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This paper shows results of conventional positron lifetime and slow positron beam studies of the long range
effect. These techniques are not commonly used for this topic. The experimental investigations of pure metals
exposed to ion irradiation are reported and discussed on the basis of the literature data. The positron lifetimes
measured in the etching experiment give information about kind of defects, their distribution, and existence of the
long range effect. The above can be achieved using the positron beam for the case of low energy ion implantation.
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1. Introduction

Ion implantation is a commonly known treatment pro-
cess introducing modification of processed materials. Be-
sides the irradiated surface it largely changes the target
structure. This is due to the fact that the implanted ions
interact with the material through electron excitations
and nuclear collisions, and as a result of losing energy
they are retained in the solid. In this way various kinds
of lattice defects are produced on ions path. These dam-
ages are a subject of various studies [1, 2] because of their
direct impact on material properties. It was shown that
the existence of vacancies can successfully improve ab-
sorption rate of hydrogen in palladium being the promis-
ing material for hydrogen storages [3]. Moreover, accu-
mulation of structural defects introduced by irradiation
in reactors is a main reason for faster wear of materials
revealed by e.g. their swelling and enhanced creep [4].

The implanted ions depth distribution depends strictly
on the target and ions energy. It is easy to repro-
duce this distribution by simulations using, e.g. the
SRIM/TRIM code [5]. In the simulation defects pro-
duced by ions occupy only the implanted area. How-
ever, some authors report on existence of so called long
range effect (LRE) [6], i.e., damages can be distin-
guished far behind the implanted depth. For example,
Sharkeev et al. [7] found dislocations at the depth of
20 µm and 50 µm in Cu implanted with 100 keV Zr
and Ti ions, respectively. The theoretically predicted
ion range was 500 nm. In the stainless steel AISI 316L
implanted with 125 keV N+ ions Budzynski [8] found
decreasing of friction in wear coefficients at the depth
up to 1.5 µm. It was the range 5-fold larger than
the implanted area. This observation is explained by
the LRE existence caused by movement of not only de-
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fects but also doped atoms. In turn, Lu et al. [9] re-
ported defect clusters distributed to a depth far exceeding
the theoretically predicted by SRIM damage range in ion-
irradiated single crystalline nickel and Ni-based binary.
In this case the damage range in nickel was wider than
in the alloys.

LRE is an open issue being the subject of studies.
So far an unequivocal reason of this effect occurrence
has not been given. Sharkeev’s investigations [6, 7] move
forward the idea of generation of local stresses and their
extension into the sample. In turn, others seek the reason
in diffusion of defects and implanted ions. Additionally,
the impact of the kind of material, ion, energy, and flu-
ence on the LRE existence is still unknown.

The convenient method for LRE studies seems to be
positron annihilation spectroscopy (PAS). It allows to
detect the presence of lattice defects as vacancies and
their clusters, dislocations, nanovoids, etc. Depending
on the applied PAS technique it is possible to recognize
the kind of defects and evaluate their concentration. This
method has been successfully used in many fields like
e.g. solid state physics or material engineering and ap-
plied to various topics and materials [10–12].

In this paper the advantages and limitations of PAS
in the study of LRE effect based on two different mea-
surements and data available in literature have been
discussed.

2. Materials and methods

2.1. Sample preparation procedure

Oxygen-free high thermal conductivity (OFHC) cop-
per plates purchased from Nilaco with the dimensions
10 × 10 × 1 mm3 have been the objects of studies. They
were firstly polished with silicon waterproof abrasive pa-
per and then annealed at 900 ◦C for 1 h in the N2

flow atmosphere. This procedure allowed one to ob-
tain samples containing only residual defects. One sam-
ple was saved as a reference. The second specimen
was exposed to irradiation at IC 100 cyclotron working
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at the Joint Institute for Nuclear Research (JINR) in
Dubna. Xe26+ ions with the energy of about 167 MeV
and fluence of 1013 ions/cm2 were used. The average
Xe26+ flux equalled 5 × 109 cm−2 s−1. The temperature
during irradiation did not exceed 80 ◦C.

Similarly, two polycrystalline iron samples of
the 99.99% purity, purchased from Goodfellow, with
the dimension of 10 × 10 × 1 mm3 were annealed
at 1000 ◦C for 4 h in the vacuum conditions of 10−5 Torr.
Then, one plate was saved as the reference, while
the second one was exposed to 73 keV H+ implantation
with a fluence of 3 × 1016 ions/cm2 at the UNIMAS
implanter [13]. The ion beam current density was not
higher than 1 × 10−6 A cm−2. Implantation was per-
formed at room temperature with an accuracy of ±3 K.
The whole surface of the processed sample was uniformly
irradiated.

Ion and vacancy distributions obtained by simulations
with SRIM/TRIM code for implanted Cu and Fe are
shown in Figs. 1a and 2a, respectively.

Fig. 1. (a) Results of SRIM calculations of ion (left
axis) and vacancy concentration (right axis) as a func-
tion of depth after Xe26+ ions implantation with en-
ergy of 167 MeV in pure Cu. (b) The depth distri-
bution of positron lifetime component obtained in etch-
ing experiment 167 MeV. The hatched region represents
the value of positron lifetime for well annealed, defect
free Cu sample. Gray region tags the ion implanted
layer.

2.2. Positron measurements

The PAS experiments can be roughly divided into two
groups. The first one represents the measurements per-
formed using positrons implanted into samples after di-
rect emission from the source e.g. Na-22. These positrons
are characterized by the continuous energy spectrum and

Fig. 2. (a) SRIM calculations of ion (left axis) and
vacancy concentration (right axis) as a function of
depth after H+ implantation with energy of 73 keV
in pure Fe. (b) The measured annihilation line shape
parameter as a function of the positron incident en-
ergy. The top axis means the mean positron implan-
tation depth. The solid lines represent the best fit of
diffusion equation to the corresponding experimental
points.

they can have energy with different probability from 0 to
a maximal energy specific for a given type of isotope. For
this reason the mean implantation depth, where about
70–80% of positrons annihilate, is a few dozen microm-
eters for Na-22 [14]. In this way mainly materials with
defects distributed on the thickness of a few microme-
ters, like the sample of pure Cu exposed to 167 MeV
Xe26+ irradiation, can be effectively investigated in these
experiments.

For investigations of defects distributed on much
smaller depths as in the case of a sample of pure Fe
implanted with 73 keV H+ ions, the second group of
PAS experiments is suggested. These are performed
using so called variable energy positron beams (VEP).
VEP is a flux of monoenergetic positrons implanted with
a given energy into a sample. Generally, energy of
the beam varies in the range from a few dozen eV up
to a few dozen keV. Usually the layers studied with VEP
are from hundreds of nanometers up to a few microm-
eters thick depending on the incident beam energy and
kind of target.

Finally, the sample of annealed Cu and specimen
exposed to 167 MeV Xe26+ irradiation were investi-
gated using the conventional positron lifetime experi-
ment. The results dealing with this experiment pre-
sented in the paper were reported in Ref. [15]. They
are given here to shed a light how to use PAS for
LRE detection. Measurements were performed using the
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fast-fast spectrometer based in BaF2 scintillators with
a time resolution of 250 ps. The isotope Na-22 with
the activity 32 µCi enveloped into a 7 µm thick kap-
ton foil was placed between two samples. The LT pro-
gram [16] was used to analyze the obtained spectra in-
cluding 106 counts.

In turn, unimplanted pure Fe as well implanted
with 73 keV H+ ions were examined by Doppler spec-
troscopy (DB) using VEP at JINR in Dubna. The mo-
noenergetic positron flux with diameter of 3 mm and
intensity 106 e+/s was used. The maximal energy
of implanted positrons was 36 keV. The annihilation
gamma radiation was registered by a HPGe detector
with the energy resolution 1.20 keV interpolated for the
energy 511 keV. More details about this apparatus are
given in Ref. [17]. The obtained DB spectra were an-
alyzed by extraction of S parameter from the annihi-
lation line. This is defined as a ratio of area under
the central part of the 511 keV line to the total area
below this peak. This evaluates the participation of
positron–electron pairs with a low momentum occur-
ring mostly at open volume defects in the crystalline
structure.

3. Results and discussion

3.1. Conventional PAS experiment

The detection of LRE is strictly related to evalua-
tion of the thickness of damaged layer and its com-
parison with the theoretically or experimentally esti-
mated ion implanted depth. In the conventional PAS
experiments the maximal as well as mean positron im-
plantation ranges are constant and limited. For exam-
ple, regarding the simulations, 50% of positrons annihi-
late at the depth of less than 11.1 µm and about 71%
at the depth of about 22.3 µm in the case of positrons
emitted directly from Na-22 into Cu [15]. This proves
that the range of positron implantation covered the total
thickness of ion implanted layer of Cu sample irradiated
with 167 MeV Xe26+ ions and beyond. It is possible to
scan this layer via chemical etching of studied sample.
In this way the thin, well defined layer of material is re-
moved and positron lifetimes measured after each etching
step. It was shown many times that etching does not in-
troduce additional defects [18, 19].

Given the above irradiated with 167 MeV Xe26+ ions
sample of Cu was sequentially etched in the 1:3 solu-
tion of nitric acid and distilled water. The thickness of
about 2–3 µm was removed in each step. The accuracy
of a digital micrometer screw used in the thickness mea-
surement was equal to 1 µm.

Positron lifetimes for Cu samples depending
on the depth from the surface are shown in Fig. 1b.
The hatched region represents value of positron lifetime
of 120 ± 1 ps for the non-irradiated, well annealed
sample. The single lifetime component obtained for
the irradiated specimen reveals existence of only one
kind of defects — dislocations. The highest value was

registered for the enter surface and it decreased with
the increasing depth. At 10 µm it reaches the bulk
value and marks the end of damaged zone. This corre-
sponds well with the theoretically estimated depth of
the implanted layer using the SRIM code and allows to
conclude about the lack of LRE [15].

Using the same etching PAS experiment LRE was also
invisible in Ti irradiated with 167 MeV and lower en-
ergies Xe26+ ions. Despite the small difference between
the theoretically predicted depths and those obtained in
measurements there was no reason to conclude about
the LRE existence [20]. According to the data reported
e.g. by Sharkeev [6, 7] the difference should be pro-
nounced. The LRE was successively observed using PAS
in Fe irradiated with the same ions. In this case at
the depth of 9 µm, as pointed by SRIM/TRIM for the im-
planted layer, huge vacancy clusters were observed. Be-
yond that, the area occupied by dislocations stretches
up to 18 µm [21]. In Fe and well annealed Ag exposed
to Xe26+ ions with energies of 18.5, 45.5, 122.5 MeV,
PAS measurements allowed one to detect dislocations and
clusters of vacancies in Fe, and only dislocations in Ag
in a damaged layer extended beyond the implanted layer.
The calculations using a finite element method indicated
that the stresses in the implanted layer exceeded the yield
strength several times [22].

3.2. VEP experiment

The VEP results obtained for reference and implanted
with 73 keV H+ ions samples of pure Fe are presented
in Fig. 2b as the S parameter in the function of positron
incident energy. On the top of abscissa the mean positron
implantation depth is tagged. It was obtained from
the relation

z̄ =
A

ρ
En, (1)

where ρ = 7.86 g/cm3 is the density of material,
A = 2.62 µg cm−2 keV−n, and n = 1.692 as it is
for Fe [23]. Therefore the total depth studied by VEP
equals approximately 1.4 µm. The implanted depth ac-
cording to the SRIM/TRIM calculations is about 500 nm
(Fig. 2a). The white circles in Fig. 2b represent the
well annealed, defect-free sample. In this case S param-
eter decreases with energy and saturates to the constant
value. However, for implanted target (black circles) the
S parameter increases in a short range of energies, then
achieves the plateau between 2 and 11 keV and decreases
in the direction of S parameter for the reference sample.
The plateau is undoubtedly associated with the presence
of implantation defects introduced by H+. To describe
the obtained dependencies the VEPFIT code [24] was
used. The results of fitting procedure are shown by solid
black lines. In the fitting, next to the mentioned A and n,
Makhov’s parameter m = 1.766 has been used. Positron
diffusion length L+, obtained for the reference sample,
equals 158 ± 2 nm and it is in a perfect agreement with
the one obtained for the defect-free Fe structure [25].
Shortening of L+ to only 1 nm proves the existence of
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open-volume defects with high concentration. The dam-
aged layer thickness estimated on the basis of fitting pro-
cedure equalled 361± 14 nm and it is shorter in compar-
ison to the SRIM/TRIM value of ca. 500 nm. It shows
a lack of LRE in this case.

It should be mentioned that the VEP technique was
applied for detection of defect range in the implanted
samples [11, 12]. Mazzoldi et al. studied silica glass im-
planted by 30 keV Ar+ [11]. The defect distribution ob-
tained by them was more than twice deeper than the ion
range. However, the analysis of positron data in such a
case is complicated because the positron diffusion pro-
cess can mask the defect distribution induced by implan-
tation. Moreover, silicon glass is not a perfect struc-
ture itself, as it contains defects and imperfection which
can affect the results. Additionally, the mathematical
model proposed for analysis of collected data is not per-
fect. Interpretations are usually provided taking into ac-
count the constant values of the Makhov’s parameters.
However, Ref. [23] shows that they are different for var-
ious materials. The commonly used program for fitting
S(E) profiles realizes this procedure only on the basis
of the mentioned parameters. Although it allows to use
the Makhov’s parameters specific for given type of mate-
rial, it should be stressed that e.g. the Ghosh parameters
describe the positron implantation profiles much better,
but there is no possibility of using it in any available
program [26].

4. Summary

The possibility of application of different kinds of
PAS experiments for LRE detection has been pre-
sented. The conventional one based on the positrons
emitted directly from the source can be used for
defect profiling of materials exposed to high energy
ion irradiation introducing defects on the depths of
at least a few micrometers. The sequential etch-
ing and measurements depth using micrometric screw
makes possible to reproduce the defect profile with
the accuracy ±1 µm.

Experiments based on the VEP tests can be helpful
in the case of implantation with relatively small energies
introducing defects on the depths of hundreds of nanome-
ters or single micrometers. This method is also conve-
nient for LRE detection, however an inaccurate mathe-
matical model applied for the analysis of the obtained
data may cause problems with the precise determination
of damaged thickness.
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