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ABSTRACT 

We present here the results of our recent irradiations of polycrystalline iron 
targets with very energetic (1.76 GeV) Ar ions. The targets consist of piles 
of thin iron samples, the total thickness of each target being somewhat 
greater than the theoretical range (450 \m) of the ions. We can thus separate 
the phenomena which occur at différant average energies of the ions and study 
during the slowing-down process : 

- the different types of induced nuclear reactions. They allow us to deter
mine the experimental range of the ions, 

- the defect profiles m the targets, 
- the structure or the disnlacanent cascades (electron microscopy) and 

their stability. 

INTRODUCTION 

Defect production in energetic displacesent cascades in metals has been 
already studied for a long time [1]. Iron appears to behave differently from 
most matais when irradiated by particles (neutrons, ions) which produce cas
cade damage [2,3,4,5,6]. 
Electrical resistivity increase measurements during low temperature irradia
tions [2,3,5] as well as electron microscopy studies [4,6] of the damage 
created during low or room temperature ion irradiations suggest that in iron 
individual displacement cascades induced by light ions (lighter than iron or 
self ions) do not collapse to dislocation loops. These loops ara created when 
a spatial overlap of the cascades occurs [2]. 
In order to complete that work in iron we present here our recent results of 
irradiations of iron targets with very energetic argon ions. 

EXPERIMENTAL 

Iron targets have been irradiated by 1.76 GeV argon ions at the GANIL faci
lity in Caen. The targets consist of stacks of ribbons of high purity iron 
rolled down to thicknesses of 4 to 100 pm and then annealed in high purity 
hydrogen. The total thickness of each target is close to 500 j*m, which is 
somewhat greater than the theoretical projected range (449 pm according to 
Hubert [7]) of such ions in iron. 

• The use of stacks of samples allows us to study the phenomena induced in iron 
by argon ions of incoming energies ranging from 1.76 GeV to zero : we shall 
now give our results concerning range determination and damage production. 

** Irradiations performed at tne National Laboratory GANIL/CAEN (France) 



INDUCED NUCLEAR REACTIONS : AN EXPERIMENTAL RANGE DETERMINATION 

Iron targets have been irradiated at rooa temperature. The 7 emission spectrua 
of each saapie of the pile is recorded on a multichannel analyser- It allows 
us to identify the various radioactive nuclei that were foraed in the saaples 
at different stages of the slowing-down process. We can separate various types 
of nuclear reactions and use thea to determine the experimental Projected 
range of 1.76 GeY Ar ions in iron : (472 ± 7) ua [8]. It is 5 % higner than 
the tneoreticai range [7 j, ana agrees better with recent measureaents of 
R- Biabot et al [9]. 

DAMAGE PRODUCTION DURING VERY ENERGETIC ION BOMBARDMENT 

Electrical resistivity measureaents 

We mounted 15 high purity iron ribbons (1.5 x 10 ma2) on sample holders which 
were piled up perpendicularly to the beam and maintained at 77 K- The total 
thickness of the pile is 480 urn. The samples thicknesses range from 
4 to 100 p.Q : thin samples have been put in the stopping zone of the ions. 
The low impurity content of the samples leads to high resistivity ratios 
(R /R„ Z 15). 

rooa tcap. 77 K 

The ion flux on the target must be chosen very low (s 2 x 109 ions.ca^.s"1) 
in order to avoid any heating during irradiation (thermocouples give a tempe
rature increase of 3 to 5 K). The samples are thus maintained below stage I 
temperature in iron, so that the measured resistivity increases are propor
tional to the defect production rates. At the end of the irradiation to a 

fluenca of 1.8 x 10 1 3 ions.ca"2, the average experimental defect concen
tration in each sample is estimated as a function its position in the pile 
and plotted on figure 1 (considering as a exude approximation that the resis
tivity per defect is the saae as for isolated Frenkel pairs : p = 3000 pûca). 

The range determined by these resistivity measureaents agrees /ery well with 
that deduced from our nuclear reactions studies. The shape of the defect 
production rate as the ion slows down in the target seems reasonable. We shall 
now compare it to a theoretical profile of displaced atoms. 

Theoretical calculations 

The number of displaced atoms in the target, the defect profile along the 
projectile path and the range of incident ions have been calculated using 
Lindhard et al theory [10,11] with some modifications [12]. 
First of all in Lindhard et al calculations the electronic stopping power is 
taken to be proportional to the projectile velocity. For high energy projec
tiles this is no longer valid, so we use in the high energy range the formula 
proposed by Ziegler [13] and in the low energy range the formula proposed by 
Brice [14]. The passage from the latter formula to the former takes place at 
energies of about 200 keV / a.a.u. when Ziegler's electronic stopping power 
crosses Brice's. Using this electronic stopping power and the universal 
nuclear cross section of Lindhard we have calculated the total path of 

1.76 GeV 4 0Ar in iron and have found 467 |*m, which is in excellent agreement 
with the experimental path given above : (472 + 7) \ui. 
Secondly the Lindhard et al formalism gives the damage energy, i.e. the energy 
lost by incident ion which has not transited by electrons. By adding a supple
mentary term, the number of displaced atoms can be directly obtained : the 
theoretical average number of displaced atoms per incident ion and the average 
defect concentrations (c k) in each sample corresponding to the total ion dose 

t b 

have been calculated. 
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c is plotted on figure 1 in order to aake a coacarison with the e:cperinental 
la 
results (C ) : we notice that the agreement between C and (.31 x C ) is 

•xp ' tip th 
very good along the whole path of the ion. This defect production efficiency 

C 
?, = -ill z 0.31 agrees well with our previous results in iron [3] and with the 

c 
t& 

saturation values of £. obtained by Averback [15] at high recoil energies in 
other metals. 
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Figure 1 : 77 K irradiation of iron targets with 1.76 GaY Ar ions to a 
fluence of 1.9 x 1013 ions.cm'1 

electrical resistivity results, giving the defect profiles 
induced in the target as the ion slows down (c _) 

*xp 
calculated defect concentrations (ne plot .31 x e,J. 
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DAHAGE STRUCTURE : Ml ELECTRON MICROSCOPY STUDY 

Experimental 

Electron microscopy observations have been performed on iron targets irra
diated at room temperature to fluences of 10 l z to 101* Ar ions.ca"2. The 3 ma 
diaaeter sanples ars disaounted froa the stacks and electrochemically thinned. 
We observed that whatever the irradiation fluenca : 

i/ there is no visible damage in the samples located in the zone in which 
the nuclear stopping of the incident ions is low (2 the first 420 jxm) 

ii/ piled-up loops of about 10 ma diameter (figure 2) are rarely seen in the 
region in which the incident ion has lost most of its energy ù in the last 
40nm). They appear as lines located in 11121 planes, the projected lengths of 
which are of about a few hundred nanometers. We did not analyse the Burgers' 
vectors, but the contrast suggests that they are prismatic loops. 

ture vith 1014 1.76 GeV Ar ions.ca'2. This sample is located 
at a depth of 460 pm froa the entrance side of the stack. 

Discussion 

Let us summarize here our previous conclusions deduced from an analysis of the 
anomalous negative curvature of defect production curves observed during low 
temperature neutron irradiations of iron [2,5] : displacement cascades induced 
in iron by light ions (M, < M, ) do not collapse to dislocation loops. The 

too Iron 

loops appear only when the probability of spatial overlap of such cascades 
becomes important. * *« «-
This hypothesis was confiraed by a recent electron microscopy study of 40 K 
self-ion irradiated iron [6]. 

/ 



The absanca of visible dislccation loops in our samples irradiatad with very 
energetic argon ions shows that the inducad displacement cascades do not 
collapse to loops. 
We must now answer to the following question : what is the origin of the 
observed piles of loops ? 

i/ They cannot originate from a simple ion irradiation which does net lead 
to aligned loops (cascades or sub-cascades) [4,6]. 
ii/ They are observed precisely in that region of the target in which the 

formation of heavy nuclei via fusion reactions is possible [8]. The compound 
nucleus (M = M + M = 96) desexcites and emits light particles. The resul-

Ar F« 
ting nuclei (K z 90) of average recoil energies 20 MeV slow c.-.ra in the 
stopping zone of the argon ions, i.e. in a region in which uncollapsed cas
cades (zones of high local concentrations of vacancies) exist. These heavy 
nuclei travel a distance of about 2 urn before they stop in the lattice. 
The energy loss of such ions along tneir path is bigger than that of the argon 
ions that slow down in the same region of the sample : 

- their electronic stopping power is higher than that of the argon ions 
- they loose about 2.5 tites more energy in undar-threshold collisions than 

an argon ion [12]. 
The atoms located along the path of such ions can thus receive energy and be 
slightly displaced from their equilibrium positions. The induced compression 
effects can then lead to a collapse of the preexisting defects (these highly 
damaged regions are certainly very sensitive to any perturbation) into loops. 
These loops seemingly collapse along dense (111) directions. 

iii/ Let us compare two neighbouring ribbons in the piles, namely the last 
one in which we did not observe loops (ribbon of type 1 : average depth of 
about 430 \m), and the first one in which loops were seen (ribbon of type 2 : 
average depth of about 440 na) : 

- The average concentrations of preexisting cascades do not differ by more 
than a factor of x 2 in ribbons of types 1 and 2 (figure 1). 

- For fluences of 10 1 2 to 10l4ions.cm*2, loops are not observed in ribbons 
of type 1, they are seen in ribbons of type 2. 
If argon ions or iron primaries transfared enough energy (electronic energy 
loss, underthreshold collisions ) to induce cascade collapse, then as we see 
loops in ribbons of type 2 irradiated to 1012ions.cm"2, we should see some in 
ribbons of type 1 irradiated to fluences of 10 1* ions.cm"2. That is not the 
case. 
This confirms our hypothesis that the preexisting cascades collapse to loops 
only when the energy lost by the ion is high enough. 
iiii/ We notice also that the heavy nuclei induced by the nuclear reactions 

create some radiation damage in the form of cascades that should collapse to 
loops [4] (perhaps seen on some micrographs as rether isolated loops). 

Why is it so rare to see the piled-up loops in the stopping zone of the ions ? 
The answer cooes from a comparison of the cross-sections for above 50 keY 
primaries formation in iron by incident argon ions (it goes from ~ 250 to 
6 x 10s barns as the ion slows down) with the total cross section for all types 
of Ar induced nuclear reactions (<r ~ 2 barns), The occurrence ot fusion 
nuclear reaction is small, and thus the probability of making preexisting 
cascades collapse into visible loops even smaller. 

CONCLUSION 

High energy argon ions interact with iron targets in different ways : 
- nuclear reactions occur and lead to the formation of impurity radio

active atoms 
- atoms of the target are displaced through atomic collision processes. 



The electrical resistivity increase of stacks of saaples during 77 K irra
diations allowed us to determine tha profile of radiation inducad dafacts and 
to ccapare it to that obtained by theoretical calculations : we determined a 
defect production efficiency of .3 and obtained the range of the Ar ions by 
thraa methods (nuclear induced reactions, resistivity measurements, calcula
tions). Thay all agree very well and give a result slightly higher than the 
tabulated one. 
Our microscopy study confirms that light ion induced displacement cascades are 
stable in iron and do not collapse into dislocation loops. When these highly 
daaaged zones are given sufficient energy (here during the slowing down of 
heavy nuclei formed by argon inducad nuclear reactions) they collapse into 
piles of loops. The latter will ba studied in more detail, in order to know 
their orientations, Burgers vectors 

The authors are very grateful to P. Moser who gave tha high purity iron 
starting material, to M.H. Auvray and J. Mory for their interest in that work 
and experimental help and to J. Durai and J.M. Ramillon for their invaluable 
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