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Abstract  

The effect of Primary Knock-on Atom (PKA) spectrum on the damage creation and subsequent deuterium trapping at the 
defects has been investigated using computer simulations and surrogate ion-irradiation experiments. The PKA spectrum 
generated by light ions resembles close to 14 MeV neutrons. Ion-irradiation experiments have been carried out with ions of 
Au, W, B, He and D of energies ranging from 100 keV – 80 MeV for a fluence range of 1.3 x 1014 ions-cm-2 to 5x1017 ions-
cm-2.  While 80 MeV-gold ions produced dense clusters of defects and dislocation loops, boron produced predominantly 
dislocation lines and dislocation loops. Molecular dynamics simulations show that at large PKA energies (>150 keV) the 
fragmentation of the cascade takes place which tend to limit the size of individual defect cluster. Transmission electron 
microscopy studies have shown that 80 MeV Au-irradiation which has significant fraction of PKA energies above 
fragmentation threshold has produced dense cluster of smaller defects (<12 nm). Deuterium irradiation experiments indicate 
that the defect produced during the irradiation might act as channels for diffusion leading to a significant shift in the 
implantation profiles.  
 
Key words: PKA Spectrum, Fragmentation, Transmission Electron Microscopy, Positron Annihilation Spectroscopy 

 
1. INTRODUCTION 

Emergence of tungsten as a candidate plasma-facing material for the divertor in fusion devices makes it necessary 
to evaluate it from the point of view of neutron irradiation and its impact  [1,2]. One of the unresolved issues in 
using tungsten is the difficulty in estimation of H-isotope trapping at the defects. This requires knowledge of 
various types of defects which are mainly determined by the Primary Knock-on Atom (PKA) spectrum and 
associated cascades created by fusion neutrons within the tungsten lattice  [3]. 

Since the facilities for creating damage due to reactor-like fluxes of neutron (along with plasma & alpha particles) 
do not exist, one has to resort to indirect means like surrogate ion-irradiation. However, there will be key 
differences in PKA spectra, energy-loss and heating mechanisms and the rate of production of defects. Therefore, 
there is a need to understand how these differences impact the defect structure and conclusions on retention. In 
this paper, we address the effect of PKA spectra on the defects by using low and high mass ion irradiation 
experiments and computer simulations. 
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What will be the T-retention in reactor environment? 

● Low T-retention
● High melting point
● Low erosion

Neutron Irradiation & T-retention 

● Low dust formation

● Low Z
eff

● High heat flux handling 

Tungsten as Plasma-Facing Material
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Neutron flux & PKA spectrum 
for “ITER-like” reactor

Neutron transport calculations using 
ATTILA combined with SPECTER

400 s shot

PKA/neutron ~ 0.4
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Even if only one D/T-atom was trapped at each defect ...

* DEMO based on ITER-like
** Surface area ~1000 m2

§ 1 FPY = 3 x 107 s
$ PKA/n = 0.4
$§ FP/PKA = 1
&&100 m2 n-wetted area (OVT+dome+IVT)

Assuming 20 years – 1.5kg/year

Regulatory limit may force a de-tritiation/change 

Machine Power 
(MW)

G
n
 

(cm-2 s-1)
FPY§

(lifetime)
F

n

(cm-2)
PKA$

(cm-3)
FP$§

(cm-3)
T atom -
trapped&& 

ITER-
like**

500 1.7 x1013 0.4 2 x 1020 8 x 1019 8x1019 4x1025

(200 gm )

DEMO* 2000 7 x 1013 14 3 x 1022 1.2 x 1022 1.2 x 1022 0.6x1028

(30 kg!!!)

From the point of view of trapping it is 
crucial to understand the nature of defect and 
its relation to PKA
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Number of defects & defect cluster size increases 
with PKA energy 

At lower PKA energies, (E
PKA

 < 30 keV) 
smaller defect clusters are formed

20 keV

Comparison with SRIM E
d
 = 90 eV. 

Recombination is significant

Interstitials in red, Vacancies in green
Atoms participating in the cascade ~1/2 
ps have been superposed

20 ps after irradiation
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Single Int. 68% Single Vac. 89%

Single Int. 58% Single Vac. 79%

50 keV

100 keV

As PKA energy increases larger interstitial & 
vacancy clusters are formed
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At even higher energies ( E
PKA

>150 keV) splitting of 
cascades limit the cluster size

215  keV 2 separate 
cascades

PKA trajectory

3

1

2

PKA trajectory

375 keV 

1022 FP 

100 ps after bombardmentSpatially & temporally interacting cascades 

Vacancies leave the imprint of the cascade at room temperature 
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Ion-Irradiation Experiments 

So far:
Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature – leave the imprint of cascade

Effect of PKA spectrum
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Parameters of irradiation experiments

Ions (m)
Energy

Mean 
Range
(mm)

Fluence
(cm2)

dpa 
E

d
=90eV

Facility

D+ (2)
100 keV

0.6 5 x 1017 0.85 14 MeV 
n- generator, IPR

He+ (4)
250 keV

0.6 5 x 1015 0.02 LEIBF, IUAC, 
Delhi

B3+ (11)
10 MeV

4.5 1.3 x 1014

1.0 x 1015
0.001,
0.01

3 MeV Tandem 
accelerator, 

Bilaspur

Au7+(197)
80 MeV

4.5 1.3 x 1014 0.22 15 MeV 
pelletron,

IUAC, Delhi

Sequential irradiation of Au + D, B+D, He+D, Au+He+D 
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Recoil spectra for ions & 
neutrons 

PKA of low mass ions are closer to neutrons

Is the defect structure similar?

Energy loss mechanisms, depth of 
penetration & heat 

per projectile
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Recrystallized W-foil samples  

● 0.8 x 0.8 x 0.1 mm3

● 50 min at 1838 K in Ar+H 

● Positron bulk-life time:

t1 =  107.3 ± 1.7 ps (70 %)

t2  = 237.3 ± 5.6 ps (30% )

Multiple vacancies 

Defect-free W: 105 ± 3 ps

2.3 x 1010cm-2

3.6 x 108cm-2

Annealing: S. Akkireddy et.al.  EX/P4-12
Troev et.al., JPCS, 207 (2010) 012033 



13

Defect clusters – TEM studies
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Defect cluster size of Au-irradiated samples is 
similar to neutrons 

(Renterghem JNM 477 2016, p 80) 

Note: larger clusters in B-irradiation

Cluster-size decreases with fluence

TEM Studies: P. Sharma et.al.  EX/P2-10

Image analysis by ImageJ software

Au B

n
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The reason for cluster size difference is related to 
spacing between recoils

Spacing between recoils 
within a cascade (>50 keV)

B ~ 10 nm 
Au ~ 0.2 nm 
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Did others observe similar effects?
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Heavy ion irradiation experiments show similar 
cluster size independent of energy and fluence

RT

Cluster size increases with temperature

TRIM calculations were also carried out and found that heavy ions produce 
several PKA/particle close to each other over a small depth range 
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Competitive capture of mobile FP by seed clusters 
and dislocation lines?   

Initial line density
 3.6 x 108cm-2

Long lines (400-3000 nm)
Lower density  - 6.1 x 108 cm-2

Dense clusters - 1.3 x 1012 cm-2

Shorter lines (80-1100 nm)
Higher density - 1.9 x 1010 cm-2

Sparse clusters - 9.3 x 109cm-2

B Au

Mobile FP 
agglomerate and 
captured by fewer 
seeds large scale 
clusters & 
branching of lines

Mobile FP – 
captured by 
several seeds 
small scale 
clusters and 
lines & Long 
lines  
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Irradiation with He (250 keV) & D (100 keV) ions
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250 keV He

5 x 1015 cm-2 (0.02 dpa) 5 x 1017 cm-2 (0.85 dpa)

Clear loops
100 keV D

Line density 1.05 x 109 cm-2

Length 40 – 1000 nm

Cluster density 5.6 x 1010 cm-2

Size 5 – 15 nm

Line density 9.7 x108  cm-2

Length 120 – 1900 nm

Loop density 1.4 x108 cm-2

Size 50 – 100 nm

Cluster size of He 
irradiated samples is 
similar to Au-irradiation

Loops and network of dislocations 
clearly visible in D-irradiation

Diffusion & 
agglomeration of 
FP to form clusters
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Vacancy Defects – Positron Annihilation Spectroscopy Studies

So far:
Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature – leave the imprint of cascade

Interstitial cluster-size seem to depend only on the inter-PKA separation and hence on fluence
The capture of mobile FP by existing dislocation lines and existing clusters seem to explain 
the observed cluster sizes 
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MF Barthe et.al, PFMC 2015 

t=1/(π r e
2 ne c)Positron life-time in the lattice 
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Multiple vacancy for Au, Single for B 

The difference is good enough to distinguish 
between single & multiple vacancies Fast e+– 22Na source 

                      270 keV

 

Penetration depth ~ 16 mm

Defect range ~ 5 mm

Defect-freeW: 105 ± 3 ps

Troev et.al., JPCS, 207 
(2010) 012033 
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Saturation indicates dense vacancy clusters 
in Au-irradiation

Slow e+ beam - 0.1 to 30 keV

Doppler broadening of 511 
keV g 

S – e+-e- from valance electrons

W – e+- e- from core electrons

similar effects: 20 MeV W,  MF Barthe et.al 
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Similar observations: P.E. Lhuiller et.al, JNM 433 (2013), Troev et.al.,NIMB 267 (2009) 

No chemical change

m=-0.14

No slope change with ion species

He & Au shows saturation of S-parameter, indicating 
saturation of vacancies in the e+ penetration range



28

Defect 
rich zone

Deuterium creates defects within 400 nm and D atoms 
are trapped in these defects(?)

Change in slope indicates 
annihilation from different core 
electrons than W

No saturation is seen unlike Helium
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Vacancy profile

ERDA

7.3 MeV C6+

SIMS

Most of the deuterium found to be less than 500 nm

15 keV Cs+ ions; 23o to normal
1 s = 0.5 nm
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Deuterium depth profile in pre-irradiated tungsten

B-irradiated sample seem to trap 
more D than Au-irradiated sample.

Single vacancy traps more D than 
multiple vacancies (Ahlgrene et.al, 
JNM 2012)

It seems from PAS that B-irradiation 
creates more single vacancies as 
opposed to Au.

Ongoing investigations
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So far:
Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature – leave the imprint of cascade

Interstitial clustering seem to depend only on the inter-PKA separation and hence fluence
The capture of mobile FP by existing dislocation lines and existing clusters seem to explain 
the observed cluster sizes

Vacancy show the imprint of cascade and hence related to the PKA energy and their spectrum
T-trapping takes place predominantly at vacancies
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Conclusions & Outlook

Correlation between PKA and defect needs to be studied for estimating T-trapping
Simulations show interstitials are mobile and show clustering at the end of the cascade
Vacancies are immobile at room temperature – leave the imprint of cascade

Interstitial clustering seem to depend only on the inter-PKA separation and hence on fluence
The capture of mobile FP by existing dislocation lines and existing clusters seem to explain the 
observed cluster sizes

Vacancies show the imprint of cascade and hence related to the PKA energy and their spectrum
T-trapping takes place predominantly at vacancies

Accurate quantification of T-retention requires precise estimation of vacancies – using a  
combination of  surrogate ions with controlled fluence of different mass, energy and 
temperature is urgently needed.
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Thank you!

D-retention Damage

D-Retention

Damage
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Backup slides



In a given cascade 

Crowdions have the 
highest mobility and 
formation energy

Mobility of interstitial 
clusters are limited



The reason for difference lies in the PKA spectra

Spacing between recoils 
within a cascade (>50 keV)

B ~ 10 nm 
Au ~ 0.2 nm 

5000 trials



Larger Sparse Loops in B-Irradiation

● Line density - 1.9 x 1010 cm-2

● Line length – 80 – 1100 nm 

● Cluster density -  9.3 x 109cm-2

● Loop density – 6.9 x 108 cm-2



Depth Profile of Point Defects 

No chemical change

● Saturation of S -  Au irradiation 
similar effects: 20 MeV W,  MF Barthe et.al 

● Fewer defects in Boron
● Vacancy clusters/loops 



Au & N-irradiation Produce Small Clusters 

RT

Similar defect size 
distribution for heavy 
ions at 300 K and 
neutrons at 1000 K

At high temperature 
heavy ions produce 
clusters similar to 300 K 
boron irradiation
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