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Abstract

Primary knock-on atom (PKA) energy spectrum extends up to several hundreds of keV in fusion reactor materials

irradiated with 14 MeV neutrons. When we are going to evaluate materials behavior in an expected d-Li type intense

neutron source, fundamental knowledge on e�ects of high energy PKA on formation of cascade damage, micro-

structural evolution and properties of irradiated materials is required. In this study, 170 MeV self-ion irradiation of thin

foils of gold were performed to estimate e�ects of very high energy PKA on formation of defect clusters by cascade

damage and its interactions. Defect clusters of vacancy type were observed in the thin foils of gold irradiated to

5 ´ 1013±1 ´ 1015 ions/m2. In the case of irradiation with 170 MeV self-ions of which the projected range exists at

6.3 lm from the ion incident surface, ®lms of gold, 1.1, 3.0, 4.3, 6.3 and 7.2 lm in thickness, were placed in front of the

50 nm thick specimens to change PKA energy spectrum within the specimens. The number of vacancy clusters within a

cluster group formed by a PKA varied with the thickness of gold ®lm. High energy PKA was found to increase the

number of defect clusters. However, size distributions of defect clusters were not strongly dependent on PKA energies.

Interactions of high energy cascades result in the appearance of new defect clusters near the existing defect cluster

groups in the higher dose range. Dose dependence of defect cluster density was similar to that observed in 14 MeV and

®ssion neutron irradiated specimens. The contribution of PKA higher than 400 keV to the interactions of cascades is

estimated from the calculated PKA energy spectrum and low energy self-ion irradiation data. Ó 1999 Elsevier Science

B.V. All rights reserved.

1. Introduction

Cascade collision sequences initiated from a high

energy primary knock-on atom (PKA) produce a high

density of point-defects, which can result in the forma-

tion of vacancy clusters in the core of the cascade. The

PKA energy spectrum extends up to several hundreds of

keV in fusion reactor materials irradiated with 14 MeV

neutrons, and the cascade damage structure is strongly

dependent on PKA energy.

We have been studying PKA energy dependence of

cascade damage formation by using thin foils of gold. As

self-ion irradiation up to several hundred keV can be

regarded as a monoenergetic PKA, neutron irradiation

e�ects can be understood by integrating cascade damage

formation under the PKA energy spectrum. We have

made a model to describe defect cluster formation in

thin foils of gold under 14 MeV and ®ssion neutron ir-

radiation from self-ion irradiation data and calculated

PKA energy spectrum [1]. This model can successfully

estimate the distribution of the number of defect clusters

under 14 MeV and ®ssion neutron irradiation which are

produced from a PKA in the low ¯uence region where

defect clusters are not a�ected by other cascades.
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The interaction of cascades produces new vacancy

clusters near the pre-existing groups of clusters, re-

sulting in super-linear dose dependence of the density

of vacancy clusters [2]. By comparing accumulation

processes of vacancy clusters in thin foils of gold under

three irradiation conditions with di�erent PKA energy

spectrum, we could ®nd a minimum PKA energy to

convert invisible vacancy agglomerates to visible clus-

ters as viewed by a transmission electron microscope

(TEM).

The e�ect of high energy cascades also needs clari-

fying in estimating microstructural evolution and prop-

erty changes in fusion reactor materials. In evaluating

irradiation performance of the candidate materials by an

expected d-Li type intense neutron source which has

high energy tails of neutrons, we should have funda-

mental knowledge on e�ects of high energy PKA on

formation of cascade damage.

In this study, the e�ect of high energy cascades in thin

foils of gold on defect cluster formation is investigated

using 170 MeV self-ions. There are high energy com-

ponents of PKA in the specimens irradiated with ener-

getic heavy ions. It is also well known that the PKA

energy spectrum changes with the depth from the inci-

dent ion surface. By placing ®lms of gold in front of the

thin foil specimens for TEM observation, we can change

the PKA energy spectrum in the thin foil. The e�ect of

high energy cascades on vacancy cluster formation is

also investigated.

2. Experimental

Thin foils of 99.99% pure gold were annealed at

973 K for 3.6 ks and electro-polished for microstruc-

tural observation by TEM. These foil specimens were

irradiated with 170 MeV gold ions at room tempera-

ture using a 20 MV tandem accelerator in the Tokai

Establishment of Japan Atomic Energy Research

Institute. Here we mainly discuss the results at

1.0 ´ 1014 ions/m2, and only limited data are reported

to discuss the e�ect of high energy PKA on defect

clusters formation. Details of dose dependence study

from 5 ´ 1013 to 1 ´ 1015 ions/m2 will be published

elsewhere [3].

Peak displacement damage depth in gold by 170 MeV

self-ions without the degradation ®lm exists at 6.3 lm

from the ion incident surface. To change PKA energy

spectrum within the thin foil specimens, ®lms of gold,

1.1, 3.0, 4.3, 6.3 and 7.2 lm in thickness, were placed in

front of the specimens. Fig. 1 shows the recoil energy

spectra calculated by the TRIM-89 code for the ®ve

di�erent ®lm thicknesses for 170 MeV gold ions. It

should be noted that when the gold ®lm of 6.3 lm in

thickness is placed, relative fraction of PKA higher than

200 keV is larger than other cases.

Irradiated samples were observed by TEM operated

at 200 kV. Typical foil thickness for TEM observation

was less than 80 nm.

3. Results

3.1. Number of vacancy clusters in a cluster group

Fig. 2 shows the micrographs of defect clusters ob-

served in thin foil specimens irradiated with high energy

self-ions to 1.0 ´ 1014 ions/m2 passing through the de-

grader ®lms. All of these clusters are considered to be of

vacancy type, because intersitials can easily escape to the

specimen surface at room temperature. Groups con-

taining many vacancy clusters are observed. It was rel-

atively easy to separate groups of defect clusters even at

the energy degrader thickness of 6.3 lm, and the ob-

served defect clusters in a cluster group are considered to

come from sub-division of cascades from a PKA.

Fig. 3 shows the distributions of the number of va-

cancy clusters in a group of clusters. The number of

vacancy clusters within a cluster group varies with the

thickness of gold degrader ®lms. High energy PKAs are

found to increase number of defect clusters. Groups

containing higher numbers of clusters are observed es-

pecially at the gold ®lm thickness of 6.3 lm. The max-

imum number of defect clusters in one group of clusters

is found to be 14.

Size distributions of defect clusters are not strongly

dependent on PKA energy spectrum as shown in Fig. 4.

The average size of vacancy clusters is around 2.5 nm in

Fig. 1. Recoil energy spectra for ®ve di�erent ®lm thicknesses

for energy degradation of 170 MeV Au� ions calculated by the

TRIM code.
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all the cases. It should be noted that the fraction of

smaller clusters at 6.3 lm is larger than for other case.

3.2. Dose dependence of vacancy cluster formation

Fig. 5 shows the dose dependence of total density of

vacancy clusters in thin foils of gold irradiated with

degraded 170 MeV self-ions by 1.1, 3.0 and 6.3 lm gold

®lms. At 1.1 lm, defect cluster density increases linearly

with irradiation dose up to 1.0 ´ 1015 ions/m2. However,

at 3.0 lm, the defect cluster density shows deviation

from the linear dose dependence. This is most clearly

observed at 6.3 lm, where the deviation from the linear

dose dependence starts from a lower dose.

Fig. 2. Micrographs of defect clusters observed in thin foil specimens of gold irradiated with 170 MeV Au� ions to 1.0 ´ 1014 ions/m2

passing through the degrader ®lms of (a) 1.1, (b) 3.0, (c) 4.3, (d) 6.3 and (e)7.2 lm in thickness.

Fig. 4. Size distributions of vacancy clusters in a group of

clusters in thin foils of gold irradiated with 170 MeV Au� ions

to 1.0 ´ 1014 ions/m2 passing through the degrader ®lms of 1.1,

3.0, 4.3, 6.3 and 7.2 lm thickness.

Fig. 3. Distributions of the number of vacancy clusters in a

group of clusters in thin foils of gold irradiated with 170 MeV

Au� ions to 1.0 ´ 1014 ions/m2 passing through the degrader

®lms of 1.1, 3.0, 4.3, 6.3 and 7.2 lm thickness.
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We consider that the deviation arises from cascade

interactions at higher doses. The deviation from the

linear dose dependence in irradiated thin foils of gold is

generally observed under 14 MeV neutron irradiation

[4±6], fast neutron irradiation in the YAYOI reactor and

also 21 MeV self-ion irradiation without degrader foils

[2].

In the previous paper [2], we proposed that cascade

damage in thin foils of gold introduces invisible ag-

glomeration of vacancies in addition to the visible va-

cancy clusters. At higher dose, they are converted to

visible but small clusters by interaction with nearby

cascades.

These processes are considered to be dependent on

PKA energy. Primary recoil atoms with energy >165

keV are assumed to be responsible for the deviation

from the linear dose dependence. The minimum inter-

action energy of primary recoil atoms is estimated by

considering interaction distance between cascades in

three di�erent irradiations [2]. Only a small fraction of

high energy recoil atoms larger than this critical energy

is e�ective in producing the non-linear dose dependence.

4. Discussion

A high energy PKA can produce larger numbers of

clusters in a cluster group, since sub-cascade formation

in gold can e�ectively produce vacancy clusters. How-

ever, it is di�cult to separate the e�ect of cascade

overlap from the direct e�ect of PKA to form larger

numbers of clusters.

In the case of 6.3 lm of the gold degrader ®lm, large

numbers of vacancy clusters in a group were observed.

However, dose dependence of vacancy cluster density

starts to deviate from the linear dose dependence even at

an ion ¯uence of 1.0 ´ 1014 ions/m2 as shown in Fig. 5,

and the fraction of smaller size vacancy clusters seems to

be larger than other cases as shown in Fig. 4. In the

previous paper, it was shown that smaller clusters were

formed in thin foils of gold near the existing cluster

group after dose dependence of the cluster density

started to deviate from the linear dose dependence [2].

Therefore the observed distribution of the number of

clusters in a group and cluster size in the case of 6.3 lm

of gold degrader ®lm are considered to be a�ected by

other high energy cascades.

In the case of degrader ®lm thickness of 1.1 lm, the

density of vacancy clusters does not show clear deviation

from the linear dose dependence. There is only small

fraction of PKAs with higher than 400 keV, for example,

compared with 6.3 lm case.

Fig. 6 compares estimated distributions of the num-

ber of vacancy clusters in a cluster group based on the

self-ion irradiation data up to 400 keV [1] with the

present data from the thin foil samples irradiated with

degraded 170 MeV self-ions by 1.1, 3.0 and 6.3 lm gold

®lms. This indicates that higher numbers of defect

clusters cannot be estimated by cascade damage for-

mation observed at 400 keV and the lower energy re-

gion. In the case of low dose irradiation of gold with

Fig. 6. Comparison of estimated and measured distribution of

the number of defect clusters in a group in a thin TEM foil of

gold. In front of the TEM specimens, gold ®lms of 1.1, 3.0 and

6.3 lm in thickness are placed to degrade 170 MeV self-ions.

Irradiation ¯uence is 1.0 ´ 1014 ions/m2 in all cases.

Fig. 5. Dose dependence of vacancy cluster density in thin foils

of gold irradiated with degraded 170 MeV self-ions by 1.1, 3.0

and 6.3 mm degrader ®lms.
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14 MeV neutrons and ®ssion neutrons, vacancy cluster

density can be successfully estimated by self-ion data up

to 400 keV. This covers the whole range of the PKA

energy spectrum in these neutron irradiation conditions

[1]. Again, larger numbers of vacancy clusters at 6.3 lm

comes from both direct e�ect of high energy PKA and

cascade overlap e�ects. However, single high energy

PKA e�ects on vacancy cluster formation are detected in

the case of thinner degrader ®lm thicknesses.

5. Summary

Thin foils of gold are irradiated with degraded high

energy self-ions. E�ects of the recoil energy spectrum on

the formation of cascade damage and vacancy clusters

are investigated by changing the thickness of degrader

®lms. Cascade damage by high energy recoil atoms

produces groups of clusters with higher numbers of va-

cancy clusters. Interaction of cascades from high energy

recoils causes the shift to non-linear dose dependence of

vacancy cluster density.
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