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 WP PFC 

ü Part 1: In situ benchmark experiments on hydrogen 
retention in self-damaged tungsten: Uptake, transport, 
dynamic retention, isotope exchange 
 

ü Part 2: Study of deuterium retention in tungsten 
simultaneously damaged by high energy W ions and loaded 
by D 

 
ü Part 3: Influence of He on deuterium retention 
 
ü Conclusions and motivation for further studies in each part  

Outline 
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 WP PFC 

 

In situ benchmark experiments on hydrogen 

retention in self-damaged tungsten: Uptake, 

transport, dynamic retention, isotope exchange 

 

 
CRP Objective 4:  to perform coordinated experiments and 

computations to improve the knowledge base on the influence of 

tungsten microstructure on tritium retention and tritium transport 

properties 
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Motivation ɀ Part 1 

Plasma wall interaction involves molecular, atomic and 
ionic species with a broad energy range few eV - keV 

Tungsten interaction with 
neutrals -  hydrogen 
isotope atoms  
× The simplest possible 

specie  
× Large fluxes of neutrals 

in divertor  and remote 
areas 

× Need to understand also 
atom/molecule 
interaction to predict 
tritium retention in 
fusion reactor  

Fluxes of low energy 

neutrals in divertor up 

to 1024 D/m2s [Roth et 

al. JNM 390 (2009) 1] 

üGoal: in depth understanding of tritium retention in W -based materials  



Sabina Markelj | 3rd IAEA CRP meeting| Vienna | 27-30 June | Page 5 

 WP PFC 

Motivation ɀPart 1 

Plasma wall interaction involves molecular, atomic and 
ionic species with a broad energy range 

Tungsten interaction 
with neutrals -  
hydrogen isotope 
atoms 
ü Starting with low D 

atom flux in 1018-
1019 D/m 2s range 

ü Set-up a laboratory 
model system to 
benchmark 
modelling codes ɀ 
extrapolating to large 
flux  

Recombination 

Implantation 

Deuterium Tungsten 

+ + 

Reflection 

Diffusion 

Trapping 

Adsorption 

Desorption 

üGoal: in depth understanding of tritium retention in W -based materials  
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Processes: atoms versus ions 

ü Direct ion implantation  
ü Large hydrogen concentration in the lattice at implantation depth -

possible defect creation due to local stress (ion-induced traps)  

Diffusion Trapping 

Ions > few eV 

Atoms 

Potential  
energy 

Distance  
from surface 

Qs=1 eV 

Ech 

½ De=2.25 eV EA 

Etrap=0.8 ɀ 2 eV 

 

physisorption 
½ H2 (g) 

H(g)  

surface bulk  

chemisorption 

Trap 
 site 

Ediff Ebs 
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Processes: atoms versus ions 

Diffusion Trapping 

ü No additional defect production  
ü Separate implantation effects from transport and trapping at defects 
ü High EA O  ÎÏ ÔÒÁÎÓÐÏÒÔ ÏÆ $ ÁÔÏÍÓ ÉÎÔÏ ÂÕÌË ÁÔ ÌÏ× ÔÅÍÐÅÒÁÔÕÒÅÓ Ѓ 700 K 

D atoms - most gentle way of loading  

W bulk 
parameters 
Ediff =0.39 eV 
Qs= 1.04 eV 
 
EA Ғ 2 eV 
[Frauenfelder  1969 J. 

Vac. Sci. Technol.] 

Ions > few eV 

Atoms 

Potential  
energy 

Distance  
from surface 

Qs=1 eV 

Ech 

½ De=2.25 eV EA 

Etrap=0.8 ɀ 2 eV 

 

physisorption 
½ H2 (g) 

H(g)  

surface bulk  

chemisorption 

Trap 
 site 

Ediff Ebs 

EA = QS + Ech + Ebs 



Sabina Markelj | 3rd IAEA CRP meeting| Vienna | 27-30 June | Page 8 

 WP PFC 

In situ studies by ion beam methods 

Ion beam analysis methods Å Möller et al. NIM B 136 (1998) 1203:  
Dynamic in situ diagnostics using high 
energy ion beam analysis - ȰMeV ion 
beam is presented as a powerful tool for 

in situ, real-time process diagnosticsȣȱ 
 

Å No transport trough air between sample 
exposure and analysis ɀ no contamination 

  
Å Possibility to study the dynamics of 

processes on the surface and in the bulk 
 
Å Measurements of all parameters  - 

computer control of the system 
 

Å Possibility of analysing beam effect ɀ 
damage production and He effect 

NRA 

MeV-ions 

PIXE 

X-rays 

g-radiation 

particle 

ERDA 

Recoil 

Back- 

scattering 

RBS 

Sample  

surface 

New: in situ study on self-damaged 

tungsten and exposure to deuterium 

atoms 
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ü High energy ion damaging 

ÅHigh energy (20 MeV) W ion 
irradiation = self-damaging 

ÅSurrogate for neutron damaging  
Å Damage creation - few µm 
Å Increased fuel retention in ion damaged W 

material from ~ 10-3 at. Ϸ ᵁ ~ 1 at. % 
Å D retention saturated at җ 0.25 dpa 
Å Possibilities to study hydrogen isotope 

uptake/transport/isotope exchange in bulk 

SRIM calculation of damage 

dose depth profile 

ScanningTransmission Electron Microscopy 
(STEM)  [L. Ciupinski et al. NIM B 317 (2013) 159] 

2.4 mm 

The damage layer serves as a 
άƎŜǘǘŜǊ ƭŀȅŜǊέ 
Ҧ 5 retention  - a way to 
determine the trap concentrations   

Method: Use of self-damaged tungsten material 
+ Nuclear reaction analysis (NRA) + HABS 
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Deuterium detection by 3He NRA 

D atom  flux 
density profile  

D2
 

D/D2
 

Heater 

Sample 

Hydrogen Atom Beam Source = HABS 

3He 

a p 

D 

Nuclear reaction to probe 2H = D: 
 

ü
3He Ҍ 5 Ҧ 4He + p    
 

(Q=18.352MeV; p energy 11-14 MeV) 
Broad resonance peak near E(3IŜύ Ғ 
0.63 MeV (FWHM 730 keV) 

Studies with deuterium  
­ extrapolation to tritium 

Å Energy 0.28 eV/D (2150 K) 
Å Dissociation rate 30-50 % 
Å Atom flux: 4x1018 ς 3x1019 D/m2s 
Å Atom fluence: 1020-1024 D/m2 

Method: Use of self-damaged tungsten material 
+ Nuclear reaction analysis (NRA) + HABS 
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In situ studies by 3He NRA 

Deuterium depth profiles - Analyzing protons 
from nuclear reaction D(3He,p)4He at different  
3He energies from 700 keV up to 4.3 MeV   

ω Recrystallized W sample 
damaged by 20 MeV W ions, 
Damage dose: 0.25 dpaKP  
 

ω Exposure to D atom beam @ 
600 K for 48 h. 
 

ω D atom beam flux density: 
5.8×1018 D/m2 s.  

A 

In-beam  
mesh charge 
collector 

2 Collimator slits 2 mm 

Heater 

Sample 

 3He 

Method: Use of self-damaged tungsten material 
+ Nuclear reaction analysis (NRA) + HABS 
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 WP PFC D loading of self-damaged W by D atom 
exposure 

t = 2.5h  

For more information see: Markelj et al. JNM 469 (2016) 133 

ω D atom loading - filling of damaged area by D atoms.  


