in other fields on topics as varied as films for 
photochromic or electrochromic devices [278,279] and hard coatings [280-282], 
further validating it as a worthwhile addition to the Tandem Laboratory’s material 
analysis tools. 

The studies in categories (i) and (iii) neatly exemplify the two available 
approaches for experimental material research in the field of fusion. The former 
deals with materials that have been exposed in fusion devices while the 
latter involves controlled laboratory experiments on plasma-induced surface 
modification. As noted in Section 2.2, both of these approaches are useful when it 
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comes to forming an understanding of PWI processes. Conclusions drawn therefore 
contribute to the overall goal of providing knowledge on material migration: 
erosion, transport and re-deposition. The results are discussed separately in the 
following subsections, starting with those from category (i). 
 

4.1 Tokamak wall components, probes and tracer studies 

Paper I reports some of the first results found with IBA on components retrieved 
from TEXTOR after its decommissioning in December 2013. The study was 
significantly expanded upon by A. Weckmann [209,218] with a final review in 
Paper XV, but some relevant conclusions could be drawn already in Paper I. First, 
molybdenum injected into the machine in the form of MoF6 was observed to be 
deposited in the vicinity of the injection point, indicating a transport mechanism 
where atoms are promptly deposited after ionization. The idea is that injected 
molecules get decomposed and ionized upon entering the plasma and molybdenum 
ions hit the wall during their first gyro orbit [283]. They may then get re-eroded 
and promptly re-deposited etc., leading to a stepwise smearing out of the 
concentration around the injection point as described for tungsten in Ref. [213]. 
Longer range transport of molybdenum, i.e. on a scale comparable to the size of the 
machine, was limited during the experiment described in Paper I (see also, for 
example, Fig. 15 b in Paper XV). A similar observation was made for tungsten in 
JET in Paper VI, where an elevated concentration was found on components from 
the divertor corners when the plasma strike point was close, providing a local 
source due to erosion. 

The highest concentration of fluorine in Paper I was also found close to the 
MoF6 injection point. Compared to molybdenum, however, a larger fraction of 
fluorine had been transported to the opposite side of the vacuum vessel, verifying 
that prompt deposition is less effective for lighter elements. 

Another result from the same paper concerns the deposition of the tracer 
isotope 15N. It was injected into TEXTOR 90° toroidally from the MoF6, but its 
largest concentration was found in the same deposits that showed the highest 
content of molybdenum, that is to say once again close to the MoF6 inlet. This 
shows that nitrogen deposition is enhanced either as a result of the local process of 
erosion and prompt re-deposition of molybdenum or due to the modification of 
plasma parameters in front of the MoF6 injection point. A not too far-fetched 
hypothesis is that a similar effect might occur for other elements as well, providing 
a mechanism for co-deposition. 

It is noted in Paper XV that only a relatively small fraction of the injected 
species were estimated to have been deposited on the studied wall elements. For 
15N the fraction was 26%, for 19F 19% and for molybdenum 10-20%. The 
experiment with tungsten described in Ref. [213] shows a similar result, with only 
8-13% of injected atoms deposited on limiters. 
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Further quantitative results on deposition are given in Paper VI. The most 
important of these is probably the typical thickness of deposited layers on compo-
nents in the divertor corners of JET-ILW; a few hundred nanometers after a full 
campaign. This can be compared to JET with carbon wall, in which up to 7 μm 
thick layers were seen on mirrors from the outer divertor and even thicker layers 
from the inner divertor [284], at positions similar to those of the components 
studied in Paper VI. The difference is well in line with the previously reported 
reduction of deposited layer thicknesses by one order of magnitude in JET-ILW 
compared to JET with carbon wall [285]. 

The presence of similar atomic fractions of deuterium in beryllium/oxygen 
layers as in carbon-rich layers is notable. One would perhaps expect a higher 
fraction in the carbon-rich layers due to hydrocarbon formation, but it would 
appear that the beryllium/oxygen layers also display a significant capacity for 
retaining hydrogen isotopes. A possible explanation could be related to formation 
of beryllium deuteride, which has previously been observed in beryllium layers 
produced in the linear plasma device PISCES-B [286]. 

A striking observation related to the results in Paper VI is the absence of 15N 
from the surfaces of all studied components. During the measurements behind the 
tables reporting areal densities, an effort to detect the isotope was made but it was 
not found at any of the examined points. An example of active data filtering with 
pylist to look for 15N is shown in Fig. 4.1. The data treated here comes from the 
cover for quartz microbalance 1, after JET-ILW campaigns 1 and 2 (see details in 
Paper VI). The upper graph shows the full dataset obtained with ToF-ERDA, 
plotted with flight time vs. first anode signal similarly to the upper graph in 
Fig. 3.12. The counts in the ROI indicated by the overlain black line have been 
isolated and plotted with the sum of the anode signals on the x-axis in the lower 
graph. All counts are then found on a single curve, indicating that only one nitrogen 
isotope (14N) is present. There are a few isolated counts below the 14N-curve, which 
might be attributed to 15N, but nothing like the clear signal seen on the beryllium 
flake from the previous chapter in Fig. 3.12. 

This example constitutes a demonstration of the simplicity with which data may 
be sorted using pylist. Similar results as those displayed in Fig. 4.1 were obtained 
on all quartz microbalance covers studied after JET-ILW campaigns 1 and 2. For 
the other components treated in Paper VI, only flight time and full energy were 
measured. That data showed no indication of measurable quantities of 15N, 
although the possibility of a faint signal, obscured by the low-energy tail of the 16O 
signal can not be entirely dismissed. The beryllium flake collected from JET’s upper 
dump plate in 2017, after the third ILW campaign, thus seems to display a much 
clearer 15N signal than the components from the divertor corners treated in Paper 
VI. Conversely, the components retrieved from the divertor corners after the third 
campaign show distinct signals from 18O, as described in the paper, while the flake 
does not. 



70 |   CHAPTER 4. RESULTS FROM SURFACE ANALYSIS ON PLASMA-FACING MATERIALS 

 

Both 15N and 18O were injected into JET during the last few operation days of 
the third ILW campaign, so the different amounts of deposited species on different 
components would seem to demand an explanation. An obvious potential source 
for such an explanation is the different injection locations for the two isotopes. 
While 15N2 gas was injected through JET’s GIM10, a ring of inlet points in the outer 
divertor side, 18O2 was injected through GIM11 at the base of the inner divertor. 
This could certainly explain why 18O was found on all of the components from the 
inner divertor corner in Paper VI, especially considering the high oxygen affinity of 
the beryllium in the deposits, although it was also found in one point on quartz 
microbalance cover 5 from the outer divertor. A complete explanation is not offered 
here, as it would require additional data from main chamber wall elements. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: ToF-ERDA data from quartz microbalance cover 1 retrieved after having been 
present in JET during ILW campaigns 1 and 2. Upper: all data with first anode signal on 
the y-axis and flight time signal on the x-axis. Lower: counts from nitrogen ROI with flight 
time signal on the y-axis and added anode signals on the x-axis. 
 

So, what does all this mean for the development of fusion power? The 
occurrence of prompt re-deposition of heavy species indicated in the MoF6 experi-
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ment suggests that the net material removal rate from a given location would be 
smaller than that expected when only considering sputtering yields. As a result, the 
improvement in erosion resistance when switching from a carbon wall to, say, 
tungsten could potentially be even larger than one would initially estimate. On the 
other hand, as shown both in Paper I and Paper VI, while pure solid metal is 
initially eroded, re-deposition gives rise to mixed layers that may peel off and 
generate dust particles. One should also remember that the prompt deposition of 
injected molybdenum and the prompt re-deposition of eroded atoms are different 
processes, which both occurred simultaneously during the experiment in question. 
In a case without local gas injection, prompt re-deposition may well be less 
efficient. The results from continued studies after Paper I, especially in Paper XV, 
are valuable in the sense that they give an idea about the rate and range of material 
transport for both light and heavy elements, albeit under experimental conditions 
quite different from those that will occur in a prospective demonstration reactor. 

When it comes to Paper VI, the high deuterium fraction measured in beryllium/ 
oxygen deposited layers is a bit discouraging since part of the motivation to switch 
from a carbon wall was exactly to reduce fuel retention. The layers are much 
thinner than comparable ones from JET with carbon wall, however, so the total 
amount of retained deuterium is still reduced by an order of magnitude. As stated 
in Section 2.1, beryllium is not going to be used in a DEMO reactor. The possibility 
for hydrogen isotope retention due to the formation of beryllium hydride could 
therefore only constitute a possible problem for ITER. For subsequent devices, 
other metal hydrides may be of interest, but further speculation on the topic will 
not be conducted here. 

In addition to the conclusions discussed so far in this section, Papers I and VI 
have contributed to the constantly expanding general knowledge base on material 
transport in fusion devices. Especially Paper VI, which contains a comparatively 
large set of ToF-ERDA measurements on several samples from different locations 
in the divertor corners, may be used as a reference for the typical elemental 
composition and thickness of deposited layers in that region of JET-ILW. 
 

4.2 FeW films and RAFM steel 

The studies of reduced activation steel and model films in the context of the present 
work started with Paper III. The idea behind that paper was to explore the 
possibility to quantify tungsten in fusion-relevant samples with IBA and identify 
research opportunities. As it turned out, the topic of continued interest was depth 
profiling of the tungsten enriched layer in RAFM steel after erosion by deuterium 
ion bombardment. The mechanism by which such surface enrichment takes place 
has been discussed in Section 2.3. Paper III introduced ToF-MEIS as a method for 
studying the enriched layer and showed that it is possible to use it to obtain depth 
profiles. The preliminary study was, however, rather poorly carried out. First, it 
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treated only one EUROFER97 sample and one FeW model film. Second, it did not 
take surface oxide into account. Finally, Table 1 in Paper III, which states atomic 
compositions, is slightly misleading when it comes to the EUROFER97 sample 
(“Sample A”). The reason is that the given composition comes from IBA 
measurements on the backside of the sample, which was assumed to be unmodified 
by the deuterium plasma exposure. Instead of giving the fractions of all the 
sample’s constituents, only those signals that could be distinguished were treated. 
The result is that tungsten and tantalum were reported together as “W” and that 
both manganese and vanadium were counted into the signal labelled “Fe+Cr”. 

Except for these oddities, the composition is similar to that which is properly 
reported in Paper V as well as Table 2.2 in Section 2.3. It can thus be noted that the 
tungsten plus tantalum fraction in EUROFER97 samples studied for this work has 
been slightly higher than the nominal 0.38 at.%, with 0.5 at.% in Paper III and 
0.46 at.% in Paper V. For the analysis and interpretation of data in Paper III, 
emphasis was put on reproducing the tungsten signal recorded with ToF-MEIS on 
the FeW model film by a detector placed at a backscattering angle of 110°. 
Unfortunately, as can be seen from the poorly reconstructed iron signal in that 
case, the measurement was affected by surface roughness which is to be expected 
since the outgoing particle angle was β = 70° from the surface normal. As such, the 
data at 155° backscattering gives a better idea of the layer thickness, and the TRBS 
simulation in Paper III seems to be based on a layer structure that goes down to a 
sample depth which is slightly too large. 

Paper IV features a more systematic study with several FeW model films and 
only includes 155° backscattering data. Also in this case the analysis lacks a proper 
treatment of surface oxide. The re-evaluation of the data presented in Fig. 3.2 of 
Section 3.2, however, shows that the depth profiles given in Paper IV were rather 
accurate. The tungsten profile for the sample exposed to 1023 D/m2 is also 
surprisingly similar to that given in Paper III, considering the oversights in the 
analysis for the latter as discussed above. As pointed out in Paper IV, since surface 
oxide is neglected, the reported depth profiles in that paper treat the ratio of 
tungsten to iron plus tungsten rather than the actual atomic fraction. This is true 
also for Paper III, although not explicitly mentioned there. Fig. 3.2, on the other 
hand, gives the atomic fractions with oxygen included. Note that much of this 
oxygen originated from the sample exposure to air after the erosion experiments, as 
also discussed in the papers. It should nevertheless be included in the analysis to 
yield correct results, even though the reported quantity is the tungsten to total 
metal ratio. 

Paper V constitutes by far the most complete and well structured study among 
the three appended papers that deal with topic of tungsten and tantalum surface 
enrichment. It contains both a sequence of 5 samples exposed to different 
deuterium ion fluences and 4 samples exposed to the same fluence at different 
temperatures. The analysis is improved after the lessons learned in Papers III and 
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IV, and takes into account surface oxide. Modification of the surface morphology, 
especially the increase of surface roughness after plasma erosion are carefully 
studied with both AFM and optical microscopy and a rather complete picture of 
erosion of RAFM steel by 600 eV D  ions is thus provided. From all three papers 
combined, the following conclusions may be drawn: 
 

 In both FeW model films and EUROFER97 samples, a measurable surface 
enrichment of tungsten (and tantalum) as well as a clear modification of 
surface morphology occurs after 600 eV D  bombardment at fluences equal 
to or larger than 1023 D/m2. 

 
 The atomic fraction of tungsten (and tantalum) after exposure is highest at 

the sample surface and decreases with depth. Table 4.1 gives all surface 
fractions measured for EUROFER97 and FeW films in Papers III-V, the 
corresponding deuterium ion fluences and the factors by which the surface 
fractions have increased from those in the bulk material. The fractions 
are given here, like in the papers, as the ratio of the atomic densities of the 
elements in question to the total metal content i.e. iron plus tungsten in the 
FeW films and the sum of tungsten, tantalum, iron, manganese, chromium 
and vanadium in EUROFER97. 
 
Ion fluence 
[D/m2] 

Sample 
type 

Exposure 
temp. [K] 

Bulk 
[%] 

Surf. 
[%] 

Increase 
factor 

Paper 
# 

1023 FeW film 570* 1.4 17.0 12 III 
1023 FeW film 300 1.7 17.3 10 IV 
1023 EUROFER 300 0.46 2.3 5 V 
1023 EUROFER 750 0.46 ≈ 2.3 ≈ 5 V 
1023 EUROFER 900 0.46 > 2.3 > 5 V 
1023 EUROFER 1050 0.46 > 2.3 > 5 V 
5×1023 EUROFER 300 0.46 8.5 18 V 
1024 FeW film 300 1.7 24.0 14 IV 
1024 EUROFER 300 0.46 12.0 26 V 

Table 4.1: Average fraction of tungsten (and tantalum) to total metal content in 
the top 2 nm beneath the surface of samples after exposure to 600 eV D  ions. The 
numbers given for EUROFER97 samples include tantalum while those from FeW 
films treat tungsten only. *Note that the FeW sample from Paper III was exposed at 
a temperature which was shown to cause silicon from the substrate to diffuse into 
and/or chemically react with the film in Paper IV. This, in combination with the 
previously described shortcomings related to the analysis of the sample in question, 
suggests that the result may not be as trustworthy as those from Papers IV and V. 
 

 The enriched layer thickness after exposure to 1023 D/m2 is on the order of a 
few (≈	 5) nanometers. It keeps increasing with higher fluences, but 
significant roughening of the sample surface makes it difficult to clearly 
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define a thickness (see Fig. 3.8 and related discussion). All samples exposed 
to more than 5×1023 D/m2 seem to have been affected down to a depth of at 
least 20 nm. 
 

 For the FeW films exposed at room temperature, the surface morphology 
changes are in the form of the appearance of protrusions or “needle-like 
structures” with heights on the order of a few tens of nanometers. Structures 
of a similar kind are seen on EUROFER97 exposed to 1024 D/m2 in Paper V, 
but flatter regions are also present, in agreement with the observations made 
in Paper XIII. After exposure to 1023 D/m2 at room temperature, the 
morphology changes in EUROFER97 are limited to distinct height 
differences occurring at grain boundaries. The erosion rate, as well as the 
evolution of surface morphology thus seems to be grain-dependent. 

 
Papers III-V are by no means the only papers treating tungsten and tantalum 

enrichment in RAFM steel that have been published recently. A similar study has 
been performed in Ref. [287], where the enriched layer was resolved with ToF-RBS 
instead of ToF-MEIS. The surface fraction of tungsten and tantalum after exposure 
to 1023 D/m2 in Table 4.1 can be compared to the simulated results in Fig. 6 of said 
reference. While the value of 2.3% found for EUROFER97 with a bulk fraction of 
0.46% in Paper V is very similar to that indicated in the figure, the values for FeW 
films in Papers III-IV are higher than the simulated ones by a factor between 2 and 
3. In any case, the not so surprising trend indicating that the surface fraction after 
deuterium ion exposure is higher for samples with a higher bulk fraction is seen 
both here and in Ref. [287]. The enriched layer thicknesses and depth profiles from 
Papers III-V are also similar to those obtained with ToF-RBS, displayed in Fig. 4 of 
the same reference. 

While it has been suggested in Paper XIII among others that plasma exposure of 
EUROFER97 at elevated temperatures could lead to a reduction of surface 
enrichment due to diffusion, Paper V rather shows the opposite. Exposure at 900K 
and 1050K leads to an increase of the tungsten and tantalum surface fraction by a 
factor between 1.5 and 2. This result has been reproduced in Ref. [287], with an 
even clearer increase of the enrichment at 900K, which is explained by surface 
segregation [288].  

Another recent study is presented in Ref. [289]. It verifies the increase of the 
tungsten surface fraction and accompanying reduction of the total sputtering yield 
with increased deuterium ion fluence at several irradiation energies. It further 
suggests that the physics model implemented in the simulation program SDTrimSP 
(the same one used for the simulations in Ref. [287]) might not correctly describe 
enrichment in very thin layers, as it fails to reproduce the measured erosion yields 
for several deuterium ion energies, among them 200 eV/D. This could explain the 
discrepancies from the simulation results for FeW films noted above. The electron 
microscopy images also presented in Ref. [289] verify the grain-dependent erosion 
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observed in Papers V and XIII as well as the occurrence of protrusions. Two causes 
for the protruding structures have been suggested. Ref. [289], similarly to Paper IV, 
suggests that they are due to an uneven initial distribution of tungsten. The regions 
where a relatively high fraction of tungsten is present get eroded more slowly than 
their surroundings and thus become the tops of the protrusions. Paper XIII 
indicates that smaller protrusions on the size scale below 5 nm are nano- 
particles due to oxide formation. Both explanations may, of course, hold true 
simultaneously. 

All in all, Papers III-V contribute to a rather coherent idea about RAFM steel 
erosion, which is expanded and completed by the references provided here as well 
as those therein. With this, an overview of the results and implications of all 
appended papers has been given. The papers naturally go into further details, but 
the present discussion is sufficient to describe the contributions made. As such, this 
chapter, and indeed this entire thesis is hereby concluded. I thank you, dear reader, 
for not having lost interest during the way and hope that this document has helped 
increase your understanding of the treated topics. 
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a b s t r a c t

Wall components retrieved from the TEXTOR tokamak after tracer experiments with nitrogen-15 and
molybdenum hexafluoride (MoF6) injection were studied to determine deposition patterns and, by this,
to conclude on material migration. Toroidal limiter tiles made of carbon fibre composites and fine grain
graphite were examined using time-of-flight heavy ion elastic recoil detection analysis. Molybdenum
deposition patterns indicated migration based on erosion and prompt re-deposition. Nitrogen-15 was
trapped together with the deposited molybdenum. Some information on the depth distribution of
species in the top 400 nm layer of the limiters was obtained; however surface roughness of the samples
strongly limited resolution. In the case of molybdenum, the largest concentration was found in the
100 nm outermost layer, whereas fluorine and nitrogen-15 displayed more irregular profiles. Other
species, besides deuterium fuel and carbon-12, were also identified: boron-10 and boron-11 originating
from boronisations, carbon-13 from earlier tracer experiments, nitrogen-14 from plasma edge cooling
and metals eroded from the Inconel wall.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Controlled fusion devices with magnetic confinement feature
toroidal vacuum vessels that belong to the largest vacuum systems
used in science and technology today. For example, the vessel
volume is 100 m3 in the Joint European Torus (JET) which is the
largest present-day tokamak, while around 1600 m3 is the design
value for the International Experimental Thermonuclear Reactor
(ITER) [1]. Consequently, the surface area of the plasma-facing wall
is of the order of tens of square meters in smaller fusion devices,
nearly 200 m2 in JET and 850m2 is projected for ITER. The structure
of the wall is highly complex. This is demonstrated in Fig. 1a, which
shows a toroidal view into the vacuum vessel of TEXTOR, a
medium-sized tokamak (volume 10 m3, wall area 37.5 m2) that was
operated until December 2013 at Forschungszentrum Jülich, Ger-
many [2].
The major plasma-facing components (PFCs) are the limiters of
various kinds (marked in Fig. 1a), i.e. high heat flux (HHF) compo-
nents that limit the plasma to protect other components from the
direct impact of particle fluxes. As a result of plasmaewall inter-
action (PWI), plasma-facing components, especially HHF parts,
undergo significant modification [3e7] under the impact of ener-
getic particles. Material erosion occurs, followed by the transport of
eroded species (ionized atoms and molecules) in the torus and,
eventually, the deposition of those species that were not pumped
out. Such deposition often occurs together with fuel atoms, i.e.
hydrogen isotopes, forming mixed material layers referred to as co-
deposits. The properties of co-deposits usually differ significantly
from those of the original wall material. Considering these facts,
topics of primary interest in PWI studies include the assessment of
fuel retention in the wall and material lifetime. The latter calls for a
detailed determination of the entire material migration cycle:
erosion e transport e deposition e re-erosion, etc. [3,4,8,9]. These
processes occur for every material exposed to plasma, but to
various extents [4]. There is no ideal wall material that can meet a
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Fig. 1. (a) Toroidal view inside the TEXTOR vacuum vessel with all limiters (including the test limiter) marked, (b) a magnified image of the MoF6 inlet and (c) a scheme of the ALT-II
limiter seen from above, with the location of the MoF6 gas inlet marked by a small circle and the analyzed tiles marked with crosses.
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full range of requirements including high thermal conductivity,
resistance to thermal shocks, low radiation losses by eroded im-
purity species, low erosion rate and low fuel retention. Carbon
materials, especially graphite and carbon fibre composites, were
considered as primary choices for a long time. As such, they were
installed in most tokamaks, also in TEXTOR and, until 2009, in JET.
However, high fuel retention connected to the formation of hy-
drocarbon layers motivated tests of other low-Z candidates, espe-
cially beryllium, for areas of moderate power loads (below
5 MW m�2) and tungsten for HHF components. These two mate-
rials have been used since 2011 for the ITER-Like Wall in JET [10,11]
and, after successful experiments [12,13], the same combination
has been chosen for the wall of ITER. Preparations for ITER and
subsequent reactor operation require comprehensive research
regarding the behavior of high-Z metals in tokamaks, e.g. fuel
retention and material migration under the impact of plasma im-
purities such as carbon, oxygen or other gases injected deliberately
into the torus for plasma edge cooling [6,7,9,14]. The last category
comprises predominantly nitrogen but also neon and heavier noble
gases are tested. As a consequence, questions appear regarding
nitrogen transport, reactivity with wall components and deposition
that may lead to long-term retention. To answer these questions,
tracer techniques are used [14,15]. They are based on the design of
dedicated experiments in which one applies various marker tiles,
wall probes and/or marker gases. A normal course of action is to
develop suchmethods in a medium-size machine and then transfer
the procedures to a large tokamak. The techniques have, thus, been
developed and tested in TEXTOR, whose mission was strongly ori-
ented towards PWI studies. Over the years, many experiments have
been performed with rare, non-radioactive isotopes such as
carbon-13 in the form of 13CH4 to determine carbon transport
[6e8,16e19], nitrogen-15 [20e24] and oxygen-18 [2,24,25]. For
tungsten transport studies, a volatile hexafluoride, WF6, has been
used [9,26].

Following an experimental campaign, carried out with or
without markers, some in-vessel components are retrieved from
the torus and studied ex-situ. In the design of marker experiments
there are at least two indispensable elements: availability of a
marker and availability of methods to detect and measure it
quantitatively on surfaces. Accelerator-based ion beam analysis
(IBA)methods are very useful in studies of PFCs, as described earlier
[27e29]. They are quantitative, highly sensitive, allow depth
profiling even up to over 10 mm in some substrates and one can
selectively determine light isotopes on surfaces. For instance, the
analysis of deuterium by nuclear reactions is here of extreme
importance. In the case of tracer experiments performed at the very
end of experimental campaigns, one is interested in the composi-
tion of the surface region of PFCs or special probes. In this field,
time-of-flight heavy ion elastic recoil detection analysis (ToF-
HIERDA) plays a special role, as in a single measurement one may
quantify light isotopes with atomic mass up to about 20 amu and
also detect heavy species, although with poorer mass resolution
(see Figs. 3 and 4 and the related paragraphs below for a more in-
depth discussion on resolution). A detailed description of the
technique is presented in Ref. [30].

The aim of this work was to determine, by ToF-HIERDA, the
atomic composition of PFCs from TEXTOR in the 400 nm layer
closest to the surface, and on this basis to conclude on high-Z
material migration as well as to verify the particular usefulness of
the technique in detecting light tracers. The distributions of a tracer,
nitrogen-15, and a high-Z element, molybdenum, have therefore
been in focus. Other species: boron, used for wall conditioning
[31,32], 14N from edge cooling discharges and fluorine from the
molybdenum hexafluoride that was used to provide molybdenum
in a gas state, have also been studied.

2. Experiment

The experiments were performed in the TEXTOR tokamak (see
Fig. 1a). Its main PFCs are: the belt toroidal limiter, also known as
the Advanced Limiter Test (ALT-II), poloidal limiters at the top and
the bottom of the machine and the inner bumper limiter being a
shield for the Dynamic Ergodic Divertor (DED). Molybdenum
hexafluoride and nitrogen-15 were puffed into discharges heated
by neutral beam injection. The procedure was similar to that
employed in the case of WF6 puffing in earlier experiments [9].
Tungsten has been used in TEXTOR in many other experiments and,
as a consequence, a relatively high W background was expected to
be seen on many PFCs. This fact motivated the choice of molyb-
denum to examine high-Z transport as a substitute for tungsten.

MoF6 and 15N2 were introduced during 31 and 22 discharges
respectively. The typical discharge time was 8 s. 15N2 puffing took
place between 1 and 5 s, whereasMoF6 injectionwas done between
0.8 and 1.8 s (in all but two discharges, during which it lasted until
2.8 s instead). A total of 1.4∙1021 MoF6 molecules and 5.3∙1021 15N
atoms were estimated to have been introduced into the machine.
Approximately 30%e50% of the MoF6 entered the plasma and the
rest is assumed to have been retained in the inlet system.



Fig. 2. Sample positions on ALT tiles: (a) Blade 5, Tile 14: upper corner tile, (b) Other
tiles (including lower corner Tile 5-28, where same scheme was applied). Directions
are such that the right edges of tiles here displayed are pointing in the clockwise di-
rection in Fig. 1c.
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MoF6 was introduced from a localized source using a gas inlet in
a roof-shaped test limiter (shown in Fig. 1b), operated from a lim-
iter lock located in the bottom of themachine: between Blade 5 and
Blade 6 of ALT-II, as marked in Fig. 1c. There are two rows of tiles on
each such blade, the upper being numbered 1 to 14 from left to
right (clockwise) and the lower 15 to 28. In the following, tiles are
referenced by a number combination X-Y, where X is the ALT-II
blade number and Y is the tile number on the blade. 15N was
inserted via Gas Feed 3 (Gaseinlass 3: GE3), located in the equa-
torial plane, 90� toroidally ‘upstream’ wrt. the plasma current di-
rection from the MoF6 inlet.

The experiment took place on the last operation day of TEXTOR,
before final shutdown. This situation has created a unique oppor-
tunity to retrieve a large number of components for ex-situ studies.
Five ALT-II tiles from various poloidal and toroidal locations were
considered for the studies here described; they are marked with
crosses in Fig. 1c. They were taken from the very vicinity of the
MoF6 inlet (corner Tiles 5-14 and 5-28), Tile 19 from the center part
of the bottom row on Blade 6 and from toroidally distant locations
on Blades 2 and 3. Table 1 contains the tile numbers as well as short
descriptions of the motivation for selecting them.

Several techniques, which are not further treated here, have
been used to study various machine components. These include
Rutherford backscattering spectroscopy (RBS), nuclear reaction
analysis (NRA) and electron beam methods. As aforementioned,
this work was concentrated on the distribution of species in the
very surface layer (top 400 nm). Therefore, studies using ToF-
HIERDA have been performed with a 36 MeV iodine beam, 127I8þ.
Four samples, labeled A to D, were cut out of each tile, as shown in
Fig. 2, and used for the analysis.

The horizontal position of Samples A and B is at the right edge of
the tile, whereas Samples C and D are located on a vertical line
running midway between the two bolt holes. Furthermore, Sam-
ples A and D originate from the regionwhere deposition has usually
been measured, while B and C are in the region of erosion, i.e. the
area of direct plasma impact [5,9,33] (these are referred to simply
as “erosion zone” and “deposition zone” below). There are two
kinds of ALT tiles: corner tiles made of carbon fibre composites
(CFC), four at each blade, as exemplified by Tile 5-14 in Fig. 2(a) and
standard tiles made of graphite shown in Fig. 2(b). The beam was
hitting the samples approximately in themiddle, with an estimated
uncertainty in the position of up to 5 mm, at an angle of 22.5� wrt.
the surface, and the detection system was placed at 45� from the
primary beam direction, in the plane defined by the beam and
sample normal. When discussing ERDA results, the surface rough-
ness of the studied samples must be addressed. The reason is
simply that at a shallow angle of incidence, such as in this case, a
rather small imperfection in the surface may have a large effect on
the amount of material that the beam passes through before
interaction at a given depth. This impacts severely the depth res-
olution of the method. In addition to the ERDA measurement,
therefore, surface roughness was recorded for six samples,
including both CFC and graphite in the erosion and deposition
zones, with a Wyko 9300 optical profilometer from Veeco
Instruments.
Table 1
List of tiles selected for detailed analyses and justification of the selectio

Tile (ALT-II blade number e tile number) D

5-28 C
5-14 C
6-19 L
3-19 F
2-21 F
3. Results and discussion

An example of a ToF-HIERDA spectrum, recorded for Sample A of
Tile 5-14, is shown in Fig. 3. The excellent resolution that can be
obtained for light elements is apparent as counts corresponding to
isotopes with mass differences of 1 amu are separated at least for
elements with atomic numbers up to 7 (nitrogen). Every element
found on the tiles has been marked in the spectrum. Molybdenum
and nitrogen-15, which are of particular interest for this study, are
highlighted by underlined, red font.

Fig. 4 displays zoomed in views of the region from 12C to 16O,
very close to the surface (approximately top 200 nm) of samples 3-
19C and 5-28A. The overlaid boundaries enclose counts that come
from 14N (upper area to the left, blue line) and 15N (lower area to the
right, red line). Sample 3-19B features a relatively low amount of
15N, whereas 5-28A has the highest concentration out of all studied
samples (see Fig. 8b).

A comparison between Fig. 4a and b reflects the criterion for
data acquisition in this case. Counts were collected until a pre-
defined region of interest corresponding to 15N had 200 counts (i.e.
a statistical error of 7.1% in the total concentration). As a result, a
high concentration of 15N is not seen as a large number of counts for
that isotope here, but rather a smaller number of counts for
everything else. To be clear: the irradiation time and thereby the
total number of ions hitting the surface was different for different
samples. It was selected as a compromise between getting a low
statistical error for 15N (which requires a long irradiation time) and
minimizing surface modification of the samples during the mea-
surement (which requires a short irradiation time). It should also be
noted that the error caused by counts belonging to 16O that are
counted as 15N is significant, especially for large depths. At the very
surface, the separation between 15N and 16O is adequate for the
correct classification of the majority of counts whereas beneath
400 nm, the two tracks start to merge considerably.

Addressing the question of surface roughness, 3D maps of a
graphite tile (6.19) and a CFC tile (5.14) are shown in Fig. 5a and b. In
n.

escription

losest tile to MoF6 injection point, visible deposited layers.
lose to MoF6 injection point, visible deposited layers.
arge molybdenum deposits seen using RBS.
ar from MoF6 injection point, but clearly visible deposits.
ar from MoF6 injection point, no visible deposits (reference tile).



Fig. 3. ToF-HIERDA spectrum from Tile 5-14, Sample A. Intensity scale: number of
counts in channel relative to maximum number of counts.
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both cases, the scanned area is 0.9� 1.3mm2, i.e. approximately the
size of the beam spot and the height scale has been magnified so
that micrometer sized structures can be seen. The largest rough-
ness, especially on CFC tiles, is found in pits on the surface whose
depths are in the order of a few tens of micrometers. A large portion
of these pits is inaccessible to the ERDA measurements here per-
formed. Information comes rather from the flatter regions between
the pits. Even in those regions, however, there are height variations
in the order of several micrometers. The resulting inclination of the
surface gives rise to an illusion of depth, since either the beam or
the outgoing particles have to pass through some material even
when an interaction takes place right at the surface.

In Table 2, the average deviation from the mean surface (Ra) is
given, for three scans on different positions on six samples: three
from the erosion zone and three from the deposition zone on the
CFC tile 5-14, the graphite tile 6-19, both with relatively large
amounts of deposits on them, and the cleaner graphite tile 2-21.

As a result of the high irregularity of the sample surfaces, we
conclude that depth profile measurements in this case will have a
very bad resolution. Also, the error in the absolute amount of any
species per unit area is hard to assess. The relative amounts of
different species, however, are accurate, as we show with the
example of boron isotopes below. Before any detailed analysis, we
return now to explaining the occurrence of elements as seen in
Fig. 3.

Hydrogen and deuterium are commonplace in TEXTOR plasmas.
Boron is present due to boronisations [31,32] that have been per-
formed regularly using a diboraneehelium gas mixture (usually
10% B2H6 and 90% He), as a method of wall conditioning between 5
and 10 times per year. The carbon that constitutes the limiter tiles
themselves is clearly visible in Fig. 3. The feature of 13C is associated
both with the occurrence of that isotope in carbon (natural
Fig. 4. Counts corresponding to 14N and 15N for (a) Sample 3-19C, with a moderate amoun
abundance 1.109%) and earlier experiments on transport studies
with an isotope-labeled 13CH4 [34,35]. Also the detection of 14N is
most probably related to two sources of that isotope: (a) adsorption
of nitrogen from air when the tiles were exposed to ambient at-
mosphere after the retrieval from the torus; (b) co-deposition of
species retained in the TEXTOR wall during earlier discharges with
14N2 puffing to cool the plasma edge; that effect has been reported
previously [9,36]. Even isotope exchange with air nitrogen cannot
be excluded but its extent is not assessed here. In order to quantify
nitrogen retention and to unambiguously distinguish between ni-
trogen originating from air and that co-deposited during experi-
ments, a tracer technique with 15N2 injection is used (The natural
abundance of 15N is 0.37%). The situation with oxygen is similar, as
it is known to be incorporated in co-deposits from air (water vapor
and oxidation of species) [37]. Therefore, 18O2 (natural abundance
0.205%) was used earlier in some cleaning discharges [24,25] and
traces of that isotope remained in the vessel until the experiment
with 15N and MoF6 reported here. One finds fluorine (19F) from
MoF6 and molybdenum itself. The latter comes mainly from the
hexafluoride puffing though there is also some Mo background
associated with the presence of that metal as an additive in the
Inconel-625 alloy that is the primary construction material of the
liner. RBS measurements on samples from before the experiment
have indicated an average Mo background of ca. 150 ppm, corre-
sponding to 6 � 1014 cm�2 for the top 400 nm layer, and a peak
value of 400 ppm, or 1.6 � 1015 cm�2. The Mo trace in the spectrum
is fairly broad because of six natural isotopes and also because of
the presence of niobium eroded from Inconel. Since Inconel-625
contains less than half as much niobium as it does molybdenum,
we assume that the niobium background is negligible (less than the
level of molybdenum detected on tiles 3-19 and 2-21, see Fig. 8b).
Furthermore, earlier chemical analysis with inductively coupled
plasma mass spectrometry (ICP-MS) of flaking deposits, scraped
from limiter tiles, has shown a niobium to molybdenum ratio of
only 15%. Nickel and chromium, as the main constituents of the
aforementioned Inconel alloy, are found together with iron in all
co-deposits on plasma-facing components of TEXTOR [20,37]. So-
dium and chlorine are present in relatively small concentrations,
probably originating from intrinsic impurities of the wall compo-
nents. Aluminum and silicon, whose features cannot be quantita-
tively resolved, may originate from eroded/damaged ceramic
elements in diagnostic and liner baking systems. Silicon could
potentially also be present due to past siliconisations [38e40].
Finally there is a small amount of tungsten which was used in
previous experiments with various solid tungsten limiters [41e43]
and WF6 injection experiments [9]. Notably, this tungsten back-
ground is not as severe as was expected beforehand. The presence
of iodine in the spectrum is related to forward scattered particles
from the analyzing beam; there is no iodine in the studied limiters.

By numerically dividing the top 400 nm of the samples into 15
depth-slices (about 27 nm thick) and taking into account the ki-
nematics and stopping power of ions in the sample matter, an
t of 15N and (b) Sample 5-28A, where 15N concentration is comparable to that of 14N.



Fig. 5. Surface profiles on (a) Sample 6-19A (graphite), and (b) Sample 5-14D (CFC). Obtained with a Wyko 9300 optical profilometer. Note that the thin spikes visible especially in
(b) are artefacts from the measurement.

Table 2
Surface roughness on six samples quantified by average deviation from the mean surface.

Sample Description Ra, scan 1 [mm] Ra, scan 2 [mm] Ra, scan 3 [mm]

5-14C CFC tile, erosion zone 8.31 8.40 10.50
5-14D CFC tile, deposition zone 5.41 6.21 6.49
6-19A Graphite tile, deposition zone 3.21 3.49 3.30
6-19C Graphite tile, erosion zone 1.91 2.22 2.24
2-21C Graphite tile, erosion zone 2.48 2.35 2.10
2-21D Graphite tile, deposition zone 1.81 1.87 1.80

P. Str€om et al. / Vacuum 122 (2015) 260e267264
iterative calculation was performed, yielding the atomic concen-
trations of all identified species in the slices. Depth profiles of all
deposited materials have thereby been obtained. The calculations
were performed using the CONTES code for MATLAB, originally
created by Martin Janson, updated to the here used version 15.2 at
Uppsala University as well as the Royal Institute of Technology
(KTH) in Stockholm, with stopping power data from SRIM [44],
version 2012.01. The results were double checked against CONTES
version 07, which uses stopping powers from SRIM 2006.
Aluminum was disregarded in this calculation due to an uncer-
tainty about whether the aluminum signal is a false one origi-
nating from aluminum parts in the ToF-HIERDA set-up. Also
tungsten was ignored because of its very small abundance in
conjunction with the difficulty to identify the few spread-out
tungsten counts (see, again, Fig. 3). All other species were taken
into account. Ignoring Al and W is of no consequence for the re-
sults as, due to very low concentrations, these species do not
significantly alter stopping power in the samples or the normali-
zation. For the samples we have studied, the maximum informa-
tion depth is around 800 nm, but we still chose to work only down
to 400 nm to keep a fairly good separation of counts for different
species.
Fig. 6. Depth profiles of Mo, 19F and 15N on (a) Til
Two examples of depth profiles for molybdenum, fluorine and
nitrogen-15 are shown in Fig. 6a and b for Tiles 5-28 and 6-19, both
close to the gas inlet. The relative atomic contents of the shown
species are small because they are not major constituents of the
carbon- and boron-rich layers. The depth scale is given in units of
1015 atoms/cm2; one such unit corresponds roughly to 1 Å of depth.
It should be stressed again that surface roughnessmakes the details
of these figures, as well as Fig. 7, unreliable but some features can be
noted. In the case of molybdenum, Fig. 6b is representative for
samples on which a considerable amount of this element is found
(more than 3 � 1015 cm�2); it is seen primarily in the outermost
layer of about 100 nm thickness. For places in the very vicinity of
the MoF6 inlet (Tiles 5-14 and 5-28), the maximum of 15N occurs
before or close to 100 nm (Fig. 6a), while in more distant locations
smaller amounts are trapped and the profile is simply without a
clear pattern (Fig. 6b). Fluorine often also has a maximum near the
surface within 100 nm but its depth profiles are not showing a
consistent pattern for any group of samples. The possibility that
concentrations of these elements actually peak at the surface, but
that the distributions are shifted due to surface roughness and
apparent depth (as explained above), should not be dismissed. We
note here the timeline of plasma operation and the gas feed to the
e 5-28, Sample A and (b) Tile 6-19, Sample D.



Fig. 7. Depth profiles of 12C, 11B, 10B and H on (a) Tile 3-19, Sample C; (b) Tile 6-19, Sample D.

P. Str€om et al. / Vacuum 122 (2015) 260e267 265
torus, especially during the final stages of the experiment: mo-
lybdenum hexafluoride was puffed between Blades 5 and 6 until
the last discharge, while the 15N2 injection from GE3 was stopped
five discharges earlier because of the wall saturation with nitrogen
which then required glow discharge cleaning with helium. The
earlier termination of 15N usage is, however, not discernible in our
results.

Fig. 7 shows depth profiles of carbon-12, boron-11, boron-10 and
hydrogen, i.e. major species on the tiles. In contrast to the surface
peaking of molybdenum, these elements are present all the way
through the displayed 400 nm, but their relative contents may vary
several tens of percent. The plots clearly show that boron maxima
are in anticoincidence with carbon (simply because boron claims a
considerable fraction of all atoms from the carbon substrate). There
is no very clear pattern over all samples when it comes to the
carbon and boron structures. As such, Fig. 7a and b should be
treated more as examples than representative for a general trend.
Especially the surface of Tile 3-19 contains significant amounts of
boron isotopes (with more boron than carbon for at least 400 nm).
The non-uniform, “wavy” distributions of boron and carbon, seen in
Fig. 7a, were observed in the past in relation to boronisations, when
thin boron-rich strata separated carbon rich co-deposits of thick-
nesses between 2 and 4 mm [7]. However, the features measured
with ToF-HIERDA are separated by only a fraction of a micrometer
and thus cannot be related directly to earlier consecutive boroni-
sations of TEXTOR. They rather reflect the situation after the last
such boronisation, performed only 92 discharges before the marker
experiment. On Sample 3-19C, from the erosion zone, the boron
and carbon profiles could be tentatively attributed to events which
have an impact on the chemistry of erosion of various species, e.g.
disruptions. However, there is generally no significant difference
seen between these profiles on samples from the erosion zone and
the deposition zone. On Tile 6-19, Sample D, carbon prevails in the
Fig. 8. Surface concentrations of (a) fluorine-19 and (b) molybdenum in all samples. T
surface up to 100 nm and then it is mixed with boron. Note that not
all elements that were included in the analysis are displayed here.
As such, the curves showing atomic fractions do not add up to 1.

In order to provide a comprehensible overview of the deposited
material found on all samples, the depth profiles have been inte-
grated, yielding the number of atoms per unit area for relevant
species. Figs. 8e10 show results for the amount of respective atoms
found in the top 400 nm layer. The diagrams are constructed
such that tiles further away from the MoF6 injection point appear
further to the right on the x-axis and samples are ordered from A
(left) to D (right) for each tile. The samples closest to the injection
are, as seen in Figs. 1 and 2, 5-28 A, B and 5-14 A, B. Note that Tile 3-
19 has very high levels of all studied elements except molybdenum.
These abundant deposits were visible as colorful layers on the
surface of the tile. Fig. 8a and b shows the amount of fluorine and
molybdenum respectively, on the surfaces of all analyzed samples
from ALT-II.

The greatest content of Mo is on tiles from Blades 5 and 6,
located close to the MoF6 injection point. The distribution is not
uniform and, especially on Tile 5-28, a substantial amount is
detected in the erosion zone, i.e. in the plasma-wetted region. This
deposition pattern reflects the mechanism of material migration
which was identified earlier in the study of tungsten transport
following WF6 puffing [9]. It involves deposition, re-erosion and
prompt re-deposition of heavy species. The latter phenomenon of
prompt re-depositionwas theoretically considered by Naujoks [45],
while experiments with high-Z metal puffing allowed for the
verification of such a transport mechanism from the plasma-
wetted surface to adjacent areas. This statement is supported by
the fact that tiles located further from the injection contain much
less molybdenum: the measured value is less than 6 � 1014 cm�2

(i.e at background level) for all samples on Tiles 3-19 and 2-21. The
fluorine content also peaks at Tile 5-28, but it is distributed more
he four bars for each tile correspond to Samples A,B,C and D (from left to right).



Fig. 9. Surface concentration of nitrogen isotopes: (a) nitrogen-14 and (b) nitrogen-15, Samples A,B,C and D from left to right for each tile.

Fig. 10. Surface concentration of boron-11, Samples A,B,C and D from left to right for
each tile.
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uniformly on the toroidal limiter than molybdenum. A fluorine
distribution of this type is related to the long-range transport of
low-Z elements, whose Larmor radius after the ionization in the
plasma edge is small making their prompt re-deposition less
efficient.

The amounts of nitrogen isotopes: 14N and 15N, detected on the
surfaces are given in Fig. 9a and b. In general, there is more 14N
though it was not used in the marker experiment. As for 15N, it
should be stressed that despite the 90� separation of its injection
location and the MoF6 inlet, strongly elevated concentrations were
found on Tiles 5-28, 5-14 and 6-19 together with Mo. This indicates
that in the process of a local deposition of heavy atoms (i.e. Mo),
light species are efficiently captured, thus enhancing co-deposition.

Fig. 10 shows the concentration of 11B. The data clearly proves
that the distribution of boron, which is a standard “resident” in
TEXTOR [31], differs (especially for tiles from Blade 5) from the
distributions of species introduced in the last experiment before
the tile retrieval and surface analysis. The boron deposition pattern
is rather representative of the entire experimental campaign. From
the point of view of this particular work with ToF-HIERDAwe stress
that despite the problems with surface roughness, the measured
11B/10B atomic concentration ratio is, as expected, very close to the
ratio in natural boron with 80.1% of 11B and 19.9% of 10B. The
average deviation from this ratio in our measurements is 2.9%.

For all isotopes presented in Figs. 8e10, we note that the pre-
viously reported erosion zone and deposition zone pattern [5,9,33]
is only clearly seen on Tile 6-19, with strongly elevated concen-
trations on samples A and D.
4. Concluding remarks

The work performed is the first one featuring a very broad
approach to surface studies of plasma-facing components with ToF-
HIERDA. The data clearly indicate a particular usefulness of that
method in the determination of material migration mechanisms
using tracers, although care has to be taken about surface rough-
ness. The method is especially useful when low-Z isotopes are
applied, e.g. 15N. Most important is a proper separation of adjacent
traces in the spectrum because any improper accountancy would
be the major source of errors. The ongoing development of a new
detection system for ToF-HIERDA [46] will enhance research ca-
pabilities and a new set-up with that systemwill enable analyses of
whole tiles without cutting them into smaller specimens. This
certainly does not limit the research field to PFCs. On the contrary, it
opens and offers opportunities for using tracers in many other
fields. For instance, when the mechanism of surface reactions and
in-depth migration involving carbon, nitrogen and oxygen is to be
determined, one can use 13C, 15N or 18O. Other important isotopes
are 10B and 6Li. One is also given a rare opportunity to determine
depth profiles of hydrogen isotopes.
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Erratum: “A combined segmented anode gas ionization chamber
and time-of-flight detector for heavy ion elastic recoil detection
analysis” [Rev. Sci. Instrum. 87, 103303 (2016)]

Petter Ström,1 Per Petersson,1 Marek Rubel,1 and Göran Possnert2
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https://doi.org/10.1063/1.5030502

The original publication1 contains an error in Figs. 5(b) and 5(c). The x- and y-axis labels have been interchanged in both
figures, while the tick labels are correct. No conclusion from the original publication is influenced by this mistake. Correct axis
labels are the following: “Anode 1” for the y-axes of Figs. 5(b) and 5(c), “Anodes 2–4” for the x-axis of Fig. 5(b), and “Anode 2”
for the x-axis of Fig. 5(c). Shown below is the correct Fig. 5.

FIG. 5. Light element separation with ToF-E using a solid state detector compared to using GIC partial energy signals. (a) ToF-E spectrum from ERDA
measurement on a carbon sample with surface enrichment of B, 14N, 15N, and 16O using a 36 MeV 127I8+ beam and a solid state silicon detector for the energy
signal. (b) Added E1-E234 spectra from scattering of 7.5 MeV 15N and 16O from Au and W as well as ERDA with a 36 MeV 127I8+ beam on 9Be and 12C
reference samples. Detector pressure: 15 mbar. (c) Added E1-E2 spectra from scattering of 7.5 MeV 15N and 16O from Au and W. Resolution is improved as
compared to (b), thanks to the higher pressure of 30 mbar, which allows the use of only half the detector volume, half the anode length, and thereby half the
amount of induced electronic noise.
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A combined segmented anode gas ionization chamber and time-of-flight
detector for heavy ion elastic recoil detection analysis

Petter Ström,1 Per Petersson,1 Marek Rubel,1 and Göran Possnert2
1Department of Fusion Plasma Physics, School of Electrical Engineering, KTH Royal Institute of Technology,
SE-10044 Stockholm, Sweden
2Department of Physics and Astronomy, Uppsala University, The Tandem Laboratory, Box 529,
SE-75120 Uppsala, Sweden

(Received 18 May 2016; accepted 15 September 2016; published online 5 October 2016)

A dedicated detector system for heavy ion elastic recoil detection analysis at the Tandem Laboratory
of Uppsala University is presented. Benefits of combining a time-of-flight measurement with a
segmented anode gas ionization chamber are demonstrated. The capability of ion species identifi-
cation is improved with the present system, compared to that obtained when using a single solid state
silicon detector for the full ion energy signal. The system enables separation of light elements, up to
Neon, based on atomic number while signals from heavy elements such as molybdenum and tungsten
are separated based on mass, to a sample depth on the order of 1 µm. The performance of the system
is discussed and a selection of material analysis applications is given. Plasma-facing materials from
fusion experiments, in particular metal mirrors, are used as a main example for the discussion. Marker
experiments using nitrogen-15 or oxygen-18 are specific cases for which the described improved
species separation and sensitivity are required. Resilience to radiation damage and significantly
improved energy resolution for heavy elements at low energies are additional benefits of the gas
ionization chamber over a solid state detector based system. [http://dx.doi.org/10.1063/1.4963709]

I. INTRODUCTION

Time-of-flight heavy ion elastic recoil detection analysis
(ToF-HIERDA)1 is widely used to perform depth-profile
measurements of elemental composition in the surface layer
of material samples and for studying thin films.2 With a depth
range on the order of 1 µm and depth resolution on the order of
10 nm in the absence of surface roughness, the technique can
be used to examine, for example, dopant migration in lattices
under annealing,3 the chemical composition of coatings4 and
materials used in electronics.5 ToF-HIERDA has also been
applied to the study of material modification on plasma-facing
components in fusion experiments.6–8 For this application,
it is of importance to obtain a clear separation between
signals from different relevant ion species for light and heavy
elements simultaneously. In particular the signals from W
and Mo should be separated from that of scattered heavy
ions originating from the primary beam, typically 127I8+,9

while at the same time all isotopes in the mass range from
H to Ne must be correctly identified. Such identification is
needed when studying materials relevant for the International
Thermonuclear Experimental Reactor (ITER),10 since W will
be exclusively used as plasma-facing material in the divertor
region of that machine11 and Be will be present in the
main chamber wall.12 Mo is used as the main material
for diagnostic mirrors which are being extensively studied
with ToF-HIERDA for the First Mirror Test program at the
Joint European Torus (JET) since 2006.13,14 Furthermore,
measurements on samples of fusion reactor wall materials
often follow tracer experiments,15 where a range of light
elements are to be quantified individually.16

Systems with gas ionization chambers (GIC) have
previously been constructed to provide optimal ion species

separation in specific mass-ranges, either measuring the full
energy of incoming ions and combining it with a time-of-flight
(ToF) measurement,17,18 or differentiating those ions based
on stopping power in the detection gas (so-called ∆E/E). The
latter is exemplified in Ref. 19 for an application in accelerator
mass spectrometry. We have made use of both these methods
in a ToF-GIC setup in order to provide a versatile system
with a good overall energy resolution that can be tuned for
enhanced ion species separation in a specified range of mass,
nuclear charge number, and energy.

II. DETECTOR SETUP

A top view sketch of the detection system as installed
at the Tandem accelerator laboratory of Uppsala University
is shown in Fig. 1. Samples are placed in a chamber at
the right side of the depicted region. They can be rotated
freely around the central axis of a manipulator. For standard
measurements, the angle between the sample surface and the
analyzing beam is 23◦ ± 1◦. The detection system is fixed at
45◦ ± 1◦ with respect to the forward beam direction. In order
to provide the ability to study larger samples without having
to cut them into pieces, the manipulator can be moved 20 cm
in the “up-down” direction, perpendicular to the beam and
approximately 3 cm in each of the remaining two directions
(parallel and perpendicular to the beam). Assuming that the
angle between the beam and the sample surface is 22.5◦, the
up-down and sideways movement provides a rectangle on
the surface of 20 × 7.8 cm2 which can be analyzed. Although
the most common sample size is on the order of 1 × 1 cm2,
samples with surface areas up to approximately 20 × 15 cm2

and 2 cm thickness can be mounted in the sample chamber.
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FIG. 1. Sketch of the detection system, seen from above, with distances from the ideal sample position to the time-of-flight detectors and the entry membrane
of the GIC. The valves depicted below the ToF detectors are used to vent and pump the individual parts, without breaking vacuum in the entire system, if
component replacement is necessary. The ToF detectors have been rotated by 90◦ in the figure, and the manipulator handles are in reality pointing upwards.

Two ToF detectors are present, which are labelled as ToF 1
and ToF 2 in the figure. The GIC is shown farthest to the left.
The figure is drawn to scale, apart from the sample size which
is exaggerated. Both ToF detectors can be retracted from the
path of incoming ions using manipulator handles on top of
the respective vacuum chambers.

A. Time-of-flight

The ToF measurement is based on start and stop signals
recorded with two identical detectors following the design
described in Ref. 20. Ions to be detected pass through a circular
carbon foil of 5 µg/cm2 and 10 mm radius. Electrons that are
ejected as a result of interaction in the foil are accelerated
towards a pair of microchannel plates (MCP) in chevron
stack configuration. Pairwise resistance-matched MCPs from
Hamamatsu Photonics, model F1094-011,21 were selected for
this purpose. The measurements presented here, however,
use older MCPs from Philips Photonics (presently Photonis)
with similar specifications. The electrical connection details
for the ToF detectors are shown in Fig. 2. A high voltage,
typically 4200 V, is divided over a series of resistors and
applied to consecutive grids forcing the electrons towards
the MCPs. The final stages of the resistive divider supply
the voltages across the MCPs themselves, which, assuming
30 M Ω plate resistance (average from Ref. 21), is 730 V per
MCP. Finally, the output signal is taken from an aluminum
plate below the second MCP with a 50 Ω resistor to ground
for impedance matching and amplified with a wideband
preamplifier, model 6954 from Phillips Scientific. A constant
fraction discriminator, model 6915 from Phillips Scientific,
is used to remove the dependency of the trigger time for
subsequent electronics on variations in the pulse height
of the preamplifier output, providing a time resolution of
approximately 300 ps.

From the point of measurement on the sample surface, the
distance to the first ToF-foil is 425 mm, to the second ToF-foil
is 825 mm, and to the entry window of the GIC is 1195 mm.
Consequently, the flight distance for the ToF measurement is
400 mm and the solid angle coverage of the GIC window is
0.057 msr. In order to avoid counting ions that only hit the

first ToF foil, but miss the second, the output from the second
ToF detector (the one farthest from the sample) is used as the
starting signal for an Ortec 567 time-to-amplitude converter.
The output from the first ToF detector is delayed using 58.0 m
of RG58 cable and is used as the stopping signal. With a
signal propagation speed of 0.659c in the cable, this sets an
upper boundary to the flight time of ions to be detected at
approximately 294 ns. For W, the corresponding lower energy
threshold for detection is 1.76 MeV, whereas for hydrogen it
is 9.65 keV, the latter of which is below the energy resolution
of the GIC. As such, the length of the delay cable is sufficient
to not cause any loss of low energy hydrogen counts.

B. Gas ionization chamber

The GIC constitutes the last detection stage. Its outer
shell is a cylindrical pipe of stainless steel with 100 mm inner
diameter and a length of 260 mm. Isobutane (C4H10) is used
as the detection gas inside the cylinder with a silicon nitride
membrane from Silson Ltd. separating it from the vacuum that
is maintained in the rest of system. The area of the membrane
is 10 × 10 mm2, with two silicon support ribs of 0.5 mm width

FIG. 2. Electronic configuration of the ToF detectors. The letters A-D cor-
respond to points that are electrically connected (A to A, B to B, etc.), and
the dashed lines represent the grids used to guide electrons to the MCPs.
Resistors are pattern-coded to indicate their resistance (black fill: 10 MΩ,
diagonally striped: 7.5 MΩ, vertically striped: 2.5 MΩ, and white fill: 50 Ω).
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and 200 µm thickness in each direction to help sustain the pres-
sure gradient. The active membrane area is thus 9 × 9 mm2. A
membrane thickness of 75 nm and gas pressures below 50 mbar
were used for the measurements presented here, but the mem-
brane can be replaced if higher detection gas pressures are
necessary. Standard operating pressure at present is 30 mbar.
In Fig. 3(a), the components located inside the gas volume are
displayed. The GIC features an anode that is partitioned into
four segments. Each segment is 58 mm long, 66 mm wide,
and separated from neighboring segments by 2 mm gaps. Both
cathode and anode are fastened with insulating screws on a
frame. A part of the frame that is 11 mm wide, referred to below
as the grid holder, covers the edges of the anode segments. The
width of the central part of the anode not covered by the grid
holder is 44 mm. The length of the non-covered part of the first
and last anode segments is 47 mm. As such, the total length of
the detection volume is 216 mm. A Frisch grid22 is mounted
13 mm above the anode, on top of grid holder. From the grid to
the cathode, the height of the detection volume is 59 mm. The
cathode, all individual parts of the anode, and the frame with
the Frisch grid are electrically accessible from the outside of
the detector via BNC lead-throughs. Fig. 3(b) shows an entry
membrane on the holder used to mount it on the detector. In
order to get ions to enter the GIC at the position where the
first anode segment starts, the entry membrane is raised 22 mm
from the surface of the holder.

Under typical operation conditions, the cathode and the
outer shell of the detector are grounded, whereas the Frisch
grid and anode are kept at 90 V and 210 V, respectively.
Output signals are taken between the anode and ground using
sets of 142C preamplifiers and 572A analog main amplifiers
from Ortec for every anode segment of interest. Several anode
segments may be connected in parallel externally and used
with a single such amplifier set. The energy resolution of the
GIC is on the order of 50 keV and depends on ion species,
energy, as well as the number of anode segments used. Energy
straggling in the entry window (primarily for heavy ions) and
electronic noise affect the energy resolution.

III. ION SPECIES SEPARATION

Since the purpose of ToF-HIERDA measurements is to
obtain elemental depth profiles for the first micrometer below

the sample surface, the detector must provide two types of
information: (a) identification of ion species and (b) accurate
measurement of the ions’ energy. Using this information,
codes such as Potku23 can be employed to calculate the sought
profiles, taking collision cross sections and stopping power
in the sample matter into account. The energy signal from
the GIC is not used directly to get a value for the energy of
detected ions. Instead, the ToF signal is used to calculate the
energy once the mass of an ion is known. Thus, a better energy
resolution, and therefore a finer depth resolution in the calcu-
lated depth profile, is obtained. Identification of ion species
is achieved by placing restrictions on the values of up to five
available signals, i.e., ToF plus the four partial energy signals
from the GIC anode segments. Manual selection of regions of
interest in two dimensional plots of combinations of signals is
often sufficient to separate all species present in a sample. This
treatment, and the creation of all figures presented here, has
been performed with our own code, employing the matplotlib
2D plotting library for Python. The simplest approach is to use
only two signals; time-of-flight and full energy. This is referred
to as “full energy mode” below. Full energy is measured by
connecting in parallel as many anode segments in the GIC as
it is necessary to cover the region in which the ions of interest
are stopped, but not more as electronic noise is minimized by
minimizing the total anode length. Separation in this mode is
based on the ion mass since the full energy of ions is compared
to their velocity. Fig. 4 provides an example of the result from
a measurement in full energy mode, with a range of data sets
from several reference samples that have been superimposed.
The reference samples were selected to give an impression of
the mass resolution obtained for light elements in the range
from Be to Si, as well as to show the separation of a few
relevant heavy elements: Mo, Ag, I, W, and Au.

A common situation where full energy mode operation is
insufficient is when 15N is to be quantified in oxygen rich sam-
ples. Fig. 5(a) shows a typical spectrum from a carbon sample,
with a number of light isotopes present in the top micrometer
layer, obtained using a ToF measurement as described above
combined with a silicon solid state detector for the energy
signal. The data were taken from the measurements presented
in Ref. 15. The displayed part of the spectrum is similar to that
obtained with the gas ionization chamber in the full energy
mode. We are interested here in separating the signals from

FIG. 3. Components of the gas ionization chamber. (a) Cathode, anode, and Frisch grid as mounted on the detector. The Frisch grid is located on top of the grid
holder, but it is hard to make out in the figure as the individual ribs that make it up are very thin to maximize the open area fraction. (b) Entry membrane on the
holder.

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.237.45.82 On: Thu, 06 Oct

2016 08:21:07



103303-4 Ström et al. Rev. Sci. Instrum. 87, 103303 (2016)

FIG. 4. Added ToF-E spectra from 36 MeV 127I8+ ERDA on reference samples of Be, Si, SiO, YO, Mo, W, and 22 karat leaf Au alloyed with Ag on
Na2O–CaO–SiO2 glass as well as a film containing C, H, and Au on Cu. Energy was recorded with anode segments 1 to 3 in the GIC and the single count
background has been removed.

15N and 16O. At the tip of the curves, corresponding to the
sample surface, the two species are separated. Moving towards
lower energies, however, this becomes increasingly difficult.
Hence, the sensitivity and depth range of ToF-HIERDA for

FIG. 5. Light element separation with ToF-E using a solid state detector
compared to using GIC partial energy signals. (a) ToF-E spectrum from
ERDA measurement on a carbon sample with surface enrichment of B, 14N,
15N, and 16O using a 36 MeV 127I8+ beam and a solid state silicon detector
for the energy signal. (b) Added E1-E234 spectra from scattering of 7.5 MeV
15N and 16O from Au and W as well as ERDA with a 36 MeV 127I8+ beam on
9Be and 12C reference samples. Detector pressure: 15 mbar. (c) Added E1-E2
spectra from scattering of 7.5 MeV 15N and 16O from Au and W. Resolution
is improved as compared to (b) thanks to the higher pressure of 30 mbar,
which allows the use of only half the detector volume, half the anode length,
and thereby half the amount of induced electronic noise.

quantifying small amounts of 15N is limited when a large
background of 16O is present. The maximum depth range with
the solid state detector system in this case has been estimated
to be approximately 400 nm.15 To remedy the problem, one can
instead attempt separation via the partial energy signals from
different anode segments in the GIC (“partial energy mode”).
Such treatment of the data provides separation of ions based
on the atomic number, because it relies on stopping power
in the detection gas. Fig. 5(b) shows a spectrum where 9Be,
12C, 15N, and 16O are separated in this way, by plotting the
signal from the first anode segment against the one from the
remaining three segments connected in parallel. The figure was
produced by adding spectra from the scattering of 15N and 16O
beams from a solid W sample and an Au film on glass and
performing HIERDA with a 36 MeV 127I8+ beam on samples
of 9Be and natural C. In Fig. 5(c), the separation of 15N and 16O
has been further optimized by increasing the detector pressure
and reducing the anode length, using only segments 1 and 2,
while the remaining segments were grounded. In partial energy
mode, resolution for neighboring isotopes can be optimized
by fine-tuning the detector pressure to match the ion species
and energy of interest. If the respective stopping curves for
two isotopes have their maxima at distances corresponding to
different anode segments in the detector, one can use the ratio
of the signals from those anode segments to identify counts.
A case-by-case analysis to determine the optimal pressure
for a specific pair of isotopes, and selection of active anode
segments, is necessary to provide the best possible resolution.
Both in Figures 5(b) and 5(c), separation between the dis-
played ion signals is achieved over a wide energy range. It
should be noted, however, that the method can only be applied
when the energy of ions is high enough so that they reach at
least the second anode segment in the GIC before being fully
stopped.

Returning to the need for separating heavy elements, a
comparison between the performance of the present detection
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FIG. 6. 36 MeV 127I8+ ToF-HIERDA spectra from molybdenum mirrors with H, D, Be, C, N, and O present in the top micrometer layer. (a) Using the new
ToF-GIC system in full energy mode. (b) Using a solid state silicon detector for the energy signal.

system and the silicon detector counterpart for that task is
provided in Fig. 6. The shown ToF-HIERDA spectra are
typical for molybdenum diagnostic mirrors from the First
Mirror Test program at JET. Fig. 6(b) is based on the data
from Ref. 14 using a silicon detector. For Fig. 6(a), we
have repeated the measurement on a similar sample with
the present system in full energy mode. The problem of
inadequate separation of Mo and W from forward scattered
I originating from the analyzing beam is demonstrated in
Fig. 6(b). Comparing to Fig. 6(a), we see that the use of a
GIC for the energy signal completely eliminates that problem.
The reason is that a GIC, due to a larger detection volume
than a silicon detector, is not as prone to pulse height defects
due to charge carrier recombination. As a result, the energy
resolution of the GIC for ions that are stopped over a short
distance, i.e., heavy ions or ions with low energy, is expected
to be better than that of a silicon detector. Pulse height defects
are described in detail in Ref. 24 and the references therein.
Fig. 6(a) shows that full energy mode operation is adequate
for heavy element separation in this case.

IV. SUMMARY AND CONCLUDING REMARKS

A ToF-HIERDA setup has been developed using a
GIC for the energy signal. The GIC features a segmented
anode that can be used to operate it in partial energy
mode for enhanced ion species separation based on atomic
number. This has been demonstrated for the case of
separating 15N from 16O, which is highly relevant for tracer
experiments in fusion research. The methodology can be
extended to the separation of other tracer isotopes, for
example, 18O from 19F or 22Ne on ceramic components
containing 23Na. Other applications include studies of
hydrogen and deuterium diffusion, nitrogen quantification
(14N and 15N) for metallurgy or surface processing and
the study of surface modification in samples by ion
implantation. When studying light elements, in particular
H and He, the detection efficiency of the time-of-flight
system must be considered in order to correctly calculate
elemental concentrations from raw time-of-flight/energy
spectra.

Since the selection of anode segments and detector
pressure can be independently varied, ions of a specific
mass, nuclear charge, and energy can be forced to deposit

the majority of their energy over a selected anode segment.
As such, it is in principle possible to tune the detection
system in partial energy mode for separating a selected pair
of ion species optimally. The fact that the system delivers
sufficient mass resolution to separate light elements in the
range from H to Ne and heavy elements such as Mo, I,
and W simultaneously in full energy mode makes it ideal
for the study of metal mirrors, as the correct identification
of heavy elements is needed for absolute quantification of
deposited light species without the dependence on a beam
current measurement.

The system was shown to provide a better separation of
signals from different species than a similar system using a
solid state silicon detector. This is true for heavy elements
when operating in the full energy mode (separation based
on ion mass) and for light elements in the partial energy
mode (atomic number). In addition, a gas ionization chamber
does not suffer from radiation damage, whereas a solid state
detector does. One could continuously replace the gas if
resolution deterioration due to the breakdown of molecules
by the effect of incoming ions poses a problem. The spectra
that have been presented here, however, were all obtained
without replacing the gas over several hours of operation.
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The tungsten enriched surface layers in two fusion-relevant EUROFER steel model samples, consisting of
an iron–tungsten mixture exposed to sputtering by deuterium ions, were studied by Rutherford backscat-
tering spectrometry and medium energy ion scattering. Exposure conditions were the same for the two
samples and the total amount of tungsten atoms per unit area in the enriched layers were similar (2 � 1015
and 2.4 � 1015 atoms/cm2 respectively), despite slightly different initial atomic compositions. A depth
profile featuring exponential decrease in tungsten content towards higher depths with 10–20 at.% of
tungsten at the surface and a decay constant between 0.05 and 0.08 Å�1 was indicated in one sample,
whereas only the total areal density of tungsten atoms was measured in the other. In addition, two
different beams, iodine and chlorine, were employed for elastic recoil detection analysis of the deposited
layer on a polished graphite plate from a test limiter in the TEXTOR tokamak following experiments with
tungsten hexafluoride injection. The chlorine beamwas preferred for tungsten analysis, mainly because it
(as opposed to the iodine beam) does not give rise to problems with overlap of forward scattered beam
particles and recoiled tungsten in the spectrum.

� 2015 Published by Elsevier B.V.
1. Introduction

In tokamak type fusion devices [1], such as the Joint European
Torus (JET) and the International Thermonuclear Experimental
Reactor (ITER), the latter of which is currently under construction,
a hydrogen plasma is magnetically confined within a toroidal vac-
uum chamber. Plasma-wall interactions (PWIs) occur because
energetic particles are transported across the field and eventually
impinge on the surrounding first wall. Such interactions lead to
physical and chemical surface modification, erosion of plasma-
facing components (PFCs) and subsequent transport of the eroded
material in the torus. This material may either end up in the
plasma core where it constitutes an unwanted impurity [2], or it
may be deposited elsewhere on the wall, possibly together with
fuel atoms (deuterium and tritium) [3], forming so called co-
deposits. The study of PWIs is multi-disciplinary, comprising
atomic physics, plasma physics and material physics among other
fields [4]. The final outcome of the research effort is the design and
material selection for the plasma-facing wall. A full metal wall is
currently envisioned for ITER. It will feature beryllium for the main
chamber and tungsten in the divertor, the part of the machine
where heat and particle fluxes are most severe [5]. As a result of
this configuration one may expect tungsten erosion and transport
in the plasma, followed by deposition on PFCs [6]. Furthermore,
tungsten is a component in EUROFER steel, which is envisioned
for use in future reactors as described below. Methods to detect
small amounts of tungsten on component surfaces are for these
reasons desirable to study PWI phenomena in current devices,
especially JET which began operating with an ITER-like wall in
2009 [7,8]. Ion beam analysis provides an important group of
methods for this purpose, as described in Ref. [9]. For this work
our main aim has been to determine, in detail, the composition
of the tungsten enriched surface layer that results from

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2015.09.024&domain=pdf
http://dx.doi.org/10.1016/j.nimb.2015.09.024
mailto:pestro@kth.se
http://dx.doi.org/10.1016/j.nimb.2015.09.024
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb
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preferential sputtering of EUROFER model samples by deuterium
ions. We have employed two ion beam methods to this end,
Rutherford backscattering spectrometry (RBS) and time-of-flight
medium energy ion scattering (ToF-MEIS). We have also consid-
ered time-of-flight elastic recoil detection analysis (ToF-ERDA)
for tungsten studies, here focusing on the problem of overlapping
traces for forward scattered beam particles and tungsten recoils
when using a heavy ion beam. A simple solution, namely using
lighter ions for the analyzing beam, is demonstrated via measure-
ments of tungsten layers in a carbon test limiter from the TEXTOR
tokamak. Further relevant conclusions from the latter measure-
ments have also been drawn.
Fig. 1. RBS spectrum from sample A (right), and an identical sample that was not
exposed to deuterium sputtering (left).
2. EUROFER model samples: method and results

Requirements of safety and environmental friendliness related
to long-term radioactivity in materials have led to the develop-
ment of the reduced activation steel EUROFER [10]. It is a prime
candidate for use in the first fusion demonstration reactor, DEMO,
and later on in power producing commercial machines. In order to
achieve low activation under heavy neutron irradiation, regular
alloying materials like nickel and molybdenum have been replaced
by tungsten and a small amount of tantalum. When the material is
exposed to plasma, preferential sputtering [11–13] gives rise to an
enrichment of tungsten close to the surface. Knowledge of the
characteristics of the enriched layer is essential before the material
is included in the design of a fusion reactor. Therefore, in order to
study the process of tungsten enrichment, experiments have been
performed with model systems. These experiments feature sput-
tering of EUROFER-like iron–tungsten test samples. We have ana-
lyzed two different samples, referred to below as Sample A and
Sample B. Sample A is a piece of EUROFER, whereas sample B is a
300 nmmodel film on a silicon substrate. Both of the samples were
sputtered by deuterium ions at the so-called high current ion
source in Garching, Germany. Further information about this
machine is given in ref. [14]. Table 1 summarizes the composition
of the samples before the deuterium ion exposure and gives infor-
mation about the exposure parameters.

Sample A was studied with RBS and the result was compared to
that obtained from an unexposed, otherwise identically composed
sample. The analyzing beam, at normal incidence to the sample
surface, consisted of 2 MeV 4He. Backscattered particles were
detected at 170� with a solid-state silicon detector whose resolu-
tion was 20 keV. In Fig. 1, the results are shown with overlays of
the best-fitting SIMNRA [16] simulations. For the unexposed
sample, the simulated material is simply a mixture of 99.4% iron
and 0.6% tungsten. Other elements present in the sample are not
discernible in the spectrum since information pertaining to them
is mixed with that of deeper-laying iron at low energies. After
deuterium sputtering, the presence of a tungsten enriched layer
Table 1
Original composition of test samples and deuterium ion exposure parameters. Percentage v
row 5 is for single deuterium ions, with the energy from row 4, in Fe by SRIM. Sputtering yie
experimental data and theoretical fits in [15].

Original composition

Element Sample A [%] Sample B [%]

Fe + Cr 98 97
C 0.6 0.07
W 0.5 1.4
Si 0.5 0.4
N 0.1 0
O 0.08 1
Others (R) <0.3 <0.2
at the surface of sample A is clearly seen, and the best fitting
simulation suggests that this layer contains 2 � 1015 atoms/cm2

situated on top of an otherwise unchanged bulk.
For sample B, two ToF-MEIS measurements were performed

with a 4He beam at 80 keV for normal incidence. In the first mea-
surement, the center of the detector was placed at 155� with
respect to the forward beam direction (25� exit angle with respect
to the sample normal for outgoing particles) and subsequently it
was set to 110� (70� exit angle) to further enhance depth resolu-
tion. A detector energy resolution of 1.1 keV was found by studying
the spectrum from a thin reference Pt film. The MEIS setup is
described further in Ref. [17]. Results are shown by the solid line
graphs in Fig. 2(a) and (b). The best fitting simulation results using
the TRIM [18] based Monte Carlo code TRBS by J. Biersack and E.
Steinbauer are represented by the dashed lines in the same figures.
In these simulations we have taken into account on average ten
nuclear collisions events for every backscattered particle track
and the outputs were convolved with a Gaussian function
(1.1 keV full width at half maximum) in order to properly account
for the detector resolution. The y-scales in Fig. 2 are those from the
simulation, but they can be considered arbitrary since they depend
upon the total amount of ions hitting the sample, i.e. among other
things the irradiation time.

The simulation is in agreement with experimental data for the
full energy range in Fig. 2(a). When the exit angle is larger with
respect to the sample normal, however, it becomes hard to fit
the lower-energy part of the spectrum as seen in Fig. 2(b). We do
not offer a single explanation for this, but we note that surface
roughness of the samples may play a role [19], and that the effect
of it on the quality of data will become more severe at large exit
angles. We do not exclude the possibility of oxide at the sample
surface as an explanation for the slight discrepancy between
alues for elements in columns 2–3 represent atomic fractions. The projected range on
lds for deuterium with the given energy in Fe and W are taken from the compilation of

Sputtering parameters

Quantity Value (Both samples)

Ion species D3
+

Energy [eV/D] 200
Projected range [Å] 20
Sputtering yield, Fe 2.4 � 10�2

Sputtering yield, W 1.5 � 10�5

Fluence [D/m2] 1023

Temperature [K] 570



Fig. 2. Backscattering spectra converted from the ToF-MEIS measurements on
sample B with best-fitting TRBS simulations at (a) 25� exit angle and (b) 70�.
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experiment and simulation at the iron edge (between 60 and
70 keV), both in Fig. 2(a) and (b). The presence of an oxide layer
at the surface of sample B has been verified by a ToF-ERDA mea-
surement. The depth profile that gave rise to the simulated spectra
in Fig. 2 is shown by the solid line graph in Fig. 3. The total layer
thickness as described by this profile corresponds approximately
to the projected range of deuterium ions given in Table 1. From
the simulations, where a discrete set of layers is used, we suggest
that the tungsten depth profile displays exponential decay, from a
surface level of 10–20 at.% W down to the bulk percentage with a
decay constant between 0.05 and 0.08 Å�1. The dashed curve in
Fig. 3. Simulated layers in sample B, with an overlain exponentially decaying
function suggesting the real layer profile.
Fig. 3 provides an example with 16% W at the surface and a decay
constant of 0.065 Å�1. The integrated amount of tungsten, includ-
ing background, down to 70 Å of depth, is 3.3 � 1015 atoms/cm2.
This number was obtained by considering the atomic density in
the simulated layer as the average of iron and tungsten densities,
weighted by their respective percentages. Subtracting the 1.5%
background, the enriched layer contains 2.4 � 1015 tungsten
atoms/cm2. We note that this number is very similar to that for
sample A, despite the differences in sample composition. An inter-
esting question at this point is whether the enriched layers have
reached equilibrium with respect to preferential sputtering. Given
the sputtering yields from Table 1 and using the simple expression
4 from Ref. [11] for the equilibrium surface density ratio in a binary
alloy, we would in that case expect approximately 20 times more
tungsten than iron at the surface of sample B (and an even more
extreme ratio in sample A). Apparently this is not the case, and
the main mechanism for tungsten sputtering in this case is
secondary sputtering by iron. A more detailed model is described
in Ref. [12]. This model also predicts an exponentially decaying
tungsten concentration, in accordance with our data.
3. ToF-ERDA on test limiter from TEXTOR

In order to gain information about the transport of tungsten in a
tokamak plasma, tungsten hexafluoride (WF6) gas has been
injected into discharges during dedicated experiments in the toka-
mak TEXTOR [20]. That machine was in operation at the Jülich
Research Center, Germany, until December 2013. We have studied
the so-called test limiter, with a polished graphite plate through
which the injection took place using TEXTOR’s limiter-lock system
[21]. A part of the injected tungsten has been promptly deposited
on this plate. It has previously been analyzed by time-of-flight
ERDA, using iodine as primary beam particles, and nuclear reaction
analysis, in order to quantify nitrogen-15 and tungsten [22]. A
problem when depth profiling tungsten deposits with heavy ion
(e.g. iodine) ERDA is that forward scattered heavy ions and tung-
sten recoils end up very close to each other in the spectrum, with
partial overlap of signals. This fact complicates quantitative analy-
sis. We have performed ToF-ERDA measurements with chlorine
and bromine beams to circumvent the problem. These experiments
provide similar spectra and thus we focus here on the comparison
between using iodine and chlorine ions only. Fig. 4(a) shows an
iodine ERDA spectrum (127I8+, 36 MeV) resulting from addition of
the data obtained in seven points scattered over the graphite plate.
All elements present on the plate are indicated in the figure. In
Fig. 4(b), the same type of spectrum, but for a 32 MeV 35Cl7+ beam,
is shown. For practical reasons, the points from which data has
been gathered are not exactly the same for the two measurements.
This fact could explain minor differences in the relative amount of
counts for different elements. Apart from that, the first obvious
qualitative difference between the two spectra is that the forward
scattered iodine counts are mixed with those from tungsten, mak-
ing it impossible to clearly distinguish relevant information,
whereas chlorine is neither interfering with tungsten, nor light ele-
ments. The forward scattered chlorine is, in fact, a source of addi-
tional information about the tungsten layer here, since the low
stopping power for chlorine in the sample matter as compared to
that for tungsten allows a larger information depth than if only
the tungsten recoils were to be studied. Furthermore, the high
kinematic factor for forward scattered chlorine as compared to
recoiled tungsten will, in some cases, give rise to an improvement
of depth resolution. The second large difference between the two
ToF-ERDA spectra is that a substantial amount of 4He, from
TEXTOR operation with He injection for diagnostic purposes, is
seen in Fig. 4(a), but not in (b). This is not due to the different



Fig. 4. Time-of-flight ERDA spectra on the graphite test limiter from TEXTOR WF6
experiments with (a) iodine and (b) chlorine beam. Color scale: number of counts in
channel relative to maximum number of counts. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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beams used, but rather has to do with the fact that the iodine ERDA
measurements were performed shortly after removal of the test
limiter from TEXTOR, while the measurement with chlorine beam
took place almost 2 years later. During the intermediate period of
storage, helium (not being chemically bound) has most likely
desorbed from of the graphite plate. A reduction of hydrogen and
deuterium content after storage is also seen due to desorption of
water molecules. Further studies of the timescale of helium
desorption would be of interest for fusion development, especially
if it could also be observed in tungsten or EUROFER samples, both
of which suffer property degradation from helium retention
[23,24].

Given the good separation of tungsten counts from those of
other elements in Fig. 4(b), it is clear that probing ions of medium
mass, like chlorine, provide a good alternative if tungsten, or other
high-Z elements, are to be depth profiled with ToF-ERDA. As previ-
ous studies have shown [25], however, care should be taken about
surface roughness, especially of carbon samples, which can other-
wise easily lead to misinterpretations of measured data. This is
particularly troublesome when using more glancing angle irradia-
tion methods such as ERDA.

4. Summary and concluding remarks

We have performed detailed measurements of the tungsten
enriched surface layer in two EUROFER model samples after
deuterium sputtering. The total amount of tungsten atoms in the
enriched layer on sample A was measured with RBS. Details of
the depth profile in sample B could be resolved with ToF-MEIS. It
was noted that both samples had a similar amount of tungsten
atoms in the enriched layer. From the point of view of fusion, the
surface-enrichment of tungsten in EUROFER makes it less
vulnerable to sputter erosion. We have also considered ToF-ERDA
for tungsten analysis, albeit in another sample, namely a polished
graphite plate from the TEXTOR tokamak. Chlorine and iodine
beams were compared for the measurement of the tungsten-rich
deposited layer. The chlorine beam was preferred due to less inter-
ference between counts from forward scattered beam particles and
heavy elements from the sample. The loss of almost all retained
helium in the plate due to desorption during the period of interme-
diate storage for 2 years between the measurements was also
noticed.
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a b s t r a c t 

Surface compositional changes of iron-tungsten films by deuterium (D) ion bombardment were studied 

by means of medium energy ion scattering, elastic recoil detection analysis and Rutherford backscatter- 

ing spectrometry. The energy of the bombarding ions was 200 eV/D and the fluence was varied from 

10 21 D/m 

2 to 10 24 D/m 

2 . A significant increase of the tungsten concentration within the 20 nm closest to 

the sample surface, caused by preferential sputtering of iron, was seen for the films exposed 10 23 D/m 

2 

or more. In the sample exposed to the highest fluence, 10 24 D/m 

2 , the concentration of tungsten was 

increased from an initial 1.7 at. % up to approximately 24 at. % averaged over the 5 nm closest to the sur- 

face. The analysis was complicated by the presence of oxygen on the sample surfaces. In order to study 

the thermal stability of the tungsten enriched layer, the sample initially exposed to 10 23 D/m 

2 at room 

temperature was heated to 400 °C in the measurement chamber for medium energy ion scattering and 

several spectra were recorded at intermediate temperatures. The obtained data showed that the layer was 

relatively stable below 200 °C whereas a drastic change in the film composition occurred between 200 °C 
and 250 °C due to interdiffusion of iron and silicon, the latter of which was the substrate material. The 

surface morphologies of the films were probed with atomic force microscopy showing that protrusions 

of 10–100 nm width appeared after deuterium bombardment at fluences higher than 10 22 D/m 

2 . 
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1. Introduction 

The reduced activation ferritic-martensitic (RAFM) steel Euro-

fer is being considered as a first wall material in the conceptual

design of a European DEMO fusion power plant [1,2] . In present

design suggestions and applicability studies, sandwich type plasma

facing modules are often considered [3–5] , with a pure tungsten

armor on top of a Eurofer structure. However, fabrication difficul-

ties and cost assessments suggest that at least parts of the first

wall will consist of bare Eurofer [6,7] . To determine the feasibil-

ity of Eurofer as a plasma facing material it is relevant to inves-

tigate how its surface composition is modified when exposed to

conditions similar to those at the fusion plasma edge. Preferential

sputtering [8] by plasma ions, for example deuterium, leading to

surface enrichment of tungsten is here of particular interest. An

enriched tungsten layer at the plasma-facing surface could signifi-
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2352-1791/© 2017 Published by Elsevier Ltd. This is an open access article under the CC B
antly reduce sputter erosion, thus protecting the underlying bulk

aterial from additional modification by the plasma. For the effect

o be relevant in a fusion machine, the enriched layer must not be

ost by diffusion into the bulk material at the elevated tempera-

ures experienced by the components of interest during operation.

n the present study model films composed of an iron-tungsten al-

oy were investigated, providing a simpler system than real Eurofer.

his permits to study the relevant effects and to draw conclusions

bout the onset and evolution of a tungsten-enriched layer in Eu-

ofer exposed to deuterium bombardment. Time-of-flight medium

nergy ion scattering (ToF-MEIS) provides a finer depth resolution

hat what has been previously obtained with Rutherford backscat-

ering spectrometry (RBS) [9] . Such improved resolution is neces-

ary in order to resolve layer profiles with variations over a few

ens of Å, which are expected from ref. [10] . 

. Measurements and results 

Five iron-tungsten model films containing 1.7 at. % tungsten,

pproximately 300 nm thick, were prepared by magnetron sput-
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Fig. 1. Energy converted ToF-MEIS spectra from FeW model films exposed to the 

D 3 
+ ion beam. All exposures were performed at room temperature for 200 eV/D and 

the figure legend gives the deuterium fluences. The surface energies for scattering 

from iron and tungsten are 45.6 keV and 55.2 keV respectively, averaged over all 

isotopes. These known points were used in the process of converting the initial 

uncalibrated time-of-flight data to obtain the energy scale on the x-axis. 
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Fig. 2. Depth profiles of the tungsten concentration in the samples exposed to the 

highest deuterium ion fluences and the unexposed reference sample. 
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1  
er deposition on a silicon substrate. One sample was kept as a

eference and the others were exposed to a mass separated D 3 
+ 

on beam at the high current ion source at IPP Garching, Germany,

he basic design of which is described in ref. [11] . The exposure

as performed at room temperature and the energy of the ions

as 600 eV, meaning 200 eV per deuteron. The ion fluence was

aried between the four exposed samples, from 10 21 D/m 

2 up to

0 24 D/m 

2 . After exposure, the samples were first analyzed with

oF-MEIS at Uppsala University [12] . The technique has been previ-

usly tested for applicability to this type of analysis and has shown

o be suitable [13] . A 60 keV 

4 He + beam was used and projectiles

ackscattered from the sample were detected at an angle of 155 °
2 ° with respect to the forward beam direction. Fig. 1 displays

nergy converted ToF-MEIS spectra obtained from all five samples.

he position in the spectrum where the tungsten signal intersects

he iron signal corresponds to ions backscattered from tungsten at

 depth of 20 nm in the sample. In the present ToF-MEIS configu-

ation, we thus gain information from the top 20 nm layer without

ignal overlap. Normalization of the spectra was performed by di-

iding by the integral from 30 keV to 40 keV and multiplying by

he same integral from the reference spectrum, placing the iron

ignal at the same level for all curves and thus providing a more

uitable graph for direct comparison. This normalization was only

sed to allow for comparative figures. When analyzing atomic con-

entrations, the spectra were treated individually. 

Simulations were performed with Biersack and Steinbauer’s

onte Carlo program TRBS [14] to establish the concentration

epth profiles that correspond to the ToF-MEIS spectra. Fig. 2

hows the atomic fraction of tungsten in the simulated layers that

est fit the experimental data for the samples exposed to 10 23 and

0 24 D/m 

2 , i.e. the samples that were significantly modified by the

euterium bombardment. The constant tungsten concentration of

.7 at. % for the unexposed sample is added as a solid line for

omparison. The simulated layer thickness can be compared to the

epth resolution of the measurement which is estimated by taking

nto account the stopping power of the probing ions in the sample

atter. For 60 keV 

4 He, the energy loss per unit length travelled in

he sample is 281 eV/nm (from SRIM by Biersack and Ziegler). After

cattering off one iron atom, reducing the energy of the projectile

o 45.6 keV, the energy loss is 238 eV/nm. Since the scattered ions

ome out at an angle, the outgoing path length is increased ac-
ordingly. Thus, the change in energy loss of the projectile divided

y the change in the depth at which a single scattering event takes

lace is 476 eV/nm, where the stopping power for the incoming ion

as also been corrected by the kinematic factor. With a detector

esolution on the order of 1 keV, this yields a surface depth resolu-

ion of approximately 2 nm. Note that the simulation that best fits

he spectrum for the sample exposed to 10 23 D/m 

2 has two layers

ithin the first 2 nm. With the above estimation of the depth res-

lution, we conclude that the ratio of the tungsten concentrations

n these two layers and their thicknesses are not to be taken as ex-

ct values. The average amount of tungsten in the top 2 nm, how-

ver, is accurately measured. For the sample exposed to 10 24 D/m 

2 

ll simulated layers have a thickness larger than the surface depth

esolution of the measurement. Materials other than tungsten and

ron were ignored here, in particular oxygen which is present at

he sample surfaces but not directly detectable with ToF-MEIS. Ig-

oring oxygen rules out the possibility for an accurate fit to the

igh energy edges in the spectra. This simplification has limited

mpact on the analysis in the present case, and the concentration

f tungsten presented should simply be read as the ratio of tung-

ten to the total amount of iron and tungsten. 

In order to measure the amount of oxygen at the sample sur-

aces and to probe the entire film thickness for any composi-

ional changes caused by the deuterium bombardment, time-of-

ight elastic recoil detection analysis (ToF-ERDA) was performed

ith a 127 I beam at 36 MeV. The angle between the beam and the

ample surface was 23 ° and recoil ions were detected at 45 ° using

he detection system described in ref. [15] . All samples were stud-

ed except the one previously exposed to 10 23 D/m 

2 , which was re-

erved for the heating experiment described in the last section of

his paper. Depth profiles of all elements above detectable concen-

ration were generated from the raw data using the CONTES code

y M. Janson. The tungsten enriched layer at the surface of each

ample cannot be resolved with ToF-ERDA. As such the tungsten

epth profile simply lies close to 1.7 at. % throughout the film, with

 small unresolved bulge close to the surface, and has been omit-

ed below. The depth profiles of the principal constituents of the

amples (Fe, O and Si) were similar for all studied samples except

he one exposed to 10 24 D/m 

2 . The latter, along with the same pro-

les from the unexposed reference sample is displayed in Fig. 3 . 

The integrated amount of oxygen in the top 5e17 at/cm 

2 is

etween 7.4e16 and 8.7e16 at/cm 

2 in the samples exposed to

ess than 10 23 D/m 

2 . In the sample exposed to 10 24 D/m 

2 , it is

.1e17 at/cm 

2 . The areal density of 1e15 at/cm 

2 corresponds to a
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Fig. 3. ToF-ERDA depth profiles of iron, oxygen and silicon from (a) the unexposed reference film and (b) the film exposed to 10 24 D/m 

2 . The small amount of silicon seen 

in the film itself is an experimental artefact due to a fraction of primary ions hitting the aluminum sample holder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. RBS spectrum recorded for 2 MeV 4 He primary ions and SIMNRA calculation 

for the film exposed to 10 24 D/m 

2 . 
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thickness of roughly 1.19 Å (using the molar mass and density of

a mixture of 1.7 at. % tungsten and 98.3 at. % iron at room tem-

perature). Accordingly, we obtain from Fig. 3 that the oxygen-rich

layer at the sample surfaces is approximately 20 0–30 0 Å thick and

includes the entire region probed with ToF-MEIS. The film exposed

to 10 24 D/m 

2 is about 7e17 at/cm 

2 thinner than the reference film,

indicating that it has been eroded by the deuterium bombardment.

Since both films were prepared in the same batch, we may assume

that their initial thickness did not differ by more than a few per-

cent. The reduction of the film thickness then corresponds to a

sputtering yield of 0.007 at./ion. This fits well to the values mea-

sured in ref. [9] , where the sputtering yield for 200 eV/D imping-

ing on FeW films at a fluence of 10 24 D/m 

2 has been measured as

0.01 at./ion and 0.004 at./ion for films with 0.7 at. % and 4.2 at. %

of tungsten. 

A complementary measurement was performed with RBS on

the film exposed to 10 24 D/m 

2 . A 2 MeV beam of 4 He was im-

pinging at an angle of 5 ° with respect to the sample normal and

backscattered particles were detected at 170 ° The measured en-

ergy spectrum was analyzed with SIMNRA [16] . A spectrum calcu-

lated based on a layer structure of iron, tungsten, oxygen and sil-

icon from the results previously obtained with ToF-MEIS and ToF-

ERDA is compared to the experimental result in Fig. 4 . The calcu-

lated spectrum has three layers of elevated tungsten concentration

at the surface, the first two of which are 4.2e16 at/cm 

2 (50 Å) thick,

and the third 8.4e16 at/cm 

2 (100 Å, cf. Fig. 2 ). The fractions of tung-

sten to total iron and tungsten in these three layers are 0.24, 0.15

and 0.08, in agreement with the layers fitted to the ToF-MEIS re-

sult. The tungsten enriched layers are followed by 2400 Å of un-

modified film with 1.7 at. % tungsten. The oxygen content is set to

40 at. % in the top 200 Å, taking the ToF-ERDA result into account.

After the ToF-MEIS measurements, but before the above de-

scribed ToF-ERDA and RBS, an AFM scan of 1.5 × 1.5 μm 

2 was per-

formed on each model film to investigate their surface morphol-

ogy. A gradual transition from random inhomogeneity to a more

structured appearance of protrusions on samples exposed to higher

ion fluence was noted. The structures referred to as protrusions

here have circular or oval cross sections with widths on the or-

der of 10–100 nm and heights up to a few tens of nm. The trend is

illustrated in Fig. 5 , comparing the unexposed sample to that ex-

posed to 10 24 D/m 

2 . The appearance of protrusions was observed

already at 10 22 D/m 

2 where no significant surface enrichment of W

is seen in the ToF-MEIS spectrum. Even though the surface struc-
 w
ure is changing with increasing ion fluence, no significant change

n surface roughness measured as the average deviation from the

ean surface, S q , has been measured. 

As an attempt to study the thermal stability of the tungsten en-

iched layer, the film previously exposed to 10 23 D/m 

2 was heated

p to 400 °C and ToF-MEIS measurements were performed at sev-

ral temperatures. The sample was heated in the ToF-MEIS mea-

urement chamber by electron bombardment of the backside of

he sample holder and radiative heating by a W filament. Heating

as applied until the desired temperature was reached (typically

ithin 1–3 min), and the temperature was subsequently kept for

5 min. The filament current was then turned off and a ToF-MEIS

pectrum was recorded. This procedure was repeated two times at

50 °C, without any significant change of the spectrum and for sub-

equent temperatures only one measurement per temperature was

erformed. In Fig. 6 , the resulting spectra are shown and the leg-

nd gives the temperature corresponding to each curve, as well as

he amount of time for which the sample was kept at the respec-

ive temperature in total. The spectra are normalized in the same

ay as for Fig. 1 . 
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Fig. 5. Atomic force microscopy scans of 1.5 × 1.5 μm 

2 on (a) the unexposed model film and (b) the film exposed to 10 24 D/m 

2 . 

Fig. 6. Successive energy converted ToF-MEIS spectra after heating of the film pre- 

viously exposed to 10 23 D/m 

2 . 
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Fig. 7. ToF-ERDA depth profiles of iron, oxygen and silicon after heating to 400 °C 
of the film previously exposed to 10 23 D/m 
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There is no significant difference between the spectra obtained

fter 15 min and 30 min of heating at 150 °C. A drastic change of

he spectrum, in the form of an increase of the tungsten signal rel-

tive to the iron signal, is seen to have happened between 200 °C
nd 250 °C. In order to explain this change, ToF-ERDA was per-

ormed after the heating experiment. The setup was the same as

escribed above in connection to Fig. 3 . The resulting depth pro-

les for iron, oxygen and silicon are shown in Fig. 7 . At the surface,

he displayed curves do not add up to 1. This is due to carbon and

ydrogen impurities originating from handling of the sample. The

oncentrations of those impurities are not shown in the figure. 

The ToF-ERDA result shows that the relative iron content in the

lm has decreased because silicon has diffused into the film from

he substrate. RBS was performed under the same conditions as

escribed for Fig. 4 in order to check whether iron from the film

as also diffused into the substrate and whether the total tung-

ten fraction close to the surface has been affected by the heating

t all. The RBS measurement was carried out by taking ten spec-

ra in succession, each for 30 s. Every other spectrum was taken

rom the previously heated film, and every other from the refer-

nce sample. This procedure was performed to compensate for any

uctuations in beam current over time. The five spectra from the
eference film were added and the total time integrated beam cur-

ent was inferred from the known sample composition. The same

ntegrated current was assumed to have been impinging on the

eated sample, which facilitated analysis of the spectrum by re-

oving one free parameter. The RBS spectrum and the layer struc-

ure of iron, tungsten, silicon and oxygen for a SIMNRA calculation

hich fits that spectrum are shown in Fig. 8 . We see that iron is

resent down to at least 8e17 at/cm 

2 , whereas tungsten is found at

 detectable concentration only in the top 3.5e17 at/cm 

2 . 

. Discussion 

The fluence series results from Fig. 1 show that the sur-

ace compositions of the model films are relatively unaffected by

on fluences up to 10 22 D/m 

2 under the present conditions. At

0 23 D/m 

2 a surface peak starts to appear for tungsten, but the

hickness of the enriched layer is limited to less than 10 nm and

he surface fraction of tungsten is 19 at. % for the simulation that

ts the experimental data. Due to the limited achievable depth res-

lution of our ToF-MEIS setup we note that the surface fraction of

ungsten, i.e. the fraction in the first monolayer, is not accurately



476 P. Ström et al. / Nuclear Materials and Energy 12 (2017) 472–477 

Fig. 8. (a) RBS spectrum after heating to 400 °C of the film previously exposed to 10 23 D/m 

2 , and (b) corresponding elemental depth profiles. Carbon and hydrogen impurities 

at the sample surface were ignored in the analysis. 
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measured. We rather measure the average fraction in the top 2 nm

beneath the sample surface. For the highest fluence, 10 24 D/m 

2 , the

fraction of tungsten in the first 5 nm goes to approximately 24 at.

% and the layer in which the tungsten concentration is significantly

increased has a thickness on the order of 20 nm. All these results

are qualitatively consistent with previous studies performed with

RBS in ref. [9] . 

The change of surface structure of the films observed with AFM

is similar to that obtained with SEM in ref. [9] . The size of the ob-

served structures is larger in the present measurement, on the or-

der of 10–100 nm. It might be suggested that the formation of pro-

trusions is due to an uneven distribution of tungsten, i.e. tungsten

atoms protect the surface partially from erosion. The protected re-

gions would then become the tops of the protrusions. It should be

noted that even if tungsten is inhomogeneously distributed over

the surface, it difficult to confirm that in the present study be-

cause the beam spot for all of our ion beam measurements is

much larger than the typical length scale of the inhomogeneity.

This means all presented spectra represent surface averages and

the tops of the protrusions may feature higher tungsten concen-

trations than reported here. The surface roughness on all samples

gives rise to an inclination of the surface that may give a false im-

pression of depth when interpreting ion beam analysis data. We

estimate that this is not a significant error source in the backscat-

tering geometries of ToF-MEIS and RBS in this study. For ToF-ERDA,

where the beam is hitting the sample surface at a more acute an-

gle, surface roughness could pose a serious problem. In this case,

however, the problem is not very severe since the height of the

protrusions is on the same scale as the depth resolution obtained

in our ToF-ERDA setup (a few tens of nm). 

The presence of oxygen is problematic in relation to the ToF-

MEIS measurements since it prevents accurate fits to the high-

energy edges in the energy converted spectra. The layer struc-

ture presented in Fig. 2 gives the correct peak heights and widths

for the simulated spectra, but feature sharper edges for both iron

and tungsten. Ideally continued studies of the kind presented here

should be performed on non-oxidized samples. Oxygen impurities

originate either from film production or, more likely, from subse-

quent exposure to air. Impurities during exposure to the deuterium

ion beam could constitute a source of oxygen, but in that case it

cannot be the only source, since oxygen is present on the unex-

posed reference sample. 
P  
For the temperature series measurement we can conclude that

o significant changes to the ToF-MEIS spectrum occur at 150 °C
r 200 °C. Between 200 °C and 250 °C, however, the composition of

he entire probed layer changes drastically and settles into a state

hat is sustained for the subsequent measurements up to 400 °C.

rom the ToF-MEIS result it would appear as though the tungsten

oncentration has increased dramatically. One should remember,

hough, that the spectra are normalized to the iron signal. Due to

he sudden change in composition at a specific temperature, the

dea that the film undergoes a phase transition is compelling. This

s implausible since temperatures significantly higher than 250 °C
re expected to be required to produce phase transitions an iron-

ungsten mixture [17] . The ToF-ERDA result gives more accurate in-

ormation. As the temperature was increased, silicon diffused from

he substrate on which the film was deposited into the film itself.

fter heating to 400 °C, the result is that about 50 at. % of silicon

s found throughout the film. Silicon has been observed to dissolve

nto thin iron films in this way in other works, although at slightly

igher temperatures [18] . We do not go into details about iron sili-

ide formation here, since it is covered in detail for example in

ef. [18] . Given the information from the ToF-ERDA measurement

e conclude that the increase in the tungsten signal in the ToF-

EIS spectrum when normalized to the iron signal is due to the

ecreased relative iron content in the film. This line of reasoning

ould seem to suggest that iron has diffused into the silicon sub-

trate whereas tungsten has not, or at least not to the same extent.

he RBS measurement provides further clarification. The presence

f iron at 8e18 at/cm 

2 , compared to the original film thickness

hich was on the order of 3e18 at/cm 

2 , shows that iron has indeed

iffused into the substrate. Tungsten, on the other hand, is found

nly in a layer whose width is 3.5e18 at/cm 

2 . In order to fit the

urface peak in the RBS spectrum, an average 10 at. % of tungsten

as assumed in the topmost 100 at/cm 

2 of the sample after heat-

ng. This gives a similar value for the average fraction of tungsten

n that layer as seen with ToF-MEIS before heating (see Fig. 2 ). 
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� Surface enrichment with W and Ta in EUROFER97 exposed to 600 eV D3
þ ion beam.

� D particle flux approximately 8� 1018m�2s�1; fluence between 1021 and 1024 D/m2.
� Different exposure temperatures up to 1050 K gave similar enrichment profiles.
� Morphology changes included grain dependent erosion, cracking and recrystallization.
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a b s t r a c t

Surface structure modification and enrichment with tungsten and tantalum were measured for polished
EUROFER97 samples after exposure to a deuterium ion beam. Time-of-flight medium energy ion scat-
tering and time-of-flight elastic recoil detection analysis were implemented for measuring atomic
composition profiles. Atomic force microscopy and optical microscopy were used to investigate surface
morphology. The deuterium particle fluence was varied between 1021 D/m2 and 1024 D/m2, projectile
energy was 200 eV/D and exposure temperatures up to 1050 K were applied. The average fraction of
tungsten plus tantalum to total metal content in the 2 nm closest to the sample surface was increased
from an initial 0.0046 to 0.12 for the sample exposed to the highest fluence at room temperature. The
enrichment was accompanied by an increase in surface roughness of one order of magnitude and grain
dependent erosion of the material. The appearance of protrusions with heights up to approximately
40 nm after ion beam exposure at room temperature was observed on individual grains. Samples
exposed to 1023 D/m2 at temperatures of 900 K and 1050 K displayed recrystallization and cracking while
changes to the total surface fraction of tungsten and tantalum were limited to less than a factor of two
compared to the sample exposed to the same fluence at room temperature.

© 2018 The Authors. Published by Elsevier B.V. All rights reserved.
1. Introduction

EUROFER97 was developed in the European Union as a reduced
activation ferritic martensitic (RAFM) steel to be used in blanket
modules for the ITER experiment [1,2]. Presently it is also consid-
ered for a future DEMO reactor [3,4]. Consequently, characteristics
ics, Teknikringen 31, 114 28

B.V. All rights reserved.
of EUROFER97 such as tensile strength, thermal creep properties,
electrical, thermal and magnetic properties and behavior under
neutron and proton irradiation have been investigated in previous
works [5e8]. The nominal composition of EUROFER97 is 9.5 at.% Cr,
0.5 at.% C, 0.48 at.% Mn, 0.33 at.% W, 0.22 at.% V and 0.043 at.% Ta,
balanced by Fe (atomic fractions converted from the weight frac-
tions as reported in Ref. [7], different sources give slightly different
numbers). It has been shown that both EUROFER and the similar
steel F82H display reduced erosion rates after exposure to light ion
bombardment [9,10]. This property can be understood from the
presence of heavy elements with low sputtering yields, i.e. tungsten

mailto:pestro@kth.se
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Table 1
Exposure parameters for polished EUROFER97 samples at the SIESTA setup. Samples
1e5 constitute a fluence series at room temperature while samples 3, 9, 11 and 12
constitute a temperature series. Samples 6 and 8 were excluded from additional
evaluation due to a misalignment of sample 6 in the setup causing the beam to
partially miss the surface, and a carbon rich contamination layer on sample 8 that
interfered with the intended sputtering experiment.

Sample number Fluence [D/m2] Temperature [K]

1 1021 300
2 1022 300
3 1023 300
4 1024 300
5 5� 1023 300
7 0 300
9 1023 750
10 0 300
11 1023 900
12 1023 1050
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and tantalum, which are enriched at the surface by preferential
sputtering [11] and thereby lower the overall sputter rate. Quanti-
fication of the thickness of the enriched layer as well as the fraction
of tungsten in it has previously been attempted with model sam-
ples in the form of iron-tungsten films deposited on carbon or sil-
icon. Methods employed to this end include Rutherford
backscattering spectrometry (RBS) [12] and, to obtain a higher
surface depth resolution, time-of-flight medium energy ion scat-
tering (ToF-MEIS) [13,14]. In the latter case, studies of the properties
of the enriched layer at elevated temperatures have so far been
complicated by diffusion of substrate material into the film [14].
Measurements of the enriched layer thickness and depth profiling
of the tungsten and tantalum fraction in EUROFER97 after deute-
rium ion bombardment, with depth resolution of a few nanome-
ters, have not been performed previously. The purpose of the
present study is to provide such measurements and correlate their
results to changes in surface morphology. The information can help
improve the understanding of the material's response to plasma
erosion. It can thereby help to guide design decisions on using
RAFM steels in plasma exposed regions of future fusion machines,
as suggested for example in Ref. [15]. We have employed ToF-MEIS
and time-of-flight elastic recoil detection analysis (ToF-ERDA) to
analyze the enriched layer of tungsten and tantalum produced in
polished samples of EUROFER97 after exposure to a 600 eV D3

þ ion
beam. Deuterium particle fluences from 1021 D/m2 to 1024 D/m2

were applied at room temperature and for the fluence of 1023 D/m2,
several samples were exposed at different temperatures up to a
maximum of 1050 K. Surface structure modification has been
observed through optical microscopy and atomic force microscopy
(AFM).

2. Experimental

2.1. Sample preparation and exposure

12 samples, 8� 10mm2 and 1mm thick were machined from a
slab of EUROFER97 which was manufactured at For-
schungszentrum Karlsruhe GmbH, Germany and delivered via the
European Union's undertaking Fusion for Energy. Polishing was
performed with 600 and 1200 grit sandpaper followed by diamond
lapping films on a rotating disc. The grain sizes for the lapping films
were successively 30 mm, 15 mm, 9 mm, 6 mm and 3 mm. In the next
step, an oil based 1.5 mm diamond lapping paste was applied to a
microfiber cloth which was used to polish the samples by hand.
Finally, a 50 nm water based aluminum oxide suspension from
Tedpella was used, also on a microfiber cloth. The samples were
cleaned with water and ethanol after every polishing step.
Following the final polishing step, washing was performed by first
wiping the samples with a microfiber cloth soaked in ethanol and
then submerging them in acetone for 20min. Once removed from
the acetone, the samples were wiped dry with non-abrasive optical
lens tissue and baked at approximately 10�2mbar and 130 �C for
48 h.

The exposure of the samples to a deuterium ion beam was
performed with the recently assembled Second Ion Experiment for
Sputtering and Thermal desorption Analysis (SIESTA) at IPP
Garching, Germany. A discharge was set up in a deuterium plasma
source which was placed at 3.6 kV for samples numbered 1 and 2,
and 4.7 kV for the remaining samples. The increase of the source
voltage was performed in order to increase the beam current and
thereby reduce the exposure time for the samples. D3

þ ions were
selected bymeans of a bending magnet and the resulting beamwas
impinging at normal incidence on the sample which was set at a
potential 600 V lower than the source. Consequently the energy of
the D3

þ ions when hitting the sample was 600 eV, or 200 eV/D. The
total ion fluence was measured via the time integrated current
received by the sample and secondary electron emission was taken
into account using biased Faraday shields surrounding the target
platform. Beam currents between 9 mA and 13 mA onto the sample
were reached, corresponding to a deuterium particle flux between
6.7� 1018 D/m2s and 9.7� 1018 D/m2s over a beam footprint area of
0.25 cm2. Heating via electron impact was applied using a tungsten
filament placed behind the sample and temperature was measured
both with a thermocouple pressed onto the back of the sample and
with an infrared pyrometer monitoring the irradiated surface. The
temperature was controlled within ±70 K. Table 1 gives the expo-
sure conditions for the samples.

2.2. Ion beam analysis

After exposure, the samples were sealed in an argon atmosphere
and shipped to Uppsala University where ToF-MEIS measurements
were performed to quantify the surface enrichment with tungsten
and tantalum, and obtain depth-profiles of the enriched layer. A
description of the ToF-MEIS setup can be found in Ref. [16]. The
primary beam of 60 keV 4Heþ was impinging on the samples par-
allel to the surface normal and backscattered ions were detected at
a scattering angle of 155⁰. The beam current was less than 10 pA and
the measurement time was shorter than 1000 s. With a beam spot
area of approximately 1mm2, the corresponding maximum 4Heþ

ion fluence is 6.2� 1016/m2, i.e. little enough not to have had any
measurable effect on the composition of the samples. For some
samples, several measurements were taken, varying the position of
the ToF-MEIS beam spot within the SIESTA beam footprint. By this
approach it was verified that the surface enrichment is homoge-
neous within the beam footprint for independent measurements
averaged over the size of the ToF-MEIS beam spot (~1mm2).

Measurements with ToF-ERDA were carried out primarily to
quantify the amount of oxygen on the sample surfaces. A 36MeV
beam of 127I8þ was employed at 67⁰ incidence with respect to the
sample normal and recoils were detected at 45⁰ from the forward
beam direction using the detection system described in Ref. [17].

2.3. Microscopy

To investigate surface morphology changes resulting from the
ion beam exposure, the samples were photographed through an
optical microscope. The appearance of the surface was similar
everywhere within the SIESTA beam footprint and images of
150� 150 mm2 were recorded at points close to the center of the
footprint.

AFM scans were performed on all samples both before and after
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ion beam exposure using a Dimension FastScan instrument from
Bruker in tapping modewith a FastScan cantilever. The initial scans
were done immediately after polishing, cleaning and baking. The
scan size was 5� 5 mm2 with 256� 256 pixels and measurements
were performed both at the center and at the edges of the samples.
Two measurements used different scan sizes; 1.5� 1.5 mm2 and
30 � 30 mm2, also with 256� 256 pixels, and showed similar sur-
face features and average roughness as the rest of the measure-
ments. The measurements performed after ion beam exposure
used a scan size of 5� 5 mm2 and 512� 512 pixels.
3. Analysis and results

3.1. Elemental composition and layer thickness from ToF-MEIS

The raw data obtained with ToF-MEIS was energy converted and
background subtracted by fitting K/E1.5 to the background present
at backscattered ion energies from 56.5 keV to 60 keV and sub-
tracting the result from the entire spectrum (with free parameter K,
corresponding to a subtraction of white noise from the ToF spec-
trum). Fig. 1 a and b show comparisons of the background sub-
tracted spectra for the fluence series and the temperature series
respectively. The spectra have been normalized so that their in-
tegrals from 19.5 keV to 30 keV are identical in order to facilitate
comparison. The normalization does not affect the interpretation of
the results as the overall signal height is not relevant for the
analysis, but rather the relative heights of the parts of the spectrum
corresponding to signals from different elements. For all cases
where several measurements exist for the same sample, the dis-
played spectrum was constructed as the average of those mea-
surements after background subtraction and normalization in
order to improve measurement statistics and use all available data.

A signal from tungsten and tantalum whose height depends on
the atomic concentrations of those elements in the studied samples
is seen in the present ToF-MEIS spectra for energies below
55.2 keV; the energy of primary ions backscattered from tungsten
at the sample surface. The tungsten and tantalum signals are
indistinguishable and these elements are treated together for the
remaining analysis. As such, numbers reported below consider the
sum of tungsten and tantalum fractions. The spectra show peaking
of the signal intensity close to 55.2 keV, which indicates an
increased concentration of tungsten and tantalum close to the
surface. Counts below 45.6 keV come from primary ions
Fig. 1. Energy converted and background subtracted ToF-MEIS spectra using a 60 keV
4Heþ beam, from polished EUROFER97 samples exposed to a deuterium ion beamwith
(a) different fluences at room temperature and (b) a constant fluence of 1023 D/m2 at
different temperatures.
backscattered from all elements in the samples, mainly iron and
chromium, the principal constituents of the material. Analysis of
the spectra from the fluence series was performed by means of
comparison with simulations using the fast backscattering TRIM
code TRBS [18]. Between 4� 108 and 1.2� 109 ions were simulated
in each run and the energies of those ions backscattered in angles
between 153⁰ and 157⁰ were recorded. A set of layers of 5 nm
thickness each (or ~4.1� 1016 at/cm2, see further discussion on
depth scale conversion below), containing iron, tungsten and ox-
ygen on top of an unmodified bulk were assumed for the initial
simulations. The layer thicknesses as well as the concentrations of
the three included elements were varied until the simulations
yielded spectra fitting the experimental ones. It was assumed that
all elements fromvanadium to iron could be represented by iron for
these simulations, that tungsten could represent both tungsten and
tantalum, and that carbon is scarce enough in the samples to not
contribute measurably to the ToF-MEIS spectra. The only one of
these assumptions that gives a significant effect on the simulated
spectra is replacing 9.5 at.% of chromium with iron. Due to the
difference in mass between these elements and the different
stopping power in an iron-chromium mixture compared to pure
iron, a 2.5% error in the signal height below 45.6 keV for the sim-
ulations is produced. This is seen in the final result as a 2.5% error in
the depth scale and the estimated atomic fractions of tungsten and
tantalum.

In Fig. 2, the best fitting TRBS simulations are shown together
with the measured spectra from the samples exposed to fluences
between 1022 and 1024 D/m2. The fraction of tungsten averaged
over the first 2 nm beneath the surface (actually representing the
sum of tungsten and tantalum) to total metal content is indicated
for each curve. A statement about the tungsten fraction in a thinner
layer is not possible due to the surface depth resolution of ToF-MEIS
in this case, which is approximately 2 nm [14]. While layers as thin
as 2 nm are not included in the present simulations, significant
variations of the tungsten concentration on that scale would be
visible in the spectra.
Fig. 2. TRBS simulations compared to energy converted and background subtracted
ToF-MEIS data from samples exposed to deuterium particle fluences between 1022 D/
m2 and 1024 D/m2 at room temperature. The simulation results have been convolved
with a Gaussian (FWHM 1.5 keV) to account for detector resolution, scaled to repro-
duce the iron signal from 30 keV to ~42 keV and shifted by up to 0.2 keV to coincide
with the experimental spectra compensating for calibration offset. The depth scale
given beneath the curves shows the approximate sample depth corresponding to a
given backscattered particle energy. Conversion between nm and at/cm2 is based on
the density estimated for the sample exposed to 1024 D/m2, fromwhich the curve with
the highest tungsten and tantalum signal originates. Lower lying curves correspond to
samples exposed to successively lower deuterium particle fluences.
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The numbers for surface fractions given in Fig. 2 correspond to
the sum of atomic fractions of tungsten and tantalum without
taking surface oxide and carbon into account. Surface oxide was,
however, taken into account in the simulations. As such, two free
parameters are present when attempting to reproduce the
measured spectra; the atomic fractions of tungsten and oxygen. To
fit the measured signals from both tungsten and iron, both pa-
rameters are necessary. For the curves in Fig. 2, care has been
taken to reproduce the tungsten signal but also to make sure that
the simulation is in agreement with the iron signal at 45 keV for
samples exposed to 1023 D/m2 and above. The sample exposed to
1022 D/m2, for which no measurable surface enrichment is seen,
was treated differently. Focus for this sample was rather on
finding the bulk tungsten fraction. Therefore the surface oxide has
not been carefully treated for the corresponding curve, and a
discrepancy between measurement and simulation can be seen
primarily at the iron signal edge. For the samples where surface
enrichment is seen, the tungsten and tantalum concentrations
drop toward the bulk values beneath the surface. A scale is over-
lain in Fig. 2 showing the approximate characteristic depth over
which the concentration reduction takes place, both in nm and at/
cm2. The conversion of the depth scale between these units re-
quires knowledge of the atomic density in the material, or the
mass density and average molar mass. For the present TRBS
simulations, the density of each layer was calculated individually
by using an ideal bulk approximation and weighting the natural
densities of pure tungsten and iron (19.25 g/cm2 and 7.87 g/cm2)
by their respective atomic fractions. Oxygen was taken into ac-
count by multiplying the density of iron with the ratio of oxygen
and iron average atomic masses, giving a value of 2.25 g/cm2,
which was then also weighted by the atomic fraction of oxygen in
the layer. The depth scale conversion used for Fig. 2 is based on the
layer densities from the sample exposed to 1024 D/m2 but the
conversion is similar for all samples. For the sample exposed to
1023 D/m2, the simulated layer with tungsten and tantalum
enrichment is 4.6 nm thick (c.f. for example Ref. [13] and [14]). The
samples exposed to 5� 1023 and 1024 D/m2 seem to have been
affected down to at least 20 nm of depth, however to interpret this
statement the surface morphology changes induced by the
exposure of the samples to the SIESTA ion beam must also be
considered. This analysis is continued in sections 3.3 and 4. We
note that the atomic fraction of tungsten and tantalum in the
unexposed sample, as well as those exposed to fluences low
enough to not give any measurable surface enrichment, is
measured to be 0.46 at.% here rather than the 0.38 at.% expected
from the nominal composition. This number was verified by an
additional measurement with Rutherford backscattering spec-
trometry (RBS) on an unexposed reference sample, which yielded
0.44 at.%. The discrepancy between the nominal concentration
and the measured one may be due to some irregularity in the
material production or surface accumulation of tungsten and
tantalum during machining and polishing of the samples. Dis-
crepancies between the simulation result and the experimental
data seen especially at backscattered ion energies between 47 keV
and 53 keV for the curve corresponding to 5� 1023 D/m2 are due
to the fact that the simulation is based on a set of discrete layers,
while the measured curve corresponds to a smooth change of
atomic concentrations.

3.2. Surface oxide from ToF-ERDA

The result obtained with ToF-ERDA on the sample exposed to
1024 D/m2 is displayed in Fig. 3. Detected elements are indicated
and similar spectra were recorded on all samples included in the
present study. In addition to the components of EUROFER97 and
the expected surface oxide, some surface counts from hydrogen
were noted.

Depth profile conversions of the raw data were performed using
Potku [19]. An oxygen peak was observed within the first
2.3� 1017 at/cm2 below the surface in the thus produced depth
profiles, and the areal density of oxygen was found by integrating
over that peak. This procedure yielded values between 1.5� 1016 at/
cm2 and 5.8� 1016 at/cm2. The highest value of 5.8� 1016 at/cm2

was measured on the sample exposed to 1024 D/m2 which was also
showing the largest surface roughness after exposure (see Fig. 5d),
whereas the lowest values of 1.5� 1016 at/cm2 and 1.7� 1016 at/
cm2 were found for samples 11 and 9, both of which were exposed
at elevated temperature. All other samples showed intermediate
concentrations of oxygen, with no clear correlation to their
respective exposure conditions. For the TRBS simulated spectra
shown in Fig. 2 the total areal densities of oxygen are 1.7� 1016,
4.5� 1016 and 5.1� 1016 at/cm2 respectively for the samples
exposed to 1023, 5� 1023 and 1024 D/m2. With both analysis
methods discussed here, the amount of surface oxide seems to be
highest on the samples exposed to the highest deuterium particle
fluences. The oxide most likely originates from handling of the
samples in air after the exposure at SIESTA and a possible expla-
nation for the correlation is that the samples with higher surface
roughness after exposure bind more oxygen per projected unit
area. A further discussion on surface oxide and its implications for
the present measurements follows in section 4. The fact that the
oxygen concentrations from the best-fitting ToF-MEIS simulations
are similar to what is found with ToF-ERDA strengthens the validity
of the analysis.

3.3. Evolution of surface morphology

Changes in surface morphology were detected with optical
microscopy on the samples exposed to 5� 1023 and 1024 D/m2 at
room temperature and the sample exposed to 1023 D/m2 at 900 K.
Representative images from these samples, one unexposed refer-
ence sample and the sample exposed to 1023 D/m2 at room tem-
perature are given in Fig. 4.

The data obtained with AFM was processed using the open
source software Gwyddion to perform a mean plane subtraction
and a row alignment by fitting and subtracting a 1st degree poly-
nomial from each horizontal line of pixel values, after which surface
roughness was quantified. Two representative images from the
initial set of scans, from samples numbered 1 and 9, are shown in
Fig. 5 a and b. The surface structure seen in these images is domi-
nated by polishing lines with depths from a few nanometers up to a
maximum on the order of 10 nm. The RMS deviation from themean
plane, Sq, was calculated for each scan. Before ion beam exposure all
measurement points on the samples included in the present study
showed values of Sq between 0.99 nm and 2.65 nm. The average
value was 1.64 nm. After exposure, the measurements on the
samples exposed to 1021 and 1022 D/m2 showed no signs of surface
modification. Above 1023 D/m2, however, significant morphology
changes were detected in the samples exposed at room tempera-
ture. These are exemplified in Fig. 5 c and d for 1023 and 1024 D/m2,
which can be compared to the unexposed samples in Fig. 5 a and b.
At 1023 D/m2, discrete boundaries between grains eroded to
different heights become visible, but the overall surface roughness
is within the range given above for the unexposed samples. At 1024

D/m2 surface roughness has increased by one order of magnitude.
Protrusions with average height around 15 nm and a maximum
height of approximately 40 nm, similar to those observed in pre-
vious works [14,20,21] are seen. Changes to the surface structure
were also noted for the samples exposed to the highest tempera-
tures of 900 K and 1050 K, shown in Fig. 5 e and f.



Fig. 3. ToF-ERDA spectrum using a 36MeV 127I8þ beam, from the sample exposed to 1024 D/m2 at room temperature. The presence of surface oxide is indicated.

P. Str€om et al. / Journal of Nuclear Materials 508 (2018) 139e146 143
4. Discussion

The surface structure seen in Fig. 4 c and d, which is better
resolved in Fig. 5 d, should be taken into account in the interpre-
tation of the ToF-MEIS results from the samples exposed to 5� 1023

and 1024 D/m2. The increase of surface roughness on these samples
can help explain the apparent depth profiles seen in the ToF-MEIS
spectra. Two specific features are noted. First, different grains are
eroded at different rates. This can be observed in Fig. 4 a to d as a
more pronounced appearance of a grain structure for higher flu-
ences, and in Fig. 5 c as a height difference between the surfaces of
neighboring grains. Second, protrusions appear after exposure to
1024 D/m2 at room temperature on some grains, whereas other
grains appear smooth as seen in Fig. 5 d. The sizes of these grains
are on the order of a few mm up to approximately 10 mm (see Fig. 4
ced and 5 c-d). While the height variations between individual
grains do not modify the ToF-MEIS spectra significantly thanks to
the relatively large size of the grains compared to the height vari-
ation, the surface structure on individual grains does. Due to the
increased surface roughness and protrusions, it becomes less
meaningful to talk about a depth profile of the enriched layer
modelled as a change in concentration beneath a flat surface for the
samples exposed to the highest fluences.

For applications of reduced activation steels like EUROFER97 in
future fusion machines, exposure to oxygen will be limited. It is
therefore relevant to determine whether or not surface oxidation of
the samples before exposure to the SIESTA ion beam has interfered
with the present sputtering experiment. We consider the simplified
case of an iron-tungsten mixture, where the tungsten fraction is
small, and where an iron oxide layer is present at the surface. An
estimation of the sputter rate for a given element in such a mixture
can be made by calculating the sputter rate that would have been
obtained on a pure sample of the element in question and multi-
plying it by the surface fraction of the element in the mixture. This
works for iron and tungsten here, assuming that their surface
binding energies in the studied material do not differ significantly
from those in pure samples. The sputtering yield for iron by 200 eV
deuterium ions is approximately 2� 10�2 at/ion [22,23], and for
tungsten it is less than 10�4 at/ion since the maximum energy
transfer from a 200 eV deuteron to tungsten nucleus with which it
collides is between 8.5 eV and 8.7 eV depending on the isotope, close
to the surface binding energy of 8.6 eV [9]. For oxygen, where the
sputter yield for a pure solid sample is not a relevant quantity, we
may instead take the value of between 2.5� 10�2 at/ion and 3� 10�2

at/ion for carbon from Ref. [22] and [23] as a rough approximation.
The approximation is warranted as the energy transfer from a
deuteron to a stationary 12C nucleus in a collision is about 24% higher
than that to a 16O nucleus for the same recoil angle (proportional to
mpmt/(mp þ mt)2, where mp and mt are the projectile and target
masses), while the surface binding energies have been calculated as
7.37 eV for carbon [22] and 5.2 eVe5.6 eV for oxygen bound on a
polycrystalline iron surface [24]. Assuming that the oxide layer
consists of Fe2O3 and applying the method outlined above, we get
that an incident deuterium particle fluence of 1023 D/m2 leads to
removal of approximately 8� 1016 at/cm2 of iron and 1.5� 1017 at/
cm2 of oxygen or roughly 30 nm of material given the depth scale
conversion of 8.2� 1015 (at/cm2)/nm from section 3.1. The surface
oxide layers on our samples, containing a few times 1016 oxygen
atoms/cm2 before ion beam exposure are thus removed within the
early stages of the sample exposure to 1023 D/m2. For 5� 1023 and
1024 D/m2, the oxide layer is practically completely removedwithin a
few percent of the exposure. In this discussionwe have neglected the
influence of tungsten, which decreases the overall sputter yield by
200 eV deuterons impinging on an iron-tungsten alloy to less than
10�2 at/ion after exposure to 1024 D/m2 as reported in Ref. [12] and
[14]. An SDTrimSP [25] simulationwas performedwith 200 eVD ions
impinging at normal incidence on a layerwith 60 at.% O, 39.84 at.% Fe
and 0.16 at.% W of 5 nm thickness, i.e. approximately 5� 1016 at/cm2

in total or 3� 1016 at/cm2 of oxygen, on top of a bulk with 0.4 at.% W
and 99.6 at.% Fe. The simulation showed a reduction of the surface
fraction of oxygen to less than 5 at.% after exposure to 1022 D/m2, and
less than 1 at.% after approximately 2� 1022 D/m2, in agreement
with our estimation.

Oxygen present in the chamber may potentially re-oxidize the
samples during exposure to the ion beam. We evaluate the effect of
re-oxidation by using an upper estimate of the partial pressure of
O2 molecules: 4� 10�9mbar. Thus, at 300 K, the incident flux of O2
to the sample surface is 1016 molecules/m2s by the Hertz-Knudsen
formula for an ideal gas, or 2� 1016 oxygen atoms/m2s. Assuming a
sticking coefficient of 1, the oxygen fraction at the surface when
adsorption is balanced by sputtering is 10 at.%, with the deuterium
particle flux of 8� 1018 D/m2s from section 2 and the lower esti-
mate for the sputtering yield of 2.5� 10�2 at/ion from above.

When it comes to the temperature series, we note that different
types of surfacemorphology changes have occurred for the samples
exposed at 900 K and 1050 K. At 900 K we see a completely new
surface structure, both with optical microscopy in Fig. 4 e, but more
clearly with AFM in Fig. 5 e. We propose that this change is related
to recrystallization occurring while the sample was exposed and
partly during cooldown before removal from the chamber in which
the exposure was performed. It should be noted that the
morphology change is seen primarily inside the SIESTA beam



Fig. 4. Photographs through an optical microscope of samples exposed to (a) no ion beam, (b) 1023 D/m2, (c) 5� 1023 D/m2, (d) 1024 D/m2, all at room temperature and (e) 1023 D/m2

at 900 K. The lateral scale is the same for all images.
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footprint. The edges of the sample are more similar in appearance
to an unexposed reference sample, and as such the observed sur-
face modification is a synergistic effect of both heating and ion
beam exposure. At 1050 K cracking of the surface occurs. While the
recrystallization corresponded to an increase in surface roughness
to approximately 11 nmRMS, the cracking only increased it to 3 nm.
The question remains why the two samples show such different
responses to ion beam exposure at elevated temperature. We note
that the cooling down after exposure in SIESTA was not controlled,
but the samples were kept in vacuum for a fewminutes after which
nitrogen gas was introduced. Cracking may possibly be related to
thermal contraction at the sample surface depending on the cool-
ing rate, which could help explain why cracking has occurred only
on one of the samples. Despite the changes in surface structure, the
tungsten and tantalum enriched layers as measured by ToF-MEIS in
the samples exposed at elevated temperatures are similar towhat is
seen at room temperature (see Fig. 1 b). The layer thickness appears
to be unaffected by the increase in exposure temperature but the
ToF-MEIS signal height corresponding to tungsten and tantalum is
increased for the highest temperatures by a factor between 1.5 and
2 (see Fig. 1 b), indicating a similar increase of the total surface
fraction of those elements.



Fig. 5. AFM scans of 5� 5 mm2 with 256� 256 pixels from unexposed samples (aeb); 512� 512 pixels for samples exposed to 1023 and 1024 D/m2 at room temperature (ced) and
1023 D/m2 at 900 K and 1050 K (eef). Deuterium particle fluence, exposure temperature and RMS surface roughness are given for each scan.
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5. Summary and conclusions

We have measured surface enrichment with tungsten and
tantalum in samples exposed to a deuterium ion beam. The pro-
jectile energy was 200 eV/D and the flux received by the sample
was between 6.7� 1018 D/m2s and 9.7� 1018 D/m2s. Enrichment
was observed at room temperature for deuterium particle fluences
of 1023 D/m2 and above. The average atomic fraction of tungsten
plus tantalum to total metal content in the 2 nm closest to the
sample surface was increased from an initial 0.0046 to 0.023, 0.085
and 0.12 respectively for fluences of 1023, 5� 1023 and 1024 D/m2. At
5� 1023 D/m2, significant surface modification accompanied the
enrichment and at 1024 D/m2 the appearance of up to 40 nm high
protrusions was observed on individual grains in the material. As
such, attempts at depth profiling the enriched layer were incon-
clusive for the highest fluences. The ToF-MEIS spectra appeared to
indicate significant enrichment down to at least 20 nm, but it can
not be excluded that this is partly a roughness effect. For 1023 D/m2,
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on the other hand, surface modification was limited to height var-
iations at grain boundaries and overall surface roughness was not
significantly increased by the ion beam exposure. The peak width
seen in Fig. 2 is therefore not entirely a roughness effect, and we
conclude that the enriched layer thickness in this case is on the
order of a few nm. Since individual grains are eroded differently on
a smaller lateral scale than the size of the ToF-MEIS beam spot we
interpret the result as a grain average.

We conclude that oxide present on the samples before exposure
to the deuterium ion beam has not significantly impacted the re-
sults presented here for samples exposed to fluences above 1023 D/
m2. Re-oxidation during exposure due to oxygen present in the
chamber may have impacted the results, however not severely, as
an upper estimation of the partial pressure of oxygen in the
chamber and a lower estimation of the oxygen sputtering yield,
combined with a sticking coefficient of 1 yields a maximum oxygen
surface fraction of 10 at.%.

Exposure to 1023 D/m2 at temperatures of 750 K, 900 K and
1050 K gave rise to an enriched layer whose thickness was similar
to that produced by exposure to the same fluence at room tem-
perature. The fraction of tungsten and tantalum at the sample
surface was, however, higher for the samples exposed at the
highest temperatures compared to the one exposed at room tem-
perature by a factor between 1.5 and 2. The exposures at 900 K and
1050 K also produced recrystallization and cracking of the sample
surface. Previous results indicate that the sputter rate of EUROFER
steel by deuterium ions increases towards the value for pure iron
already at 770 K [9], which implies either that the enriched layer is
lost due to diffusion or that an increased surface roughness coun-
teracts the effect of surface enrichment on erosion at elevated
temperatures. The statement that the enriched layer would be lost
to diffusion already at 770 K is not supported by the present results.
It should be noted, however, that the balance between diffusion
and surface enrichment due to preferential sputtering is dependent
on the achieved deuterium particle flux. A flux of 2� 1018 D/m2s,
i.e. approximately a factor 4 lower than in the present study was
applied in Ref. [26]. A reduced surface enrichment at 520 K and loss
of the enriched layer at 800 K is reported in that study.
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Abstract 

Inconel-600 blocks and stainless steel covers for quartz microbalance crystals from remote 
corners in the JET-ILW divertor were studied with time-of-flight elastic recoil detection 
analysis and nuclear reaction analysis to obtain information about the areal densities and depth 
profiles of elements present in deposited material layers. Surface morphology and the 
composition of dust particles were examined with scanning electron microscopy and 
energy-dispersive X-ray spectroscopy. The analyzed components were present in JET during 
three ITER-like wall campaigns between 2010 and 2017. Deposited layers had a stratified 
structure, primarily made up of beryllium, carbon and oxygen with varying atomic fractions of 
deuterium, up to more than 20%. The range of carbon transport from the ribs of the divertor 
carrier was limited to a few centimeters, and carbon/deuterium co-deposition was indicated on 
the Inconel blocks. High atomic fractions of deuterium were also found in almost carbon-free 
layers on the quartz microbalance covers. Layer thicknesses up to more than 1 micrometer 
were indicated, but typical values were on the order of a few hundred nanometers. Chromium, 
iron and nickel fractions were less than or around 1% at layer surfaces while increasing close to 
the layer-substrate interface. The tungsten fraction depended on the proximity of the plasma 
strike point to the divertor corners. Particles of tungsten, molybdenum and copper with sizes 
less than or around 1 micrometer were found. Nitrogen, argon and neon were present after 
plasma edge cooling and disruption mitigation. Oxygen-18 was found on component surfaces 
after injection, indicating in-vessel oxidation. Compensation of elastic recoil detection data for 
detection efficiency and ion-induced release of deuterium during the measurement gave 
quantitative agreement with nuclear reaction analysis, which strengthens the validity of the 
results. 
  
Keywords: Fusion, Tokamak, Plasma-wall interactions, ToF-ERDA, NRA, SEM 
 
**See the author list of X. Litaudon et al., Nucl. Fusion 57 (2017) 102001. 



1. Introduction 
Plasma-wall interactions, material migration and the resulting surface modification of plasma 
facing components are identified as key elements in the preparation for future fusion 
devices [1]. To facilitate material migration studies in the Joint European Torus (JET) with 
ITER-like wall [2,3], a significant number of probes have been installed; both in the divertor 
and in the main chamber [4]. Such probes are retrieved for ex-situ analysis during major 
shutdowns. The aim of this paper is to provide an analysis of deposited layers on components 
retrieved from remote corners in the JET divertor between 2012 and 2017, after three 
ITER-like wall campaigns (ILW-1 to ILW-3). Layer thickness, composition and depth profiles 
of atomic concentrations are investigated. Conclusions about material deposition are drawn 
while keeping in mind uncertainties and error sources related to the chosen analysis methods. 
Sample surface morphology and the presence of dust particles are also described. The analysed 
components are cubic blocks of Inconel-600 with side length 15 mm, referred to as spatial 
blocks (SB) and 76 mm long stainless steel covers for quartz microbalance (QMB) deposition 
monitors. 
 
 
2. Experimental 
 
2.1 Sample descriptions and plasma exposure conditions 
Five SB were included in the present study; SB 4, 5, 6, 8 and 9, all of which, while present in 
JET, were attached to the carbon ribs of the divertor carrier in Module 14 inner wide (IW) 
beneath and behind Tile 3. SB4-6 were in the machine between 2011 and 2012, during ILW-1 
while SB8-9 were present from 2015 to 2016, during ILW-3. Two sets of four QMB covers 
each, numbered 1, 2, 3 and 5 were studied. The first such set was present in JET between 2012 
and 2014, during ILW-2, except the cover for QMB1 which was present from 2010 to 2014, 
during ILW-1-2. The second set was present during ILW-3 and removed from JET in 2017. 
QMB1 was located on the divertor carrier in Module 13 IW behind Tile 3. QMB2 and QMB3 
were similarly positioned but in Module 2 IW. QMB5 was located in Module 2 outer wide 
(OW) behind Tile 7 [5, 6]. Full descriptions of the divertor geometry with the locations of the 
QMBs and tiles mentioned here can be found in Ref. [3] and [7]. Module numbers refer to a 
toroidal partitioning of JET into 24 sections, each covering 15°. A difference in module 
numbers therefore corresponds to approximately 15 times that difference in toroidal angle 
between the positions of the components. The total divertor plasma times in JET with cutoff at 
plasma current 100 kA for campaigns ILW-1, 2 and 3 were approximately 45 000 s, 50 000 s 
and 67 000 s, with total energy input 150, 201 and 245 GJ respectively. Limiter plasma times 
were 27 000 s, 22 000 s and 18 000 s. The most common plasma species was D, but H plasmas 
also occurred. Around 9.7×1024 N atoms, 4.0×1023 Ne atoms and 2.0×1025 Ar atoms were 
introduced during ILW-2, among other things for radiative plasma edge cooling and disruption 
mitigation [8]. Also notably, 0.48 barL of 18O2 was injected into JET at the end of ILW-3 with 
the intention of providing a tracer for ex-situ analysis of component surfaces. 
 



2.2. Analysis methods and data processing 
All retrieved components were analysed with time-of-flight elastic recoil detection analysis 
(ToF-ERDA) using a 36 MeV 127I8+ beam and the detection system described in Ref. [9]. 
Unless stated otherwise below, the geometry of the ToF-ERDA setup was such that both entry- 
and exit angles were 23±1° with respect to the sample surface. The energies of recoil ions were 
measured in a gas ionization chamber (GIC) filled with isobutane, typically at 45 mbar, and 
flight time was measured over a distance of 400 mm. The system was used in what is referred 
to in Ref. [9] as full energy mode, i.e. measuring the full energy and flight time of recoil ions, 
except for the set of QMB covers retrieved from JET in 2014, for which partial energy signals 
were recorded using two anode segments in the GIC. The raw ToF-ERDA data from SB4-6 and 
QMB covers retrieved in 2014 was analysed with Potku [10] to produce elemental depth 
profiles. A compensation for detection efficiency was applied for species with mass less than 
19u using values previously measured with the method described in Ref. [11]. Due to a bug 
occurring in version 1.0 of Potku when efficiencies for two isotopes of the same element are to 
be taken into account (here H and D), depth profiling was performed twice on each dataset 
including H but excluding D and vice versa. The depth profile thus generated for H was saved, 
as well as those for all other elements from the calculation including only D. These were then 
combined and renormalized with the condition that the average of the sum of all elemental 
fractions at depths between 1017 and 2×1018 at/cm2 should be one. The depth scale, i.e. the 
thickness of each depth slab, was increased by the renormalization factor to preserve integrated 
values of atoms per unit area, which is the appropriate procedure under the approximation that 
H and D atoms present in the layer do not contribute towards stopping power. Raw ToF-ERDA 
data from SB8-9 and QMB covers retrieved in 2017 was processed with our own MATLAB 
code CONTES [12], updated to the here used version 15.3 at Uppsala University and KTH. 
Detection efficiency was taken into account in CONTES for all species, again with the method 
from Ref. [11]. The substrate signal from Inconel-600 in the SB was modelled as coming from 
a mixture of Ni and Cr for the analyses with CONTES and Potku. The signals from stainless 
steel components with mass close to Fe in the QMB covers were treated together as Fe. All 
depth profiles were integrated to produce the areal densities of deposited species reported here. 
Areal densities larger than 1015 at/cm2 have been rounded to two significant figures, respecting 
the estimated measurement errors discussed in Section 4. In some cases values smaller than 
1015 at/cm2 are given for W. These have only one significant figure, as they are typically based 
on rather few collected counts (see for example Fig. 10 a). 
 
The reason that Potku was chosen for some of the data processing despite the encountered 
isotope problem is that it allows for more convenient application of the same analysis 
procedure to several datasets than does CONTES. It also saves regions of interest and data 
from intermediate steps, which helps transparency and reproducibility. On samples from 
ILW-3, where 18O was detected, we were not able to circumvent the isotope problem and had 
therefore to rely on CONTES. The results obtained when applying both programs to the same 
datasets have previously been compared and shown to be in agreement except for one 



variation. It is related to the different methods used for treating counts with energy higher than 
that of a recoil from the sample surface, which are present as a result of broadening of edges in 
the spectrum by finite detector resolution and/or an error in the time-of-flight calibration. 
Profiles calculated with Potku include such counts and therefore show tails extending to 
negative depth. CONTES, on the other hand, neglects the negative part of the profile but 
applies a normalization factor to each depth bin such that elemental fractions add up to unity. 
The normalization compensates the error introduced by neglecting counts unless the ToF 
calibration is severely off or the composition of the studied film changes drastically within the 
first 1017 at/cm2 or so beneath the sample surface. For the present study, the difference between 
the analysis programs is not estimated to have given rise to any significant inconsistencies in 
the results. 
 
Nuclear reaction analysis (NRA) was performed on selected components with a 2.8 MeV 3He+ 
beam at normal incidence to obtain accurate values for the amount of D retained in the 
deposited layers per unit area, and to cross-check the ToF-ERDA results. The detector angle 
was approximately 172° for the NRA measurements on SB, and 167° for the measurements on 
QMB covers. Analysis of NRA data was carried out with SIMNRA [13]. An initial guess of the 
layer composition and thickness was made based on the ToF-ERDA result obtained at the point 
closest to the NRA measurement in question. The layer composition was then adapted in order 
to reproduce the signals from four reactions: 9Be(3He,p1)

11B*, 9Be(3He,p0)
11B, 2H(3He,p)4He 

and W(3He, 3He)W, with proton energies 8.03 MeV, 9.84 MeV and 11.4 MeV for the former 
three and backscattered 3He energy 2.62 MeV for the latter at 167°. Nuclear reaction cross 
sections from Ref. [14] and [15] as well as Rutherford backscattering from all detected 
elements, were used to calculate spectra. Measurement time (total ion fluence) and detector 
solid angle were taken into account by multiplying the calculated spectrum with a factor 
chosen such that the substrate signal was reproduced. The substrate was set as Inconel-600 
(75.5 at.% Ni, 15.5 at.% Cr, 8 at.% Fe and 1 at.% Mn) for the SB, while Fe was used to 
represent stainless steel for the QMB covers similarly to what was done in the ToF-ERDA 
analysis. The condition for considering signals to have been reproduced is here that the total 
number of counts in the peaks corresponding to the four studied reactions should be the same in 
the measured and calculated spectra. As such, the NRA (with Rutherford backscattering, RBS) 
measurements give areal densities of D, Be and W. Representative examples of ToF-ERDA 
and NRA spectra from QMB covers from ILW-3 and SB6 from ILW-1 are given in Fig. 1 and 
2. The latter also shows the calculated SIMNRA spectrum after D, Be and W fractions were 
adapted. 
 
Surface morphology and the presence of dust particles on SB4-6 were studied by scanning 
electron microscopy (SEM) using a Hitachi SU8000 FE-SEM. 5 and 10 keV primary beams 
were used while secondary electrons and backscattered electrons (BSE) were detected. 
Energy-dispersive X-ray spectroscopy (EDS) was performed in the same setup, also with 5 and 
10 keV primary electron energies and a Thermo Fisher Scientific UltraDry detector. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Added ToF-ERDA spectra from QMB covers 3 and 5 from ILW-3 indicating all 
signals detected when using the gas ionization chamber detector in full energy mode. The 
rather faint signal seen between 18O and the steel components around the mass of Fe is a 
combination of counts from Si and P which are also present in the steel. Due to the small 
fraction of these elements (on the order of 1 at.%) and the density of background counts, we 
estimate that inclusion of the signal in the analysis does not improve the quality of any results. 
It has, therefore, been ignored. The reason for the unusual shape of the D signal is that only half 
the total anode length in the gas ionization chamber was used to measure energy. The highest 
energy D recoils were not fully stopped over the anode, and thus only a fraction of their energy 
was recorded. The depth profiling is not affected, since it uses the measured flight time rather 
than the energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: NRA spectrum and SIMNRA calculation from SB6 from ILW-1. Nuclear reactions 
with D and Be, as well as backscattering from all deposited species and the Inconel-600 
substrate were included in the analysis. 
  



3. Results 
 
3.1. Spatial blocks 4-6 from ILW-1 
ToF-ERDA measurements were performed on three sides of SB4-6: the side facing towards the 
plasma, the opposite one facing away from the plasma (referred to below as the backside) and 
one of the sides 90° from the plasma facing direction, opposite to the side fastened on the 
divertor carrier rib. The geometry of the ToF-ERDA setup was modified for the measurement 
on the side facing 90° from the plasma; entry angle was 30° and exit angle 15°. Deposited 
layers whose thickness decreased with the distance from the plasma facing side were observed. 
Several measurements were performed in order to quantify this decrease. In addition, a few 
NRA measurements were performed on each block. Fig. 3 shows the deposited layer thickness 
measured with ToF-ERDA as the depth at which the atomic fraction of the major component of 
the layer (Be, O or C) goes below that of Ni from the Inconel-600 substrate. The depth unit of 
atoms per unit area has been translated to actual sample depth using the average interatomic 
distance in BeO, i.e. 0.6899 Å/(1015 at/cm2). This is a very crude approximation of the layer 
density, since (i) the layers contain many elements other than Be and O, and (ii) stratified 
deposits such as these (see Section 3.5) likely have a porous structure that is less dense on 
average than a pure crystalline sample of BeO. The layer thicknesses given here should 
therefore be read as lower limits that give a sense of the involved orders of magnitude. The 
values could in reality be higher by several tens of percent. While the different compositions of 
the layers make comparisons between Fig. 3 a, b and c possibly misleading, the variation of the 
layer density across each block is small enough that we estimate the measured trend of 
decreasing layer thickness with increasing distance from the plasma facing side to be accurate. 
Comparisons between different samples should be made primarily based on numbers given in 
terms of areal densities. Photographs, oriented such that the plasma facing direction is towards 
the left in the image are overlain in Fig. 3. The black or discoloured ovals show the ToF-ERDA 
measurement spots while red crosses indicate NRA points. 
 
Fig. 4 a shows depth profiles for detected species from SB5, which are representative for all 
measurements on the side 90° from the plasma facing direction on SB4-5. Be and O are the 
main constituents of the deposited layer here and the atomic fractions of the two are similar. C 
occurs primarily deeper in the deposits, closer to the layer-substrate interface, where its atomic 
fraction increases toward 30-40 at.%. On SB6, the C fraction in the layer is significantly higher 
and a peak appears close to the surface, as seen in Fig. 4 b. Areal densities of all detected 
species are given in Table 1. In order to provide comparative numbers for the areal densities 
measured with ToF-ERDA and NRA, each NRA result is presented on the same line in the 
table as that from the closest ToF-ERDA point. In the case where an NRA point lies between or 
close to two ToF-ERDA points, the values from those points have been averaged and the 
positions of both points are given. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Side 90° from plasma facing direction on SB4-6 from ILW-1. Layer thickness, 
measured as the depth at which the fraction of the major component of the deposited layer (Be, 
C or O) goes below the Ni fraction from the Inconel-600 substrate by ToF-ERDA, is given by 
the bar plots. The recalculation from areal density to layer thickness was performed assuming 
the density of BeO, which results in a lower bound estimation. The black or miscoloured oval 
marks are the ToF-ERDA spots as seen after the measurement was performed and the images 
are oriented such that these marks appear in the same order from left to right as the 
thickness-indicating bars. The rightmost mark on SB4 was emphasized with a black overlay. 
Red crosses correspond to measurement points for NRA. An inlay in the first plot shows the 
position of the analysed side of the block with respect to the plasma facing direction and the 
side fastened to the divertor carrier rib. 
 
Due to ion-induced release of diatomic gases during the ToF-ERDA measurement, the areal 
densities of especially H and D are underestimated. This effect can be compensated for by 
comparing the signal from the species in question to that from the substrate, which is assumed 
to only vary with beam current. The function suggested by Adel et al. [16] is fitted to the 
evolution of the ratio of these signals’ intensities over the course of the measurement. A 
compensation factor for the areal density is then produced as the ratio of the average value of 
the fit over the whole measurement to the initial value. An example of a fit of this kind for D on 
SB6 is shown in Fig. 5. The point from which the curve was produced is the one where the 
largest effect has been recorded, and the value of the compensation factor is 3.52. Factors of 
1.41 and above were found for all points included in Table 1, where the compensated values of 
the areal density of D are reported. The uncompensated values are given in parentheses. This 
dataset is the only one in the present study for which ion-induced release compensation has 
been applied, and as such the reported values for H and D densities in later sections should be 



read as lower limits rather than exact values. The numbers are, however relevant for qualitative 
comparison of the D retention at different points. The ratio of the D signal to that from the 
substrate was also examined for the NRA measurements, but no detectible reduction over time 
was seen. It has therefore been concluded that significant ion-induced release of D has not 
occurred during any of the NRA measurements presented in this work. A discussion on 
ion-induced release of H isotopes due to 3He bombardment at higher fluences is given in Ref. 
[17] and [18]. As seen in Fig. 1, there are two available signals for calculating the W density 
from ToF-ERDA; by using either forward scattered primary 127I ions or W recoils. These yield 
similar numbers and both are given in Table 1, the former in parentheses. 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 4: ToF-ERDA depth profiles from (a) the 9 mm point 90° from plasma facing direction 
on SB5, and (b) the 9 mm point 90° from plasma facing direction on SB6, both from ILW-1. 
 

 Position [mm] Areal density, ERDA [1015 at/cm2] NRA [1015 at/cm2] 
Sample ERDA NRA H D 9Be 12C 14N 16O W D Be W* 

SB4 11 10 120 320 (210) 770 250 120 680 18 (17) 370 740 20 

5, 7 5 150 360 (240) 830 370 110 780 23 (24) 560 790 23 

SB5 9 10 160 440 (250) 780 390 120 810 21 (22) 420 770 19 

6 5 210 490 (260) 850 510 120 880 22 (26) 550 800 24 

SB6 9,11 10 190 800 (350) 730 1100 92 830 15 (15) 880 770 16 
5 5 240 1600 (460) 830 1500 110 930 17 (17) 1200 920 18 
3 1 36 240 (140) 210 460 14 250 2.7 (2.9) 460 180 3.4 

Estimated relative error [%] ** 50 30 30 40** 40** 30 10 10 10 
Table 1: Areal densities of all species measured on the side 90° from the plasma facing 
direction on SB4-6 from ILW-1. Positions are given as approximate distances in mm from the 
edge of the plasma-facing side. In the cases where two points are given for ToF-ERDA, the 
results from those points have been averaged. Numbers in parenthesis indicate values before 
ion-induced release compensation for D and values calculated from the scattered 127I signal for 
W. Integration depth for ToF-ERDA: 5×1018 at/cm2 including entire deposited layer. See 
Section 4 for details on the estimated relative errors given for each column in the bottom row. 
*The W signal from the NRA measurement comes from backscattered 3He (RBS signal). 
**Reported numbers for H, N and O are without compensation for ion-induced release. The 
actual values may therefore be higher, in particular for H, as discussed in the present section as 
well as Section 4. 



 
 
 
 
 
 
 
 
 
Figure 5: Ion-induced release of D during the ToF-ERDA measurement from the 5 mm point 
on SB6 from ILW-1. 
 
Photographs of the deposits on the plasma facing and backsides of SB4-6 are shown in Fig. 6. 
Two ToF-ERDA measurement points were selected along a vertical line in the middle of each 
of these sides. The first measurement was performed at a lower point, about 5 mm from the 
bottom edge of the block as seen in the image, and the second measurement at an upper point, 
about 10 mm from the edge. Due to the orientation of the blocks in the ToF-ERDA setup, 
larger numbers for the position here, i.e. the upwards direction in Fig. 6, corresponds to the 
downward direction in the JET divertor. Integrated areal densities are reported in Table 2. The 
integration depth was 4×1018 at/cm2 on the side facing away from the plasma, which was 
enough to include the entire deposited layer in all measured points. On the plasma-facing sides 
of SB4-5, the layer is thick enough that the Inconel-600 substrate can just barely be seen in the 
ToF-ERDA spectrum (suggesting a layer thickness on the order of 8×1018 at/cm2 or roughly 
600 nm). On the plasma facing side of SB6 the substrate could not be detected at all and the 
layer is thus thicker than 1019 at/cm2, i.e. at least around 1 μm. It is difficult to correctly identify 
counts for some elements in the deepest part of these thick layers. For example, 14N may be 
misattributed to 16O or 12C below approximately 7×1018 at/cm2. In addition, the signal from H 
is below the lower level discrimination set to eliminate noise in the energy detector for counts 
originating from depths larger than around 8×1018 at/cm2. For these reasons, the integration 
depth for the thicker layers on the plasma-facing side was set to 6×1018 at/cm2, and the reported 
numbers are thus indicative for the composition of the layers down to that depth. 
 
 
 
 
 
 
 
 
 
Figure 6: Plasma-facing (lower images) and back (upper images) sides of SB4-6 from ILW-1. 
The images are oriented such that the third measured side, 90° from the plasma facing direction 
is to the left. The vertical orientation reflects the mounting of the samples in the ToF-ERDA 
setup, and upwards in the image therefore corresponds to the downwards direction in the JET 
divertor. 



 

Table 2: Areal densities of species detected on the plasma facing and back sides of SB4-6 from 
ILW-1. Integration depth 4×1018 at/cm2 including entire deposited layer; *6×1018 at/cm2 not 
including entire layer. Increasing position values correspond to the downward direction in the 
divertor. **Reported numbers are without compensation for ion-induced release. The actual 
values for H and D may therefore be several times higher than indicated. 
 
Fig. 7 shows one depth profile from the plasma facing side of SB6 and one from the backside of 
SB5. In Fig. 7 b, we note that the thin layers deposited on the backsides of the blocks are 
primarily made up of Be and O, with around 10 at.% or less of H, D, C and N. The amount of W 
is negligible. These features are representative for all measured points on the backsides of 
SB4-6. The C fraction increases up to between 20 and 30 at.% close to the interface between 
the layer and the Inconel-600 substrate on SB5-6, similarly to what was observed on the 90° 
side of SB4-5, while on SB4 the C concentration on the backside remains low throughout the 
layer. On the plasma-facing side, a peak in the C fraction is seen close to the surface for all 
measured points. The C content in these layers is generally high; above 10 at.% up to 30 at.%. 
An increase of the C fraction to over 40 at.% coincides with an increase of the D fraction at 
depths beneath 6×1018 at/cm2 on SB6, as seen in Fig. 7 a. The increase is real, and not due to a 
misattribution of counts, which can be verified by studying the raw data shown in Fig. 8. The 
increased intensity of the C signal here occurs in a region where there is no risk of 
misattributing a significant fraction of Be or O counts as C. It is difficult to assess in this case 
whether H behaves similarly as D, since the increase of the signal intensity occurs at a depth for 
which the H signal is lost due to lower level discrimination as described above. High fractions 
of both H and D are found on the plasma facing sides of the blocks, typically between 10 at. % 
and 20 at.% without compensation for ion-induced release. 
  

  Areal density, ERDA [1015 at/cm2] 
Sample Position [mm] H D 9Be 12C 14N 16O W 

SB 4, 
plasma side 

10* 600 750 2000 870 300 1400 77 
5* 580 840 2400 940 350 1400 79 

SB 4, 
backside 

10 51 59 430 87 62 490 2.0 

5 57 46 480 110 66 490 1.6 

SB 5, 
plasma side 

10* 690 710 2000 970 320 1500 62 
5* 650 830 2100 970 340 1500 76 

SB 5, 
backside 

10 68 84 460 170 74 470 5.0 

5 97 140 490 280 91 510 3.7 

SB 6, 
plasma side 

10* 780 890 2000 1300 310 1600 59 
5* 730 970 1900 1100 300 1500 60 

SB 6, 
backside 

10 58 91 360 170 49 450 1.6 
5 59 74 360 160 45 400 2.4 

Estimated relative error [%] ** ** 30 30 40** 40** 30 



 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: ToF-ERDA depth profiles from (a) the 10 mm point on the plasma-facing side of 
SB6, and (b) the 5 mm point on the backside of SB5, both from ILW-1. The complete loss of 
the H signal around 8×1018 at/cm2 is an artifact due to the lower level discrimination for noise 
elimination set for the gas ionization chamber used to record energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: ToF-ERDA spectrum from the 10 mm point on the plasma-facing side of SB6 from 
ILW-1. The displayed region is selected to show the full H, D, Be, C, N and O signals. Only a 
faint, almost undetectable signal from the substrate is present, as the deposit is thicker than the 
ToF-ERDA information depth of approximately 1 μm. 
 
3.2. QMB covers 1-3 and 5 from ILW-1-2 
NRA and ToF-ERDA measurements were performed in 4-6 points on each QMB cover from 
ILW-1-2. Fig. 9 shows the positions of these points. The parts of the covers pointing 
downwards in the figure were also pointing downwards in the divertor and were thus exposed 
at a position similar to the SB, while the upper parts were partially shadowed behind Tile 3 or 7. 
The lower regions around the hole through which the QMB crystals are normally exposed were 
covered by a shutter which was permanently closed due to a malfunction after approximately 



100 pulses in ILW-2. The edge of the shutter covered region can be seen as a diagonal line in 
each photograph. Table 3 gives the areal densities of detected species with distances given 
from the top of the image, so that larger values correspond to the downward direction in the 
divertor, as for the spatial blocks in Section 3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: QMB covers from ILW-1-2. Dark blue ovals indicate the positions of ToF-ERDA 
measurement points while red crosses indicate NRA points. 
 
As noted in Section 2.2, ToF-ERDA was performed differently on the QMB covers from 
ILW-1-2 than on the other components included in the present study. Instead of only measuring 
the two signals for flight time and energy, three signals were recorded: flight time and two 
partial energy signals. The partial energy signals were recorded with two anode segments in the 
GIC, covering the first 47 mm and the subsequent 169 mm of the paths of ions being stopped in 
15 mbar isobutane. For high energy and/or light ions the signal from the first anode segment is 
close to proportional to the stopping power of the ion in question in the detection gas, whereas 
for lower energy or heavier ions that are fully stopped over 47 mm, the full energy signal is 
produced. In Fig. 10 a, a scatter plot of data from QMB1 is shown, with the first anode signal 
on the y-axis and the flight time signal on the x-axis. The same data is shown in Fig. 10 b but 
with flight time on the y-axis and the full energy signal, obtained by adding the signals from the 
anode segments, on the x-axis. A further discussion on the difference between the two methods 
of signal separation and the consequences for data interpretation can be found in Section 4. The 
stopping power based separation from Fig. 10 a was used for the reported areal densities. Note 
that the H and D signals have been lost due to the low detection gas pressure in this case and we 
therefore have to rely on the NRA data for the quantification of D. 
 
Two depth profiles that are representative of the layer composition for all measured points on 
the QMB covers from ILW-1-2, except the 6 mm point on QMB5, are given in Fig. 11. It is 
worth noting here that the cover from QMB1 has a similarly composed deposit on it as the 
covers from QMB 2, 3 and 5, even though the former was present in JET during ILW 1-2 while 
the latter three were present only during ILW-2. This is an example of the fact that the 
composition of a deposited layer on a plasma-facing component depends primarily on the most 
recent operation history, while longer term information may be found in deeper parts, 



especially of thick deposits. Another observation is that the QMB covers have significantly less 
C on them than the SB. The difference can be explained by the fact that the SB are mounted 
directly on the C ribs of the divertor carrier, while the QMB covers are mounted between the 
ribs, as illustrated in Ref. [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Comparison of ToF-ERDA signal separation with time-of-flight plotted against the 
anode signal from the first segment in the GIC (left) and the full energy signal (right). Data is 
from the 74 mm point on QMB1 from ILW-1-2 and the full energy signal was constructed as 
the sum of the signals from the two used anode segments. In this particular case the signal 
labelled Si/P, which is assumed to come from the content of those elements in the stainless 
steel substrate, shows an increased density of counts in the region corresponding to the first 100 
nm below the surface. The concentration of Si, or some element close to it in mass, would 
therefore seem to have increased from little over 1 at.% in the bulk to between 2 and 4 at.% in 
the film. This is not observed on any other sample, but could potentially be due to the presence 
of a small quantity Al originating from the remote handling equipment in JET. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: ToF-ERDA depth profiles from (a) thinner layer at point 16 mm on QMB1 from 
ILW-1-2, and (b) thicker layer at point 41 mm on QMB2 from ILW-2. 
  



 Position [mm] Areal density, ERDA [1015 at/cm2] NRA [1015 at/cm2] 
Sample ERDA NRA Be C N O W* D Be W* 

QMB1 2 1 440 47 95 440 5.7 63 300 2.9 

6 - 440 57 130 430 4.1  

16 30 460 82 98 500 8.1 150 460 17 

41 41 840 56 150 710 15 210 650 14 

51 52 47 16 29 95 0.5 1.8 20 - 

74 73 230 57 35 340 1.0 16 190 1.2 

QMB2 2 1 920 160 260 710 12 88 540 4.6 

- 30  420 1100 41 

41 41 1500 160 290 1200 33 410 1200 26 

51 52 140 33 34 130 0.3 9.3 80 0.7 

74 73 150 16 41 220 - 18 180 0.9 

QMB3 16 1 570 59 130 480 11 69 330 2.5 

29 30 780 120 160 670 30 140 560 22 

41 41 1100 64 200 830 24 260 770 17 

51 52 32 10 23 55 0.5 - - - 

74 73 170 28 40 250 0.6 10 46 0.5 

QMB5 6 1 240 3300 68 200 2.3 44 210 3.7 

31 30 300 33 40 140 6.2 11 180 4.8 

41 41 880 29 84 460 13 130 860 11 

51 52 190 13 27 160 0.9 9.3 120 1.0 

73 73 960 41 150 620 1.7 230 1000 2.1 
Estimated relative error [%] 30 30 40** 40** 30 10 10 10 

Table 3: Areal densities of species detected on QMB covers from ILW-1-2. Ar, Ne and B 
densities are smaller than 1016 at/cm2 in all points; which is not considered enough for reliable 
quantification in this case. These elements are therefore not included. Integration depth for 
ToF-ERDA: 5×1018 at/cm2 including entire deposited layer, except for the point at 6 mm on 
QMB5 where a C structure thicker than 1 μm is present, as seen in Fig. 9. A part of the beam 
spot was hitting that structure, which is why C is measured to be the primary layer constituent 
at the point in question. *W signal from scattered 127I for ToF-ERDA, backscattered 3He (RBS 
signal) for NRA. **Reported numbers are without compensation for ion-induced release. 
 
3.3. Spatial blocks 8-9 from ILW-3 
The plasma-facing and 90° sides of SB8-9 were analysed in two points each with ToF-ERDA. 
The points were selected similarly to those from the plasma facing and back sides of SB4-6; an 
upper point and a lower point 5 and 10 mm from one edge of the block. In this case, the 
orientation of the blocks in the ToF-ERDA setup was such that the two points on the 90° side 
were equally far (~7.5 mm) from the plasma facing side, but at different heights. Areal 
densities are given in Table 4. As in previous sections, the position value given in the table 
increases for points further down in the divertor. 



  Areal density, ERDA [1015 at/cm2] 
Sample Position [mm] H D 9Be 12C 14N 16O 18O W 

SB 8, 
plasma side 

10** 230 410 1900 940 310 1700 14 150 
5** 170 480 2300 460 360 1900 16 260 

SB 8, 
90° side 

10 95 130 1100 590 160 1400 9.6 81 

5 100 170 1100 600 170 1400 11 81 

SB 9, 
plasma side 

10** 190 420 2100 760 320 1800 10 200 
5** 190 430 2200 680 340 1900 15 220 

SB 9, 
90° side 

10* 110 120 1300 890 180 1700 6.2 87 

5* 95 140 1300 910 180 1700 6.8 86 

Estimated relative error [%] *** *** 30 30 60*** 60*** *** 30 
Table 4: Areal densities of species detected on SB8-9 from ILW-3. Integration depth 5×1018 at/cm2 
including entire deposited layer; *6×1018 at/cm2 including entire layer; **6×1018 at/cm2 not 
including entire layer. ***Reported numbers are without compensation for ion-induced release. The 
actual values for H and D may therefore be several times higher than indicated. Factors up to 2.2 
were noted for 18O (see Section 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: ToF-ERDA depth profiles for major (a, b) and minor (c, d) constituents of the layer 
deposited at the 10 mm point, 90° from the plasma facing side of SB9 (a, c) and the 5 mm point 
on the plasma facing side of SB8 (b, d), all from ILW-3. The abrupt loss of the N, W and H 
signals between 6×1018 at/cm2 and 8×1018 at/cm2 are artifacts due to misattribution of counts 
and lower level discrimination for noise suppression in the flight time and energy detectors. 



Fig. 12 gives representative depth profiles for all elements found on SB8-9. The W fraction on 
these blocks increases from around 1-2 at.% in the deeper parts of the layers to between 5 and 8 
at.% close to the surface. H and D are more evenly distributed throughout the layer, but with a 
trend towards decreasing H fraction and increasing D fraction close to the surface. The C 
fraction on the side 90° from the plasma-facing direction shows one peak close to the 
layer-substrate interface on SB8, and two peaks on SB9 as seen Fig. 12 a. On the plasma facing 
side, the layer is thick enough so that the substrate signal is only barely visible in most points, 
i.e. around 8×1018 at/cm2, except for the 10 mm point on SB8 where a thick interface with 
slowly increasing Ni and Cr signals is seen from a depth of approximately 5×1018 at/cm2. 
 
3.4. QMB covers 1-3 and 5 from ILW-3 
Four points, as shown in Fig. 13, were selected for ToF-ERDA measurements on the QMB 
covers from ILW-3. Table 5 gives the areal densities of all detected species in these points. 
Positions are given as in previous sections with higher values in the downward direction. Note 
that the reference position “0 mm” is about 3 mm from the upper edge of the plate here, in 
contrast to the QMB covers from ILW-1-2 in Table 3 where the reference position is at the 
edge. The shutter was functioning properly for QMBs 1, 2 and 3 during ILW-3, and was open 
during 19 500 s, 25 700 s and 28 200 s respectively for those units. Ref. [5] gives further 
information on how the QMB cover is shielded from particle impacts by the shutter in the open 
and closed states. For QMB5, the shutter was opened permanently early in ILW-3 (halfway 
into the JET C35 campaign), and the open shutter time was therefore only a little less than the 
total divertor plasma time of ~67 000 s. Fig. 14 shows representative depth profiles from 
QMB3. The large Be fraction seen in the figure is measured in most points on the QMB covers 
from ILW-3. While all other studied components have shown similar amounts of Be and O, we 
here see up to several times more Be than O. An especially Be-rich deposit is present at the 41 
mm point on QMB5, with around 70 at.% of Be throughout the entire layer thickness of 
approximately 5×1018 at/cm2. A high atomic fraction of D is measured, typically between 10 
and 20 at.% without ion-induced release compensation. This is higher than what is seen on SB 
from ILW-3, but similar to the levels in the C rich layers on SB from ILW-1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Stainless steel covers for quartz microbalance deposition monitors from ILW-3. 
Dark blue ovals indicate the positions of ToF-ERDA measurement points. 



 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Depth profiles of (a) major and (b) minor constituents of the layer deposited at the 
41 mm point on the cover of QMB3 from ILW-3. 
 
  Areal density, ERDA [1015 at/cm2] 
Sample Position [mm] H D 9Be 12C 14N 16O 18O W 

QMB1 1 25 110 420 16 83 310 - 5.7 

30 14 120 470 50 56 390 - 62 

41 50 220 890 54 140 560 12 31 

48* 17 130 510 53 72 350 21 48 

QMB2 1 38 85 570 53 140 360 - 11 

30 40 180 600 74 79 460 - 78 

41 72 300 880 63 200 500 15 25 

48 90 340 1200 170 160 580 19 170 

QMB3 1 41 120 370 140 76 300 - 4.7 

30 18 100 410 43 59 350 - 47 

41 80 320 990 58 180 540 10 32 

48 31 250 860 94 110 510 18 110 

QMB5 1 43 80 640 23 100 180 - 1.7 
30 30 14 240 33 47 120 - 4.8 
41** 96 430 3600 63 240 740 - 9.2 
48 17 160 790 63 36 380 19 34 

Estimated relative error [%] *** *** 30 30 40*** 40*** 40*** 30 
Table 5: Areal densities of species detected on QMB covers from ILW-3. Integration depth 
4×1018 at/cm2 including entire deposited layer; *3×1018 at/cm2 including entire layer; 
**6×1018 at/cm2 including entire layer. ***Reported numbers are without compensation for 
ion-induced release. The actual values for H and D may therefore be several times higher than 
indicated. 
 
3.5 Electron microscopy on SB4-6 from ILW-1 
Selected SEM images using the secondary electron signal on SB4 and SB6 are shown in Fig. 
15. Peeling stratified deposits with at least five sublayers are visible in several places and 



exemplified in Fig. 15 a. Holes caused by detaching blisters and stress in the layer have also 
been found. Deposits in C-rich regions are similar to those that have previously been found in 
JET with carbon wall [19]. In the BSE images, a dense collection of Cu particles was seen on 
the side 90° from the plasma facing direction on SB6 with sizes from tens or hundreds of nm up 
to little over 1 μm and areal density on the order of 104 particles/mm2. The EDS data showed W 
particles and a few Mo particles in the size range from a few hundred nm to around 1 μm. It 
further revealed pronounced signals from Be, C, N, O and W in line with the ToF-ERDA 
results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: SEM-SE images of SB from ILW-1 showing (a) a stratified structure on SB4, (b) a 
blister that has formed on SB4 and later detached due to thermal and mechanical stress in the 
deposited layer, and (c) a C-rich deposit on SB6. 
 
 



4. Discussion 
As stated in Section 3.1, out of all ToF-ERDA results presented here, only those from the 90° 
side of SB4-6 were compensated for ion-induced gas release. The results for D in Table 1 show 
that when such compensation is applied along with detection efficiency compensation, 
quantitative agreement between NRA and ToF-ERDA is achieved. Ideally, all ToF-ERDA 
results for species that can leave the sample as diatomic gases (here H, D 14N, 16O and 18O) 
should be compensated. This task is, however, rather cumbersome to carry out at present since 
available data conversion codes like Potku and Allegria [20] do not have the functionality built 
into their depth profiling routines. The compensation factor for ion-induced release is typically 
larger for light isotopes, like H and D, than for N and O. Even for the latter, however, factors 
larger than two can be obtained as seen for example in Ref. [21]. In the present case, 
compensation factors were generated for 16O on SB4-9, yielding values close to 1 on SB4, up to 
1.3 on SB5-6 and up to 1.6 on SB9. The reported numbers for 14N and 16O in Tables 1-5 are 
without compensation and should therefore be read as lower bounds. When it comes to 18O, no 
significant release was observed during the measurements on QMB covers from ILW-3. On SB 
from ILW-3, however, factors up to 2.2 were noted, and the corresponding values in Table 4 
are thus underestimations as also stated in the table caption. The notable release of 18O in this 
case could have to do with the fact that it is present primarily in the top few tens of nm and 
therefore is more easily released than 16O which is found throughout the layer. 
 
Significant uncertainties are present in the ToF-ERDA results even in the cases where 
ion-induced release has been taken into account. First there are uncertainties in stopping 
powers, which are imported from SRIM-2013 for the here used versions of CONTES and 
Potku. The provided values are similar to those from SRIM-2010 which have been reported to 
deviate on average between 3.5% and 5.6% from experimental data [22]. The deviation is 
typically small for light ions and increases for heavier ones. 127I can therefore be estimated to 
lie at the higher end of the interval. To calculate stopping powers in compounds, Bragg’s rule 
is used. It amounts simply to weighting the stopping powers from individual elements by their 
fractions in the material under study. The error resulting from the application of Bragg’s rule, 
combined with the uncertainty in the stopping powers themselves, gives a total relative error up 
to 20%. This affects both the reported numbers for integrated areal densities and the depth scale 
for the profile plots. In the present case, since the chemistry of the deposits is unknown, the 
bonding corrections described in Ref. [22] can not be applied. Furthermore, data needed to 
perform such bonding corrections for Be are lacking. One should note, however, that since the 
studied deposits are of similar composition, the relative errors in the stopping powers should 
also be similar. A systematic deviation may thus be expected, indicating that variations in areal 
densities may be accurately measured even though the absolute values carry an error. 
 
A second important error source is sample surface roughness. Especially if the angle between 
the surface and the incoming or outgoing trajectory is small, particles may pass through 
protruding structures. As the depth from which a recoil originates is calculated from the energy 



loss due to stopping, the added path traversed through such structures gives a false impression 
of depth. For this reason, layers may appear to be thicker than they actually are, resulting in an 
overestimation of the areal densities of their constituent elements. The surface roughness 
changes arbitrarily between different measurement points and the error is therefore of random 
magnitude. 
 
The fact that both CONTES and Potku assumes single scattering may contribute further to the 
total error, as multiple scattering occurs especially for heavy elements at low energies. Multiple 
scattering can affect the interpretation of data pertaining to deeper parts of the studied layers, 
but is not expected to constitute a dominant error source in the present case. Statistical 
uncertainty from the Poisson distributed number of recorded counts in a channel influences the 
validity of the elemental fractions in individual bins of the depth profiles, but is not significant 
for the integrated areal densities. The fast oscillations in the profiles seen especially in Fig. 7 
and 12 are a result of statistical uncertainty, possibly combined with artifacts from the binning 
itself. They should therefore not be interpreted as describing actual concentration variations in 
the samples. A final significant error source comes from the efficiency of the ToF detectors 
which is almost constant for elements heavier than Li, but has been observed to fluctuate for H 
isotopes depending on the vacuum quality in the system. Absolute numbers for H and D 
concentrations are affected by this error while trends over a single measurement session are 
not. It is the case for each table given in this paper that all data points produced with the same 
method were recorded during the same session. As such, trends related to the variation of H and 
D concentrations are more reliable than the absolute numbers. 
 
In conclusion, we expect an error up to approximately 30% for the depth scales and integrated 
areal densities measured by ToF-ERDA in this work in addition to the error related to 
ion-induced release. For H isotopes that error is even larger, estimated at 50% or more. D is 
more accurately measured with NRA in which case the dominating error comes from the 
uncertainty in stopping power through the applied criterion of reproducing the substrate signal. 
The uncertainty here is smaller than in the case of ERDA thanks to the lighter projectile. The 
approximation of an Fe substrate for the QMB covers also affects the stopping power. Finally, 
there may be a contribution from the nuclear reaction cross sections, as the values provided for 
Be were measured at 150°, which is smaller than the present detector angle by between 17° and 
22°. It is not unreasonable to estimate that the resulting error in areal densities of D and Be 
measured with NRA on the QMB covers from ILW-1-2 and SB4-6 is on the order of 10%. 
 
Since the samples included in this study have been stored after removal from JET, some for 
moths or even years, a relevant question is whether significant release of any element has 
occurred during storage. The most likely elements to undergo such release are noble gases, 
here Ne and Ar, that occur in deposited layers as trapped atoms. We can not assess or quantify 
the loss of noble gas atoms, and we thus conclude only that they may have occurred in 
concentrations higher than those indicated here when samples were initially retrieved from 



JET. For H isotopes the problem is smaller as they form chemical bonds in the deposits. Studies 
have previously been carried out to attempt to quantify the release of D over time from 
plasma-exposed samples. Ref. [23], for example, concludes that storage in air for three years 
leads to loss of 25-30% of retained D in co-deposits on a graphite plate while Ref. [24] reports 
a reduction of more than 50% of the H+D content in samples from the tokamak ASDEX after 
272 days. The total effect of H/D isotope exchange in the present case is difficult to assess. 
That uncertainty adds to the total estimated error in the quantification of H and D discussed in 
the previous paragraph. Samples have been stored individually in sealed plastic containers 
without contact between the analysed surfaces and other materials or the container walls. 
Storage times between retrieval from JET and analysis were approximately 2 years for the 
QMB covers from ILW-1-2, almost 5 years for SB4-6 and 1 year for SB8-9 and QMB covers 
from ILW-3. It can be argued that the time from the last experiment day would better describe 
the loss of trapped molecules, while isotope exchange probably occurs primarily after the 
samples are removed and exposed to an uncontrolled atmosphere. The relevance of de-trapping 
occurring over time depends on the fraction of H and D that is trapped as H2, HD or D2 
compared to the fraction that is bound in various CxHy molecules. The nature of chemical 
bonds likely also affects the rate of isotope exchange, but the present measurements do not 
provide information for a detailed assessment. 
 
The two data separation methods shown in Fig. 10, which are based on stopping power and full 
energy respectively, are fundamentally different from each other in the sense that the former 
distinguishes between different atomic numbers while the latter distinguishes between 
different masses. These are both useful, and can be applied consecutively for improved 
separation in difficult cases, for example when treating samples containing 14N, 15N, 16O, 18O, 
19F and 20Ne simultaneously. Such samples can be encountered in fusion applications in the 
case of tracer experiments combined with heavy metal hexafluoride puffing (WF6, MoF6), see 
for example Ref. [25]. In the present case, the B signal is not easily detected in the full energy 
plot (Fig. 10 b), as counts from 10B are obscured by the high energy tail of the 9Be signal, and 
11B by the low energy tail of 12C. The stopping power plot (Fig. 10 a) remedies the problem. Ar, 
however, is better resolved in the full energy plot. Its stopping power is high enough that the 
full energy signal is almost reproduced also in Fig. 10 a. In this case, counts that are seen to 
belong to at least three distinct mass regions in Fig. 10 b all end up in one cluster marked “Ar” 
in Fig. 10 a. Counts in the two out of these three mass regions that are not Ar may come from Cl 
and Ca contamination from sample handling. Na contamination is further seen between the Ne 
and Si/P signals. There may be counts from K overlapping with Ar due to their similar mass, 
which is another reason for not reporting any numbers for the Ar concentration in this work. 
 
5. Summary and concluding remarks 
Deposits on SB and QMB covers retrieved from remote corners in the JET-ILW divertor have 
been studied with IBA, SEM and EDS. Layer thicknesses on the order of 1 μm or more were 
found on the plasma facing side of SB6 from ILW-1, while all other layers on SB were limited 



to less than 1 μm. Typical layer thicknesses 90° from the plasma facing direction on the SB 
were a few hundred nm, with slightly thicker layers on SB8-9 from ILW-3 than on SB4-6 from 
ILW-1, due to the longer divertor plasma time in ILW-3. The thickest deposit on the QMB 
covers from ILW-3, of (5±2)×1018 at/cm2 or roughly 400 nm was found on QMB5 from the 
outer divertor. When it comes to the QMB covers from ILW-1-2, a C structure thicker than 
1 μm was found on QMB5 from the outer divertor. Apart from this structure, the thickest layer 
was slightly less than (3±1)×1018 at/cm2, on QMB2 from the inner divertor. 
 
The main components of the deposits on QMB covers were Be and O, while a significant 
fraction of C was also present on the SB. The latter were mounted directly on the carbon ribs of 
the divertor carrier. This indicates a local transport of C from the divertor ribs to the spatial 
blocks, but not to the QMB covers, i.e. over a distance limited to a few cm. On all SB, as well as 
the QMB covers from ILW-1-2, Be and O occurred in similar concentrations possibly 
indicating the formation of BeO. Large areal densities of D were found in the C rich layers on 
the SB, and the D content seemed to scale with the total amount of C, rather than the layer 
thickness (see especially Tables 1 and 2). This is indicative of C/D co-deposition. As stated in 
Section 3.4, however, high atomic fractions of D were also found in the Be-rich layers with less 
C and O on QMB covers from ILW-3. We conclude therefore that the presence of C is not 
essential for D retention. The possibility of beryllium deuteride or deuteroxide formation has 
been treated in Ref. [26] and [27]. 
 
14N was found throughout all analysed layers, at a level typically below or around 10 at.%. Ne 
and Ar were indicated in small amounts on QMB covers from ILW-1-2. The presence of these 
elements is not surprising, as they have been used for plasma edge cooling and disruption 
mitigation by massive gas injection. The detection of 18O after its injection at the end of ILW-3 
constitutes conclusive evidence for in-vessel oxidation of component surfaces. 
 
Only a relatively small fraction of W, up to a few at.%, was present on SB after ILW-1. After 
ILW-3 a larger fraction was found, with almost 10 at.% of W close to the surface of SB8-9. The 
reason is likely that the strike point on the divertor tiles was closer to the corners in ILW-2-3 as 
compared to ILW-1, providing a local W source. The concentrations of Fe, Ni and Cr were low, 
less than or around 1 at.% at the surfaces of all deposits thick enough to completely cover the 
surface, but increasing close to the layer-substrate interface. In some points the concentrations 
reach around 5 at.% also further from the interface, as seen for Ni in Fig. 4 a. 
 
High resolution microscopy revealed partially peeled off stratified structures as a possible dust 
source. The number of sublayers may be larger than what is observed with SEM here. See for 
example Ref. [28] and [29] where many sublayers are detected in stratified deposits on metallic 
mirrors and wall tiles from JET after analysis of the cross section by cutting with a focused ion 
beam. W, Mo and Cu particles with sizes less than or around 1 μm were found, the latter of 
which likely originated from the NBI system in JET’s Octant 4. Module 14 IW in which the SB 
were mounted is located nearby in Octant 5. 
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