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Chapter III. Plasma-material interactions in magnetic fusion devices 
 
The choice of material for a fusion reactor is a complex problem, which concerns both the 
structural and PFCs materials facing different requirements such as material resilience to high 
heat fluxes and neutron fluence (e.g. see [1] and the references therein). Here we only consider 
the PFC materials. The plasma-material interaction for fusion relevant conditions is a relatively 
young area of research where our understanding of the physics involved is still incomplete. 
Therefore, in this chapter, we will focus on the issues that, we believe, are the most important for 
the description of edge plasma processes on the one hand and, on the other hand, the physics of 
which is reasonably well understood and verified. In addition, we will also discuss some gaps in 
our understanding/description of plasma material interactions in magnetic fusion devices. 

Usually, it is assumed that the major issues of plasma interaction with the materials of the 
PFCs are related to the PFCs erosion (determining the PFCs lifetime) and tritium retention. For 
example, carbon had been dismissed as the PFC material for ITER based on the assessment of 
tritium retention [2], which was later, to some extent, confirmed experimentally [3]. However, 
there is still a need for both better assessment of tritium retention in the materials potentially 
suitable for the PFCs and understanding of other phenomena related to plasma-material 
interaction in future reactors. 

The processes taking place at the surface and within some depth beneath the surface of 
the PFCs in fusion devices are very complex and diverse. They determine a wide spectrum of 
different phenomena including erosion of the PFC material, plasma contamination with impurity, 
plasma recycling and tritium retention, dust formation, modification of the surface morphology 
and the physical properties of the under-surface material, etc. Many of these processes depend 
not only on the particular material but also on the temperature, the constituency of plasma 
species and their energies. One of the complications in the study of the physics of plasma-
material interactions for fusion-relevant conditions is a strong modification of the original 
material during its exposure to plasma in the fusion devices (see Fig. III.1). This can be related to 
many factors including a strong saturation of the near-surface material layer with 
hydrogen/helium caused by plasma bombardment, formation of co-deposited layers (due to 
transport of the eroded material) which have physical properties different from the original ones 
(e.g. amorphous rather than crystal structure), melting with further re-crystallization, resulting in 
the change of the grain size, etc. 
 

 
 

Fig. III.1. Schematic representation of hydrogen-helium plasma interaction with (a) virgin crystal 
structure of the PFM and (b) modified material structure after plasma exposure. 
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Different experimental and theoretical techniques are used for the study of particular 
features of the phenomena related to the PFM in a fusion plasma environment. For example, on 
the experimental side, the optical and different kind of electron microscope (e.g. tunneling, TEM, 
and secondary emission, SEM, electron microscopes) images of material surfaces exposed to the 
plasma are often used to monitor the surface morphology modification (e.g. see Fig. III.2), 
whereas the temperature desorption spectra (TDS) and nuclear reaction analysis (NRA) along 
with other methods are used both to infer the concentrations of hydrogen and helium trapped in 
the plasma-facing materials and to shed some light on the possible trapping mechanisms (e.g. see 
Fig. III.3). We notice that most of the experimental data on plasma-material interactions come 
from specially designed experiments performed on relatively small-scale linear devices with 
well-characterized plasma parameters. However, tokamak experiments provide the data on 
plasma-material interactions for the “real” tokamak plasma environment, which is often 
characterized by violent anomalous transport phenomena in multi-species plasma and a long-
range migration of the eroded material. 
 

  
Fig. III.2. (a) optical image of carbon co-deposits on the leading edge of Tore Supra neutralizer 
(Reproduced with permission from [4], © Elsevier 2009) and (b) SEM picture of “nano-fuzz” 
rods growing on tungsten surface under helium irradiation (Reproduced with permission from 

[5], © IAEA 2009). 
 
On the theoretical side, the approaches to study of the PFM-related physics range from 

the first-principle codes utilizing the density functional theory (DFT) [7] (e.g. QUANTUM-
ESPRESSO [8], VASP [9]) to the simulations of particular, relatively small-scale features with 
different versions of Molecular Dynamic (MD) and Monte Carlo (MC) codes (e.g. LAMMPS 
[10], TRYDIN [11]), and to the study of macroscopic phenomena with the codes based on the 
continuum reaction-diffusion approximation (e.g. TMAP [12], [13], FACE [14]) and semi-
analytic models. Whereas the DFT-based simulations are capable of treating only a few tens of 
atoms and are usually used to determine the binding energies of the hydrogen and helium atoms 
in different lattice defects in fusion-relevant materials and to infer the inter-particle interaction 
potentials, the MD simulations employing complex multi-particle interaction potentials can 
describe phenomena associated with the dynamics of millions of particles (e.g. the formation of 
the helium nano-bubbles in tungsten, see Fig. III.4), and the reaction-diffusion-based codes are 
used to simulate such macroscopic features as hydrogen and helium transport and trapping in the 
fusion-related materials and to interpret the TDS data. 

However, in practice application of even MD simulations to the study of many important 
practical problems (e.g. nucleation and growth of the fuzz shown in Fig. III.2b) is beyond both 
the present and near-future computer capabilities. In addition, interatomic potentials used in the 

(a) 

(b) 
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MD simulations do not always result in the physically meaningful outcomes (e.g. see [16]). On 
the other hand, the reaction-diffusion-based codes, which can be used for the long-time, large-
scale simulations, rely on the transport properties of the species of interest (e.g. hydrogen and 
helium) and the rate constants of different “reactions”. 

These hydrogen and helium transport models, as 
well as the rate constants, which are either taken 
from some ad hoc assumptions or deduced from the 
MD simulations, in most cases,  do not allow for the 
effects of lattice stress, which can play an important 
role in many different phenomena. 

As a result, understanding of the physics 
involved in the fusion plasma-material-related 
phenomena in many cases is still rather poor. 
Therefore, in this chapter, we will consider only the 
most generic features of the plasma interactions 
with the PFC materials in a magnetic fusion 
environment and give short reviews of some 
interesting phenomena, even though their physics 
might be not entirely clear yet. Further details of the 
current research activities, considering both solids 
(beryllium and tungsten) and liquids (lithium, tin) 
as potential materials for the PFCs, can be found in 
relevant review papers (e.g. see [17] [18], [19], 
[20], [6], [21], [22] [23], [24], [25]) and original 
journal publications. 
 
 
III.1 Reflection of plasma particles impinging on 

material surfaces and sputtering of plasma-facing materials 
Both reflection and absorption of plasma 
particles (in particular, hydrogen and 
helium) impinging on material surfaces 
result in the edge plasma energy and 
particle sinks and, therefore, are 
crucially important for the plasma 
recycling process. In addition, the 
accompanying processes of sputtering of 
the plasma-facing materials are essential 
for plasma contamination with impurity 
and erosion of the PFCs.  

We start with the particle and 
energy reflection coefficients. Whereas 
the particle reflection coefficient, RN , is 
just the probability of particle impinging 
on the target surface to be reflected 
back, the energy reflection coefficient, 

 
Fig. III.3. TDS data showing D release 
from ITER-grade tungsten irradiated by 
38 eV deuterium ions with the flux 1022 
m2/s and fluences 1026 (a) and 1027 D/m2 
(b) at various temperatures.  Reproduced 

with permission from [6], © IOP 
Publishing 2014. 

 
Fig. III.4. MD simulations of growing helium nano-

bubble in tungsten emitting dislocation loops. 
Helium atoms are in red and displaced tungsten 

atoms are in grey colors.  Reproduced with 
permission from [15], © Elsevier 2015. 
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RE , needs some clarification. The reflected particles usually have a broad energy distribution 

function having an average value ER . For example, for the case where a light projectile 

strikes a target of heavy elements (e.g. tungsten), some reflected particles have the energy close 
to the initial projectile energy, Ep . Therefore, for accurate treatment of the energy of the 

reflected particles with MC neutral codes used in the edge plasma studies, one should consider 
the whole energy spectrum of the reflected particles. However, for some crude estimates one can 
use the average energy ER , which can be expressed in terms of RN , RE , and Ep  as follows: 

ER = EpRE / RN .          (III.1) 

The energy dependence of the particle and energy reflection coefficients of both 
hydrogen and helium within the energy range of interest (from ~10 eV to ~1 keV) for the case of 
normal incidence onto the target can be described by the following expression [26] 

RN/E =
A1
N/Eℓn A2

N/Eεp + e( )
1+A3

N/E(εp)
A4
N/E

+A5
N/E(εp)

A6
N/E ,      (III.2) 

where εp  is the Thomas-Fermi reduced energy of the projectile 

εp = 3.255×10
−2 Mt / Mp
1+Mt / Mp

Ep[eV]

ZpZt Zp
2/3 +Zt

2/3( )
1/2

,    (III.3) 

Mp  (Mt ) and Zp  (Zt ) are the mass and charge of the projectile (target) nuclei and Ep [eV] is 

the projectile energy in eV. The coefficients A(...)
N/E , taken from [26], can be found in Table III.1 

 However, the expression (III.2) fails to reproduce the reflection coefficients at low Ep  

(below ~ a few eV). For example, from Eq. (III.2) and the data from Table III.1, it follows that 
the reflection coefficient of a low energy 4He from tungsten is ~0.8. However, more close 
consideration shows that in order to penetrate into the tungsten lattice and have a chance to be 
trapped there, the helium particle has to overcome a potential barrier ~ 6 eV [27]. Therefore, the 
helium reflection coefficient from pure tungsten target should be equal to unity for the helium 
kinetic energy below this potential barrier. The situation with hydrogen impinging on the 
tungsten target is more complex since hydrogen can be chemically adsorbed on the tungsten 
surface (e.g. see [28] and the references therein). 
 Next, we consider the so-called physical sputtering of the targets. Physical sputtering 
assumes no formation of chemical bonds between the projectile and the target particles. The 
probability of the projectile to sputter a target particle (sputtering yield) depends on both the 
projectile energy Ep  and the incidence angle. For the normal incidence, the yield of physical 

sputtering Yph(Ep)  is given by the following expression [19] 
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 Yph(Ep) = A1
spf (εp)

(Ep / Eth −1)
A2
sp

A3
sp + (Ep / Eth −1)

A2
sp ,      (III.4) 

where Eth  is the sputtering threshold energy, A(...)
sp  are the fitting parameters and the function 

f (εp)  is given by the following formula 

 f (εp) =
0.5ℓn(1+1.2288εp)

εp +0.1728 εp +0.008(εp)
0.1504

.      (III.5) 

 

Table III.1. Fitting parameters A(...)
N/E  for both the particle and energy reflection coefficients. 

Reproduced with permission from [19], © Springer 2007.  A1
N/E  A2

N/E  A3
N/E  A4

N/E  A5
N/E  A6

N/E  

RN  (Mt / Mp > 20 ) 0.8250 21.41 8.606 0.6425 1.907 1.927 

RE  (Mt / Mp > 20 ) 0.6831 27.16 15.66 0.6598 7.967 1.822 

RN  (Mt / Mp = 3 ) 0.3680 2.985 7.122 0.5802 4.211 1.597 

RE  (Mt / Mp = 3 ) 0.2058 3.848 19.07 0.4872 15.13 1.638 

 
We notice that the surface binding energy, Es , of Be, W, and Li has values of 3.38, 8.68 

and 1.67 eV respectively, which are, as follows from Table III.2, significantly lower than Eth , in 
particular, for the case of a large mass ratio of the target to projectile atoms. This is not 
surprising, since according to the binary collision approximation, the maximum relative energy 
transfer between the two particles is 4MpMt / (Mp +Mt)

2 , which is small for Mp <<Mt  (e.g. 

for the collisions of hydrogenic species with tungsten atoms). 
Both the reflection coefficients and the sputtering yields depend also on the projectile 

incidence angle, ϑp . Whereas the particle reflection coefficient increases with increasing ϑp , 

the yield of physical sputtering, having a minimum at the normal incidence, initially increases 
also with increasing ϑp , reaches a maximum at some angle (ϑp)max < π / 2  and then drops to a 

virtually zero value. Although the particular angular dependence of Yph(Ep,ϑp)  is significant, 

rather complex and sensitive to Ep  (e.g. see Fig. III.5 and Ref. [19] for further details), in 

practice, for the edge plasma conditions where the distribution function of the particles 
impinging on the target has a broad angular and energy spread, this effect does not result in any 
specific feature of the average sputtering yield. In addition, the surface roughness also smears out 
the angular dependence of sputtering. 
 Although physical sputtering should not depend on the target temperature, the 
experimental data undoubtedly show that starting with some elevated temperature, the yield of 
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physical sputtering of different solid (e.g. Ag, Bi, Cu, Ge, Zn, [29] and the references therein, W 
[30], C [31], Be [32]) and liquid (e.g. Li [33], [34], Ga [35]) materials strongly increases with 
increasing target temperature. Theoretical explanations of this effect are ranging from different 
variations of an old idea of formation of a “hot spot” around the striking point of the projectile 
[36] to the creation of the Frenkel pairs (in a carbon target) [37] with further diffusion of the 
interstitial carbon atoms to the surface and their subsequent evaporation. However, for different 
reasons, these models are unable to fit the available experimental data. It seems that at this 
moment, the model based on the idea of “adatoms” (the target atoms that are “splashed” to the 
target surface in the course of the projectile-target interactions) [32] shows the best agreement 
with the experimental data for both the solid and liquid materials (see Fig. III.6). 
 

Table III.2. Threshold energy Eth  and the fitting parameters A(...)
sp  for the physical 

sputtering of Be, W and Li by H, D, T, 4He, self-sputtering, N, and Ne. Reproduced with 
permission from [19], © Springer 2007. 

 H D T 4He Self N Ne 
Be 

Eth  (eV) 

A1
sp  

A2
sp  

A3
sp  

 
14.3 

0.0564 

1.5147 

0.8007 

 
9.5 

0.1044 

1.9906 

1.7575 

 
9.4 

0.1379 

1.5660 

2.0794 

 
12.3 

0.3193 

1.6989 

1.7545 

 
17 

0.8241 

1.3437 

2.0334 

 
16.5 

0.9334 

2.5368 

5.2833 

 
22.8 

1.8309 

1.9400 

2.5474 
W 

Eth  (eV) 

A1
sp  

A2
sp  

A3
sp  

 
457 

0.0075 

1.2046 

1.0087 
 

 
228.8 

0.0183 

1.4410 

0.3583 

 
153.9 

0.0419 

1.5802 

0.2870 

 
120.6 

0.1151 

1.7121 

0.1692 

 
25 

18.6006 

3.1273 

2.2697 

 
45.5 

1.4389 

2.0225 

0.0921 
 

 
38.6 

2.5520 

1.9534 

0.0828 

Li 
Eth  (eV) 

A1
sp  

A2
sp  

A3
sp  

 
5.56 

0.0833 

1.4705 

0.9540 

 
4.6 

0.1321 

1.2091 

1.4358 

 
4.86 

0.1629 

0.9741 

1.8839 

 
6.5 

0.3617 

1.2501 

1.9370 

 
5.5 

0.5159 

1.7546 

8.2237 

 
 
 
- 

 
 
 
- 

 
 Whereas the energy distribution of the atoms sputtered via the “standard” physical 
sputtering process follow the Thompson distribution [38] 

 fTh (E)∝
E

(E+Es)
3

,         (III.6) 

the atoms sputtered due to the temperature-induced effects have the energy dependence 
determined by the target temperature (e.g. see [39]). 
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The sputtering processes discussed so far do not involve the possible formation of 
chemical bonds between the projectile and the target atoms. However, “chemical” effects, 
resulting in the so-called chemical sputtering, could be for some cases the dominant sputtering 
mechanism. In particular, irradiation of a carbon target with hydrogen, even at low energies, 
results in the formation of volatile hydrocarbon molecules, which could dominate the carbon 
erosion (e.g. see [19] and the references therein). However, we notice that the formation of the 
chemical bonds between the projectile and the target atoms does not necessarily result in 
chemical sputtering. For example, in Ref. [40] it was found that beryllium irradiation with 
hydrogen results in the formation of beryllium hydride, but, unlike hydrocarbons, it is not 
volatile and, therefore, does not contribute to the chemical erosion mechanism. 

 
angle of incidence (degrees) 

Fig. III.5. Sputtering yields of molybdenum by 4 keV (left) and 50 keV (right) helium ions as a 
function of the incidence angle. The dots are the experimental data and the solid lines are the fits. 

Reproduced with permission from [19], © Springer 2007. 
 

 
 

 
 

Fig. III.6. Temperature dependence of the sputtering yields of Li (left) and Be (right) targets 
from both experimental data and theoretical model based on the “adatom” concept. Reproduced 

with permission from [32], © AIP Publishing 2004. 
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We also note that both the reflection coefficients and the sputtering yields are sensitive to 
the constituency of the very first atomic layers of the target, which can be altered by 
mixing/implantation of different target materials (e.g. Be and W) or by the saturation of these 
layers with hydrogen or helium.  

 
III.2 Basic features of hydrogen/helium transport in plasma-facing materials 
Once the hydrogen and/or helium atoms penetrate into the PFC material lattice, they become the 
subjects of complex multi-body interactions with the lattice atoms. For illustration purposes, 
these interactions are often portrayed as a motion of the hydrogen or helium atoms through 
effective potential structures (see Fig. III.7). Such a motion of the hydrogen or helium atoms is 
assumed to be “strongly dumped”, which implies that the total particle energy (kinetic plus 
potential) is not conserved because of the multi-body nature of the particle interactions. The 
spacing between the local, relatively small (~0.4 eV) minima of the potential energy is 
determined by the lattice arrangement (recall that it has a 3D structure). Due to thermal effects, 
the particles can move from one minimum to another one in a random way, so that in the 
simplest case, dynamics of the hydrogen and helium atoms can be described by a diffusion 
process with the diffusion coefficient D∝exp(−Edif / T) , where Edif  is the “depth” of the local 
potential well which depends on both the material and the diffusing particle (e.g. for tungsten we 

have Edif
H ≈ 0.25 eV  and Edif

He ≈ 0.15 eV ). However, in practice, the lattice arrangement is not 
perfect and has some defects (e.g. vacancies, dislocations). In most cases, the effective potential 
well associated with these lattice defects, Etr , for both the hydrogen and helium atoms is 
significantly deeper than Edif . As a result, the atoms become virtually “trapped” in these deep 
potential wells where Etr  is often in the range of 1÷2 eV and even higher (e.g. see [41], [42], 
[43] [44] and the references therein). In practice, the release of particles from such traps is only 
possible either for relatively high target temperatures or over a long time. 
 To describe hydrogen and/or helium transport in the material lattice on large 
spatiotemporal scales, the reaction-diffusion (RD) model is often used. The RD model deals with 
free (mobile interstitial) and trapped (usually immobile) hydrogen and/or helium atoms. The free 
atoms can be trapped in and de-trapped from the trapping sites. For the simplest case where we 
assume that there is only one kind of traps having the density, Ntr , which can trap only one 
atom, the RD equations describing the free and immobile trapped atom densities, nf , and, ntr , 
can be written as follows 

 
∂nf
∂t

=∇⋅ D∇nf( )−Ktrnf Ntr − ntr( )+ νdtrntr ,     (III.7) 

 
∂ntr
∂t

= Ktrnf Ntr − ntr( )− νdtrntr ,       (III.8) 

where Ktr  is the trapping rate constant, νdtr = ν0 exp(−Etr / T)  is the de-trapping frequency and 

ν0  is the bounce frequency of the atom in the trapping potential well. The rate constant Ktr  is 
often described in a diffusive approximation, assuming that the free atom becomes trapped when 
it approaches the trapping site at a distance Rtr . Then, considering the diffusion of the free atom 
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to the trapping site in the dilute approximation (the averaged distance between the trapping sites 
is larger than Rtr ), we find Ktr = 4πDRtr .  

Although the equations III.7 and III.8 are rather simple, the RD models used in practice 
quickly become very complex when other effects such as: large amount of the trapping sites with 
different trapping energies [45], [46]; trapping of few atoms at one trapping site [47]; stress-
induced advection of the free atoms [48], [15]; nonlinear generation of new trapping sites and 
modification of the existing ones [49], [50], [51]; etc. are added.  
 The boundary conditions, which are needed to close the second-order differential 
equation (III.7) used for hydrogen and helium transport studies, can be different, which is related 
to the different structure of the effective hydrogen and helium potentials at the surface as shown 
in Fig. III.7. Since the free helium atoms are not bound to the surface, one can take zero density 
of the free helium atoms at the “surface” as the boundary condition for Eq. (III.7). The situation 
with hydrogen, which can be bounded to the surface, is more complex and depends on the target 
material. For example, for the case of tungsten, hydrogen is desorbed from the surface as a 
molecule. As a result, the corresponding boundary conditions should involve some surface 

recombination rate coefficient, Krec
surf , describing the conversion of atomic to molecular 

hydrogen. However, the available experimental data on Krec
surf  are very unreliable and differ by 

orders of magnitude (e.g. see [42] and the references therein). Therefore, it is often assumed (e.g. 
for the interpretation of the TDS data) that hydrogen transport through the target lattice is limited 
by volumetric diffusion and trapping/de-trapping processes so that it is possible to assume that 
the free hydrogen density at the “surface” is zero. Nonetheless, it is plausible that the presence of 
hydrogen at the surface along with a rather high hydrogen surface potential barrier Eb  can 
significantly alter the penetration and accumulation of the low energy hydrogen species in the 
target (e.g. [52]). Therefore, the issue of hydrogen absorption at the surface requires further 
thorough investigation. 
 

  
Fig. III.7. Effective hydrogen (left) and helium (right) potential structures illustrating hydrogen 

and helium transport in tungsten, where Edif  is the diffusion activation energy (Edif
H ≈ 0.25 eV , 

Edif
He ≈ 0.15 eV ), Etr  is the “trapping” energy, Eb  is the surface energy barrier (Eb

H ~ 2.5 eV , 

Eb
He ≈ 6 eV ), and Ech  is the chemisorption potential well (Ech

H !<1eV ).  
 Although the RD equations look similar and independent of both the target material and 
the species transported through its lattice, in practice the mechanisms of the formation of traps 
and, therefore, the overall dynamics of transport and the characteristic processes associated with 
it are sensitive to both the target material and the species transported.  
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 Therefore, to be more specific in what follows, we consider the main features of 
hydrogen and helium behavior in tungsten, which is chosen as the material for the divertor 
targets in ITER and, therefore, has been studied very extensively in last decade. In addition, 
tungsten, being irradiated by hydrogen and helium, exhibits interesting physical phenomena, 
somewhat similar to those observed in other metals (e.g. molybdenum, tantalum, etc. [24]). 
 Numerous DFT and MD simulations show a very different character of the interactions of 
few hydrogen and helium atoms with tungsten (e.g. see [24] and the references therein). Unlike 
hydrogen, the interstitial helium atoms in the tungsten lattice exhibit a strong trend to clustering 
(formation of binaries, triplets, etc.) even in the absence of lattice defects. For example, in Fig. 
III.8 one can see an increase of the helium binding energy to the interstitial cluster containing N 
helium atoms with increasing N, whereas the binding energy for a hydrogen atom to a vacancy 
decreases with the increasing number of hydrogen atoms.  

The formation of the interstitial helium cluster imposes large localized stress on the 
lattice, which finally results in the creation of the Frenkel pair. This reduces the stress but 
produces a vacancy, which “frees” the space and promotes absorption of more helium atoms into 
the cluster. Further amassment of the cluster with “kicking off” the tungsten atoms from the 
lattice, which is called “trap mutation” (e.g. see [55], [56], [57], [58]), is often considered to be 
the mechanism of helium nano-bubble growth in many metals (e.g. see [24] and the references 
therein).  

Since, unlike helium, the interstitial hydrogen clusters do not exhibit self-trapping effects, 
it is widely believed that the origin of hydrogen trapping (which could finally result in the 
formation of hydrogen nano-bubbles [59] or relatively large blisters [6]) is associated with lattice 
defects.  

 

 

 

Fig. III.8. On the left, the He binding energy in an interstitial He cluster as a function of N (red 
curve), reproduced with permission from [53], © American Physical Society 2014; On the right, 

the H binding energy with a mono-vacancy as a function of the number of hydrogen atoms. 
Reproduced with permission from [54], © IAEA 2014. 

 
 The experimental results demonstrate also very different penetration of helium and 
hydrogen into tungsten. For example, in Fig. (III.9) one can see that helium nano-bubbles are 
localized within ~ 30 nm beneath the surface. It was also shown that visible modification of the 
tungsten target surface morphology induced by helium irradiation starts at the same helium 
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fluence Φlayer ~ 2.5×10
24m−2  even though the flux of helium ions impinging onto the surface 

in these experiments differs by few orders of magnitude [62]. It implies that the buildup of such a 
helium-reach sub-layer is not sensitive to the helium flux. From Fig. III.9 one can see that, 
contrary to helium, hydrogen penetrates into the tungsten sample up to ~10 microns, even though 
the implantation range of the low energy hydrogen ions used in experiments is just a few 
monolayers of the tungsten atoms (see also [63], [6], [64]). As a result, for an extremely high 
hydrogen fluence, ΦH , the amount of hydrogen trapped in tungsten does not saturate and scales 

as ΦH  [65]. 

  
Fig. III.9. On the left: the TEM picture of the layer of He nano-bubbles (Reproduced with 

permission from [60], © Elsevier 2011); on the right: NRA measurements of H depth profile 
(Reproduced with permission from [61], © Elsevier 2012). 

Even though massive MD simulation of helium transport in tungsten [66] also shows 
shallow penetration of helium into tungsten, it would be superficial to conclude that this is solely 
due to the helium self-trapping mechanism discussed above. The reason for such doubts is the 
fact that the thickness of the helium layer, ℓHe , is virtually independent of the helium flux to the 
target, jHe . However, the variation of the helium flux should inevitably result in the proportional 

variation of the density of free helium in the implantation layer, [He]f
imp ∝ jHe . Since helium 

transport obeys the RD equations with quadratic sink terms describing the helium self-trapping 
reactions, one can find that ℓHe ∝1/ jHe  [67]. Recalling that in Ref. [62] jHe  has varied by 
four orders of magnitude, the helium self-trapping mechanism should result in a two orders of 
magnitude difference in ℓHe , which contradicts the experimental observations. A possible 
reconciliation of the experimental data with their theoretical interpretation could be related to the 
following effects, which are not allowed for in the simple analysis based on the form of the RD 
equations. First, one can assume that the seeds for helium nano-bubble nucleation are formed by 
the pre-existing lattice defects. In this case, ℓHe  would be inversely proportional to the defect 
density. The second one takes into account the MD simulation results showing that the growth of 
the helium nano-bubbles on its own produces lattice defects [68], [15], [58], which could serve 
as the helium trapping and nano-bubble nucleation sites [51]. As a result, an avalanche effect 
occurs (growing nano-bubble produces seeds for nucleation of another nano-bubble), which 
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makes the final evolution of the formation of the helium nano-bubble layer very weakly 
dependent on the particular initial helium trapping mechanism, which provides the initial seed 
for the helium bubbles, and, therefore, on the magnitude of jHe  [51] (although the time needed 
to form such a layer is inversely proportional to jHe , which implies, in agreement with the 
experimental data, a fixed helium fluence).  

Finally, it is conceivable that the formation of a large amount of helium clusters very 
close to the surface, which is observed in MD simulations at some orientations of the tungsten 
crystal [69], inhibits deeper penetration of helium. 
 At the target temperatures below 1000 K, the helium-reach layer does not exhibit visible 
macroscopic change at helium fluence, ΦHe , above Φlayer . It is plausible that this is due to the 

so-called “bursting” of the nano-bubbles situated just beneath the surface, which is observed in 
the MD simulations (e.g. see [70]). As a result of such bursting, the very first layer of the nano-
bubbles becomes actually open voids, which stop penetration of low-energetic helium deeper 
into the target and effectively “freeze” the whole nano-bubble layer. 
 However, the situation becomes very different for the tungsten temperatures in the range 
between 1000 and 2000 K. Instead of having a “freezed” layer of the nano-bubbles at the fluence 
ΦHe >Φlayer , nano-tendrils with diameter ~10 nm with some embedded helium nano-bubbles 

start to grow from the surface (see Fig. III.10) forming the so-called “fuzz” and individual trees 
of nano-tendrils (e.g. see [73], [74], [5], [72]). According to the experimental data, the thickness 

of the fuzz is proportional to ΦHe −Φlayer( )
1/2

 [62]. We notice that similar growth of nano-

tendrils under helium irradiation was observed on many metals including Mo, Ta, Fe, Ni, Ti, etc., 
which indicates that fuzz formation exhibits very general features of helium interaction with 
metals (see corresponding references in [24]).  
 

  
Fig. III.10. On the left: SEM micrograph of the fuzz grown on a single crystal after 1-hour 

irradiation by 40 eV helium ions (Reproduced with permission from [71], © Elsevier 2010) and 
on the right: individual tree of nano-tendrils (Reproduced with permission from [72], © Elsevier 

2017) grown on a tungsten surface exposed to 50 eV helium ion irradiation.	
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 Although few mechanisms of nano-tendrils growth have been suggested (see related 
references in [24] for details), neither of them can explain the whole set of the available 
experimental data. Most probably, the fuzz growth is related to large stresses imposed in the bulk 
material by continuously growing helium bubbles, which results in plastic deformation of the 
lattice. Recent experimental observations of a strong material mixture in both tendrils and the 
bulk [75], [76] seem to support this idea. 
 Let us now discuss hydrogen transport in tungsten. Even though interstitial hydrogen 
does not exhibit self-trapping effects, the experimental data show its rather strong accumulation 
in the tungsten lattice (e.g. see Fig. III.9). Therefore, some other hydrogen trapping mechanism(-
s) should exist. One of the possible candidates is hydrogen trapping in the vacancies. The DFT 
simulations (e.g. see [77], [78], [79], [80] and the references therein) show that a mono-vacancy 
at room temperature could trap ~ 6 hydrogen atoms with the binding energy ~ 1 eV. Moreover, a 
combination of the DFT results and thermodynamic consideration suggests that a large amount 
of hydrogen embedded into a metal lattice (including tungsten) strongly promotes the vacancy 
formation and buildup of the so-called superabundant vacancies (SAV). Experimental results, 
although involving the metals with the face-centered cubic lattice such as palladium, nickel, and 
some others, seem to support the hydrogen-induced formation of SAV (see [81], [82]). The 
trapping energies ~ 1 eV, similar to those found from the DFT calculations for hydrogen trapping 
in a mono-vacancy in tungsten, are usually inferred from the TDS data (e.g. see [83], [44], [84], 
[85]), although in some cases other traps, in particular, with a higher, ~ 2 eV, trapping energy are 
needed to fit the entire TDS. Traps with Etr ~2 eV  are usually attributed to hydrogen trapping in 
voids. 

Other possible trapping sites for 
hydrogen are related to dislocations. 
The DTF simulations show that three 
hydrogen atoms can be bound to the 
jogs of a screw dislocation (e.g. see 
[86]) in tungsten with the binding 
energy ~ 1.4 eV [87], [88] although the 
further increase of the number of the 
hydrogen atoms decreases the binding 
energy significantly. The TEM images 
demonstrate indeed the presence of 
screw dislocations decorated by 
hydrogen clusters [87]. Moreover, they 
also suggest that the formation of these 

dislocations, even in a monocrystalline sample, is facilitated by hydrogen [64]. In [89], the MD 
modeling of hydrogen interactions with both the edge and screw dislocations in tungsten 
demonstrated a hydrogen-induced modification of the tungsten lattice in the vicinity of the 
dislocations, formation of dynamic platelet-like hydrogen-reach structures with the hydrogen 
trapping energy Etr ~1 eV . The amount of hydrogen trapped in such platelet structures depends 
on the tungsten temperature and the hydrogen concentration. In contrast to hydrogen trapping in 
a vacancy, at low temperatures, hydrogen trapping in platelets related to a dislocation can greatly 
exceed 100 hydrogen atoms per a dislocation segment. It is conceivable that the temporal 
evolution of such platelets can account for the growth of the blisters observed experimentally 
under hydrogen irradiation of tungsten and some other metals at relatively low temperatures (see 

 
Fig. III.11. Blisters produced on monocrystalline 

tungsten by 1.5 keV deuterium ion irradiation at the 
sample temperature of 400 K.  Reproduced with 

permission from [90], © Elsevier 2011.	
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Fig. III.11). Formation of similar platelet-like structures could also be triggered by the presence 
in the sample of the non-hydrostatic tensile and shear stress components. We notice that an 
impact of a strain applied to the tungsten lattice on the hydrogen solution energy, found from the 
DFT simulations, was also reported in [54]. 
 Neutron irradiation of tungsten, unavoidable in fusion reactors, results in tungsten lattice 
damage and the formation of a large amount of additional hydrogen traps. However, experiments 
with neutron-irradiated samples can only be done just in a few laboratories (e.g. see [91], [92]). 
Therefore, some energetic ion (such as Si, He, Cu, W, etc.) irradiation is often used as a proxy 
for the neutron damage [93], [63], [94], [92], [52], [6], [95]. The available experimental data 
demonstrate that the lattice damage causes a large increase of trapped hydrogen although the 
comparison of hydrogen retention in the neutron- and ion-damaged tungsten samples shows a 
significant difference in the corresponding TDS peaks [92]. This could suggest different 
structures of the lattice damage imposed by neutrons and energetic ions. However, annealing of 
the damaged samples at high temperature before hydrogen irradiation strongly reduces the 
impact of the lattice damage on hydrogen retention [94].  

In fusion plasma, hydrogen is always accompanied by helium (the fusion ash). Possible 
synergistic effects of tungsten irradiation by low energy hydrogen with small admixture of 
helium ions on hydrogen retention were studied both experimentally and theoretically [63], [96], 
[97], [98], [99], [100], [101], [102], [103]. All these studies show that an admixture of even 
small (~5%) of helium results in a strong reduction of the amount of retained hydrogen, which 
could be attributed to the binding of hydrogen to helium nano-bubbles close to the surface, as 
seem to be indicated by some experimental data and simulations. However, this effect could also 
be related to possible interconnections of helium nano-bubbles resulting in a back leakage of 
hydrogen [104].  

 Another PFM used in 
fusion devices is beryllium. 
Although the beryllium crystal 
structure, hexagonal close-packed, 
is very different from the body-
centered cubic lattice of tungsten, 
the DFT simulations show that 
only up to five hydrogen atoms 
could be trapped in a beryllium 
lattice vacancy with the de-
trapping energy ~1.7 eV [105], 
[106]. The trapping energies from 
1.25 to 2 eV were also deduced 
from the analysis of the TDS data 
(e.g. see [107]). However, unlike 
tungsten, where the amount of 
trapped hydrogen is increasing 

with ΦH  [65], the amount of hydrogen retained in beryllium saturates with ΦH  at a relatively 
low value [108], [101]. This is probably due to the formation of interconnected hydrogen nano-
bubbles creating a porous structure in a rather thin sub-surface layer [109], 110], [108]. 
However, due to relatively high erosion of beryllium, the beryllium co-deposits (formed from the 
eroded beryllium atoms transported to and deposited at some particular locations in fusion 

 
Fig. III.12. Temporal variation of (a) number of plasma 

particles, (b) dynamic wall retention, (c) neutral pressure 
in the sub-divertor region, and (d) cumulative wall 

retention, in a JET discharge.  Reproduced with 
permission from [116], © Elsevier 2013. 
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devices) are the main sources of retained hydrogen in beryllium-containing tokamaks such as 
JET [40], [3], [101]. Similarly, for the case of carbon-based tokamaks, the main reservoir of 
retained hydrogen was in carbon co-deposits (e.g. see [2] and the references therein). According 
to [40], [111], beryllium co-deposits formed at relatively low temperature have an amorphous 
structure. 

Interestingly, the hydrogen outgassing flux from the PFM at a constant temperature, Γout
, from different tokamaks with both beryllium and carbon co-deposits exhibit (varying by orders 

of magnitude) similar temporal dependence Γout (t)∝ t
−α  with α ≈ 0.7  [112], [113], [114], [3]. 

Whereas the tokamak data could be related to some peculiarities of wall loading with hydrogen, 
laboratory experiments with a constant deposition rate also demonstrate the power-law temporal 
dependence of Γout (t)  with similar values of α  [115]. We notice that the standard diffusion law 
would give α = 0.5 . The physical reason for such an unexpected dependence of Γout (t)  is not 
clear. It is plausible that the amorphous co-deposits have a rather broad band of hydrogen 
trapping energies so that hydrogen transport can finally be described with fractional diffusion 
equations resulting in α ≠ 0.5  [46]. 
 However, during a discharge, both the hydrogen outgassing flux from the PFM and the 
wall uptake have a much more complex temporal behavior [116], [117]. As an example, from 
Fig. III.12 one can see, how the dynamic particle (hydrogen) exchange between the plasma and 
the wall structures during a discharge in the JET tokamak actually works.  
 Finally, we discuss briefly the usage of lithium as the material for the PFCs (e.g. see [22] 
and the references therein). Lithium (both solid and liquid) is used for the PFCs in fusion-related 
experiments (including tokamaks [118], [119], [120], [121], [122]) for more than a decade. One 
of the clear advantages of lithium is low Z, which makes it rather benign from the point of view 
of plasma contamination. It is difficult to predict whether lithium will be used in future fusion 
devices (but see [123]), but these days lithium becomes more and more popular in the fusion 
community as, at least, a tool for improving tokamak performance and solving some current 
issues with the PFM. Liquid lithium is a subject of both Bénard-Marangoni convection (caused 
by temperature-dependent surface tension) and

!
j×
!
B  force, where the electric current

!
j  could be 

driven by both the plasma and the thermoelectric effects. The latter ones could be used to induce 
the lithium flow [124] allowing to avoid lithium overheating by the plasma that results in the 
excessive lithium influx into the plasma. However, large uncontrolled plasma currents during 
ELMs can splash the freely flowing lithium into the plasma, which can terminate the discharge. 
An alternative way of introducing lithium for the PFM is to use some porous structure so that 
lithium would wet up the front surface of this structure but would still be confined by the pores 
[118], [119]. Virtually all the available experimental data from current tokamaks using, in some 
way, lithium report a significant reduction of plasma contamination with impurity and 
improvement of core plasma confinement. However, lithium is a strong absorber of the hydrogen 
isotopes. Therefore, to maintain the tritium budget, the application of lithium in future reactors 
would require virtually complete tritium recovery from lithium. However, on the other hand, 
strong absorption of hydrogen can, potentially, open the way to a new, very favorable “zero-
recycling” operational regime of a tokamak [125]. Recent experimental data seem to show that 
such a regime could indeed exist [121]. 
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Conclusions for Ch. III 
In conclusion to this chapter, it would be fair to say that the situation with the plasma-material 
interactions and material-related effects is far from being satisfactory and much more should be 
done in this area. Whereas we understand rather well the basic features of particle reflection from 
the material targets and physical sputtering, it is still difficult to make quantitative predictions of 
both reflection and sputtering for the case where the constituency of the first atomic layers of the 
wall material is evolving in time due to the plasma-material interactions. The situation becomes 
even worse if we need to make an assessment of helium and hydrogen transport in the material 
lattice. It seems that we understand the basics of the helium trapping mechanism at relatively low 
target temperatures, but we are yet unable to provide reliable models of the growth of fuzzy 
structures when the temperature goes up. For hydrogen transport and retention in tungsten, few 
primary mechanisms of hydrogen trapping were identified (e.g. SAV, dislocations). But still, no 
definite conclusion has been reached among the scientific community. In addition, there are 
some indications of a possible nonlinear, hydrogen-induced generation of the traps, but there is 
no quantitative predictive theoretical model that could be challenged by the experimental data 
yet. Interestingly, the experimental data on hydrogen retention in tungsten, for the conditions 
excluding such unwanted and complex effects as blistering, suggest that for extremely high 
hydrogen fluence, ΦH , the amount of trapped hydrogen is simply proportional to ΦH  [65].  
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