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To understand cascade damage formation as a function of primary recoil energy, thin 
foils of gold were irradiated with 20 - 400 keV self-ions to 1.0 x 1014 ions/m2 at 300 K. 
"Weld of groups of vacancy clusters saturated at ion energy higher than 100 keV Number of 
clusters in a group had variation even from the same energy ions. Size distribution of the 
clusters was not strongly dependent on number of clusters in a group and ion energy. Density 
of vacancy clusters in a group formed near the specimen surface was calibrated to estimate 
vacancy cluster formation in neutron-irradiated material. A model was proposed to predict 
distribution of defect clusters in the irradiated materials based on a primary recoil spectrum. 
Examples of recomposed distribution of vacancy clusters in a group in irradiated gold were 
compared with the measured data. 

1. Introduction 
Cascade displacement damage initiated from a high energy PKA (primary knock-on 

atom) is one of the major problems in estimating microstructural evolution and property 
changes in fusion materials under 14 MeV neutron irradiation. The structure of cascade 
damage in materials irradiated with high energy particles is strongly dependent on the energy of 
PKA, so that correlation of the material response under various irradiation environments should 

1 2^ be established based on a PKA energy spectrum ' '. Kiritani and their co-authors tried to 
analyze cascade damage formation in thin foil specimens under 14 MeV neutron irradiation^" '. 
They fitted the observed size of defect cluster groups and number of defect clusters in a group 
to the PKA energy spectrum simply assuming that larger clusters were formed by higher energy 
PKA. 

The PKA energy spectrum in the materials irradiated with 14 MeV neutrons extends 
typically to several hundred keV Heavy ion irradiations of these energy range have been used 
to study cascade damage formation or "collapse" of cascade region into vacancy clusters '. 
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The present authors have been studying cascade damage formation and interactions in thin foil 
specimens by an "in-situ" observation facility which combines a 400 kV heavy ion accelerator 
and a 200 kV electron microscope " '. 

In the present study, thin foils of gold were irradiated with self-ions up to 400 keV to 
examine PKA energy dependence of cascade damage structure and vacancy cluster formation. 
In thin foil experiments, point-defects released from a cascade are expected to escape to the foil 
surface without any interaction. Cascade collisional sequences by these self-ions, which lose 
most of their energy in the foil, are considered to be identical to the monoenergy PKA damage. 
A model to predict cascade damage formation based on the PKA energy spectrum under 
neutron and high energy ion irradiation is proposed. 

2. Experimental 
Thin foils of 99.99% pure gold were prepared by electro-polishing after annealing at 

973 K for 3.6 ks. Irradiation experiments were performed using a 400 kV Cockcroft 
accelerator in the University of Tokyo, Tokai site. Specimens were irradiated with 20, 50, 
100, 200, 300, 400 keV Au+ ions at 300 K. Ion fluence was fixed at 1.0x1014 ions/m2 for 
all the specimens to avoid cascade overlapping and "impact effect" from other cascades^. In-
situ observation of defect clusters in gold under 400 keV Xe+ ion irradiation showed thatareal 
density of clusters increased linearly with ion fluence around this fluence range K Irradiated 
thin foil specimens were observed by a 200 keV transmission electron microscope (TEM). 
Typical foil thickness for TEM observation was 60 nm to include almost all the damage 
formation depth. 

3. Results 
Defect clusters are observed in the TEM foils of gold irradiated with self-ions to 1.0 x 

1 A O 

10 ions/m . Majority of the clusters are of vacancy type in the shape of stacking fault 
tetrahedra(SFT). Ion flux is not found to affect formation of defect clusters. Some vacancy 
clusters are formed within small regions forming cluster groups. Figure 1 shows distributions 
of number of vacancy clusters in a group which are considered to be formed by a single 
incidention. Fraction of the groups which contain larger number of vacancy clusters is found 
to increase with ion energy. It should be noted that number of vacancy clusters in a group has 
variation even by the irradiation with same energy self-ions which are considered to be mono-
energeticPKAs. 

Total density of vacancy clusters increases with ion energy, and almost all the irradiated 
ions higher than 100 keV produce cluster groups. Figure 2 shows ion energy dependence of 
vacancy cluster yield and group yield which are defined by areal density of clusters and cluster 
groups divided by ion fluence, respectively The cluster yield increases more than 1.0 at about 
70 keY which agreed with the previous report by Merkle et al '. At 400 key depth 
distribution of defect production extends over 60 nm from the surface resulting in the slight 
decrease of measured group yield. Size distributions of the clusters are also measured for each 
number of clusters in a group. Size of individual vacancy cluster is not found to be strongly 
affected by ion energy and also by the number of clusters in a group. 
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4. Discussion 
The cluster yield does not show linear relationship with ion energy especially at 100 

keV and higher energy, because of the overlapping of subcascades within a cascade in gold in 
which separation between subcascades is not so wide as the size of clusters^. The interaction 
between subcascades decreases the number of vacancy clusters from a PKA and the single 
cluster are most frequently observed even at 400 ke V 

As formation of vacancy clusters by self-ions is limited within the thin layer of the 
specimen surface, large clusters cannot be formed near the surface. Defect production depth 
by lower energy self-ions is comparable to the size of defect clusters ', and vacancy rich 
regions in the core of cascades may easily escape to the surface resulting in no defect clusters. 
To estimatedefect cluster formation as a function of PKA energy in neutron-irradiatedmaterials 
from the present self-ion irradiation data, we should calibrate the yield of vacancy clusters and 
cluster groups based on the measured cluster size distribution for each number of clusters in a 
group. Calibrated density of defect cluster of size /, D'( /), is calculated by the following 
equation; 

D\ 0=£>(01 f(x)dx I J /(jc)dx 

where LXJ) is measured cluster density of size /and/(;c) is calculated production probability of 
defects at the depth x from the ion incident surface. Calibratedcluster yield and group yield are 
also shown in figure 1 as dotted lines. 

Fig. 1 Number of defect clusters in the Fig. 2 Yield of defect clusters and groups 
group in gold irradiated with self ions. of defect clusters in gold as a function of 

irradiated ion energy. Dotted line s show 
the calibratedresults from the size and 
depth distributions of defect clusters. 
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PKA Energy, Ep (keV) 
Fig. 3 Fraction of defect groups which contain n clusters as a function of 

PKA energy determined by 20 - 400 keV self-ion irradiation, P(n,Ep) 

Next step is to recompose these data to fit the PKA energy spectrum under fusion or 
high energy particle irradiation conditions. We can estimatethe probability of formation of the 
cluster groups which consist of n clusters as a function of PKA energy, Ep. Figure 3 shows 
this function, P(n,Ep), from the calibrated results. Using this function and the PKA energy 
spectrum, W(Ep), distribution of defect clusters under the high energy particle irradiation 
conditions can be evaluatedby the following formula; 

f 
JO 

W(Ep) f\n,Ep) d£p (n = 1,2,3, ••••) 
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Fig. 4 Calculated PKA energy spectrum in gold irradiated with 14 MeV neutrons by the 
SPECTER code (left), and comparison of estimated and measured distribution of number of 
defect clusters in a group in a thin foil of gold irradiated with 14 MeV neutrons (right). 
Neutron fluence of the measured data is 1.2 x 10 m 
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This model postulates no interaction between cascades. Kiritani et al reported defect 
cluster formation in thin foils of gold irradiated with 14 MeV neutrons by RTNS-II. They 
found that distributions of vacancy clusters in a group changed with irradiation dose, and that 
density of the clusters in gold did not increase monotonically with irradiation dose '. They 
called these phenomena as an "impact effect" and estimated effective zone of the impact effect 
as 40 nm in diameter for gold under 14 MeV neutron irradiation. As the average distance 
between cascades in the present ion irradiation study is 100 nm, it can be said that the present 
results do not contain the "impact effect". 

Figure 4 compares the recomposed distribution of number of vacancy clusters from the 
present ion irradiation experiments using the calculatedPKA energy spectrum by the SPECTER 
code 20), and measured results from 14 MeV neutron irradiation to 1.2 x 10 n/m ', where 
density of vacancy clusters was found to increase linearly with fluence. The present model 
based on the self-ion irradiation up to 400 keV shows very good correlation with the measured 
results, as maximum PKA energy spectrum of 14 MeV neutron irradiation is about 300 keV 
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Fig. 5 CalculatedPKA energy spectrum in gold irradiated with 170 MeV self-ions by the 
TRIM code (left). Comparison of estimated and measured distribution of number of defect 
clusters in a group in a thin TEMfoil of gold (right). In front of the TEM specimens, a gold 
foil of 6.3 fi m in thickness was placed and irradiated with 170 MeV self-ions to 1.0 x 10 
ions/m . 

To evaluate effects of PKA higher than 400 keV, thin foils of gold were irradiated with 
1A O 

170 MeV self-ions to 1.0 x 10 ions/m . Irradiations were carried out at room temperature 
using a 20 MV tandem acceleratorat the Japan Atomic Energy Research Institute. By placing 
gold foils of 1.1, 3.0, 4.3, 6.3 and 7.2 /i m in thickness in front of the TEM specimens, we can 
change the PKA energy spectrum in the specimens. Details of the experimentalprocedures and 
results are reported in a separate paper '. Figure 5 (a) shows the calculatedPKA energy 
spectrum by the TRIM 89 code in the case of thickness of gold foil of 6.3 fi m. Measured and 
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predicted distribution of number of clusters in a group are compared in figure 5 (b). From 
these results, it is shown that small fraction of high energy component of PKA affects the 
distribution of cluster groups which have large number of vacancy clusters. A model to 
extrapolatedefect cluster formation by PKA over 400 keVis discussed in a separate paper '. 

5. Conclusion 
Vacancy cluster formation by self-ion irradiation up to 400 keV was evaluated to 

understand cascade damage as a function of primary recoil energy, and a model was proposed 
to predict distribution of vacancy cluster formation based on primary knock-on energy spectrum 
assuming no interaction between cascades. Estimated results by this model agreed the 
measured distribution of number of vacancy clusters in a group in gold irradiated with 14 MeV 
neutrons to relatively low dose before the cascade-cascade interactions become effective. 
Modeling of cascade damage formation and microstructural evolution by the self-ion irradiation 
data is considered to potentially be the best way to establish correlations between variety of 
irradiation environments in fission reactors, charged particles experiments, intense neutron 
source and fusion reactors. 
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