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This paper reports experimental studies of silver after 167 MeV Xe26+ ions irradiation. Heavy ion
implantation of samples with doses 2× 1012, 5× 1012, 1013, 5× 1013 and 1014 was performed at IC-100
cyclotron at FLNR, JINR. Radiation damages were investigated with variable energy positron beam.
Doppler broadening spectroscopy was applied and the line shape S parameter of annihilation line was
extracted. The analysis of S parameter profiles gives information about the presence of open volume
defects in irradiated samples. The positron diffusion length extracted from the profile decreases with
the dose increase. It points out the increase of defects concentration. Probably, changes in the size or
type of defects generated by various doses took place.
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1. Introduction

Positron annihilation spectroscopy (PAS) is
a suitable tool for detection irradiation-induced de-
fects as vacancies, their clusters, dislocations etc.
These are generated by different kinds of radiation
such as neutron, electrons, gamma and ions and
affect the implanted material properties, such as
corrosion resistance, hardness, thermal conductiv-
ity, chemical composition or electric resistivity. For
this reason, studies of irradiated materials are re-
cently a popular direction of research. In this way,
materials useful in the nuclear industry, such as al-
loys and oxides, are tested for their practical aspect.
In turn, materials not popular in nuclear applica-
tions like pure metals, being the main composite of
alloys such as iron, and with properties possible to
reproduce in theoretical studies, are investigated for
cognitive goals. Information about the concentra-
tion and kind of irradiation-induced defect can be
obtained from PAS. This method allows one to de-
tect damages with a concentration up to 10−7, while
in the case of commonly applied transmission elec-
tron microscopy (TEM), this threshold equals 10−3.
There is a well-known successful utilization of PAS
in defect research [1–3]. The usage of low-energy
monoenergetic positrons opens new perspectives for
tracking damages at depths from single nanometers
from the surface [4].

This paper reports positron beam studies of
heavy ion irradiated pure silver. Due to the optical,
electrical and mechanical properties, silver and its

alloys have found application in manufacturing of
jewellery, silver staining of glasses and in electronic
technologies [5–6]. However, the number of studies
conducted on pure silver is not rich and is incompa-
rably smaller compared to other pure metals such
as, e.g., iron or copper. In any case, Jenkins [7]
observed vacancy clusters with a geometry based
on a partially dissociated Frank loop and stacking-
fault tetrahedra in silver exposed to 50 keV Ag ion
implantation. Ahmad et al. [8] found strong an-
tibacterial activity against both the Gram-positive
and Gram-negative bacteria in irradiated silver and
agar/silver nanoparticle samples. Due to this an-
tibacterial activity, the authors pointed out new
potentials for many applications, such as antibac-
terial food packaging and biomedical application
of studied objects. Lauzier et al. [9] found that
interstitials are stable on dislocations by testing
the variation of Bordoni peaks in copper and sil-
ver during electron irradiation at 110 K and sub-
sequent annealing up to 300 K. Lam et al. [10]
performed calculations of the properties of small
vacancy and interstitial clusters for the same pair
of materials. Except for tri-, tetra-, and pentava-
cancies, the stable configurations for small vacancy
clusters were the same in both metals. The bind-
ing energies were linear functions of the number
of vacancies in the cluster for defects larger than
pentavacancies. The binding and migration ener-
gies for the divacancies were smaller than for the
monovacancies. In turn, Shimomura [11], using elec-
tron microscopy, investigated pure silver exposed
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Fig. 1. SRIM/TRIM [14] calculations of ion con-
centration (a) and vacancies density (b) depending
on the depth for silver irradiated with 167 MeV
Xe26+ with different doses.

to irradiation with 3 MeV electrons near 1400 K.
There were found interstitial loops below the III
stage of annealing. Their number was constant, but
the size of the loops increased with increasing dose.
Defects induced in silver polycrystalline irradiated
with 4 keV Ar+ were investigated by Duarte Naia
et al. [12] using a variable energy positron beam.
They observed the interaction of the gas with the
produced damages. Additionally, two regions were
recognized. The first one was found near the surface
and was occupied by vacancy-type defects involved
by irradiation. The second region, deeper one, was
created due to the coalescence of Ar. Deeper defects
evolved there with thermal treatments and proba-
bly produced cavities. Dryzek et al. [13] recognized
dislocations or vacancies associated with disloca-
tions regardless of the dose in heavy ion implanted
silver.

This paper reports experimental studies of pure
silver samples exposed to irradiation with heavy
Xe26+ ions. Implantation induces open-volume de-
fects, the presence of which should be reflected in
the PAS characteristics. The goal of this study is
to obtain information about the dose dependency
on changes generated by irradiation in the struc-
ture of the near-surface region. The variable energy
positron beam (VEP) was used for this aim.

2. Experimental details

2.1. Sample preparation

The plates of 99.8% purity silver with dimensions
15 × 15 × 3 mm3 were annealed for 2 h at 1000◦C
in vacuum conditions of 10−5 Torr and cooled down
in a closed furnace to room temperature. This ap-
proach allows one to get all samples in the same
state, containing only residual defects in their struc-
tures. One sample has been saved as the reference
one. Others were exposed to heavy ion irradiation.
This experiment was performed using the IC-100
cyclotron operating at the Flerov Laboratory of
Nuclear Reactions at Joint Institute for Nuclear
Research (JINR) in Dubna, Russia. Xe26+ ions with
energy of 167 MeV and different doses: 2 × 1012,
5 × 1012, 1013, 5 × 1013 and 1014 ions/cm2 were
used. The average ion flux was 5 × 109 cm−2 s−1.
The temperature during irradiation did not ex-
ceed 80◦C. According to SRIM/TRIM [14] calcula-
tions (see Fig. 1), the maximum of the Bragg peak
lies at a depth of about 8.3 µm, while the thickness
of the implanted layer is close to 9.2 µm. Addition-
ally, the concentration of ions and defects increases
with the dose.

2.2. VEP tests

Experiments were performed at room tempera-
ture using VEP at the Dzhelepov Laboratory of
Nuclear Problems at JINR in Dubna (Russia) [15].
A continuous positron flux with a diameter of 3 mm
and an energy varing from 0.1 up to 36 keV has been
used. The intensity of the beam was about 106 e+/s.

The thickness of the samples tested with VEP,
marked by grey colour in Fig. 1b, is ca. 1 µm for this
beam. It was estimated on the basis the following
formula

z̄ =
AEn

ρ
, (1)

where A = 3.66 µg cm−2 keV−n, n = 1.576, and
ρ is the density equal to 10.49 g/cm3. In this way,
the near-surface region where ions slow down due
to electronic energy loss processes was investigated.

The Doppler broadening (DB) spectra were mea-
sured with a high purity germanium (HPGe) detec-
tor characterized by an energy resolution (FWHM)
equal to 1.2 keV for an energy of 511 keV. The anal-
ysis of the annihilation line consisted of the evalu-
ation of the standard shape-parameters S and W .
The first parameter is given as the ratio of the area
below the central part of the 511 keV line to the
total area below this line. This ratio increases with
higher defect concentration and reveals the positron
annihilation with low momentum electrons. In turn,
the second parameter, representing the annihilation
with core electrons, is defined as the area under
the wing part of the peak to the whole area of the
peak representing the fraction. Together with the
S parameter, W delivers limited information about
changes in defects types.
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3. Results and discussion

The values of the S and W parameters mea-
sured depending on the positron incident energy
have been shown in Fig. 2. On the top axis, the
mean implantation depth obtained from (1) is pre-
sented. The white circles represent the reference
well-annealed sample. Dark grey points of different
shapes symbolise implanted specimens. Note that
the S parameter decreases with energy and satu-
rates. The sharp fall noticed at the beginning of the
S parameter profiles is caused by the positron dif-
fusion back to the surface. The flat part of the dis-
tribution means annihilation at depths far from the
surface. In the case of irradiated samples, the level
of saturation is higher than for the reference speci-
men. Additionally, it increases with the dose. This
definitely points out the existence of irradiation-
induced defect and increases their concentration
with fluence.

In turn, completely different behaviour is noticed
for the W (E) distributions presented at the bot-
tom of Fig. 2. These are reflection of the S(E) pro-
files in terms of abscissa. For all samples, the W
parameter increases and stabilizes. The presence of
open-volume defects produced by irradiation occurs
in a lower level of saturation. Similarly, it decreases
with arising dose. The opposite tendencies between
the S(E) andW (E) profiles are well understood. In
the case of a positron trapped in defects, the frac-
tion of annihilations with low-momentum electrons
is enhanced and the number of annihilations with
core electrons goes down. Referring to the defini-
tions of both parameters (presented in the previous
section), the S parameter increases and simultane-
ously the W parameter decreases.

Further quantitative analysis of the experimen-
tal profiles (Fig. 2) is possible on the basis of the
diffusion trapping model [17]. It requires one to as-
sume a homogeneous distribution of defects in the
zone tested by VEP. Then, the code VEPFIT [18]
was used to fit the dependencies shown in Fig. 2
through numerical solving of the positron diffusion
equation [17]. The fitting procedure took into ac-
count one layer, density equal to 10.49 g/cm3, and
the Makhov’s parameters [16] describing positron
implantation as follows: A = 3.66 µg cm−2 keV−n,
n = 1.576 and m = 1.636. The best fits are pre-
sented by solid black lines in Fig. 2. The results are
depicted in Fig. 3.

The values characterizing the saturation of the
S(E) profiles for the reference sample (Sbulk) and
the irradiated (Sdef) ones are presented in Fig. 3a.
The lowest value was noticed for the unirradi-
ated specimen. Values of Sdef increase with fluence.
There is a well-marked fast rise for low doses, fol-
lowed by an increasing slowdown for higher doses. It
points out a faster expansion of structural changes
caused by irradiation for lower doses. It should be
noticed that increasing Sdef may reflect the de-
velopment of defects concentration and their kind

Fig. 2. The S parameter (a) and the W parame-
ter (b) depending on the positron incident energy
(bottom axis) and the mean depth (top axis) for
the studied samples. Solid black lines represent the
best fit from VEPFIT code [18].

as well. Similar behaviour was observed for pal-
ladium exposed to 107 MeV Kr17+ ions [19]. In
turn, a completely different result was found for
copper irradiated in the same as reported here. In
that case, the dependence of Sdef on dose (in the
range 1012–1014 ions/cm2) was practically not ob-
served [20].

The parameter more sensitive to detects concen-
tration is the positron diffusion length. It is given
according to the following formula [22]

Cv =
1

µ τbulk

[(
Lbulk

L+

)2

− 1

]
, (2)

where µ is the trapping coefficient for a given type
of defect; τbulk, Lbulk and L+ are the mean positron
lifetime, the diffusion length in the non-defected and
defected structure, respectively. The defect concen-
tration increases with decreasing L+ by virtue of
the above equation (2). The values of positron dif-
fusion lengths obtaining from fitting S(E) profiles
(Fig. 2) are presented in Fig. 3b. The highest value
123 ± 3 nm was obtained for the unirradiated sam-
ple. This value is typical for metals [21]. Dryzek
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Fig. 3. Values obtained from fitting profiles shown
in Fig. 2 using the VEPFIT code [18], plotted as:
S parameter for saturation of S(E) distributions
versus dose (a), positron diffusion length depending
on the dose (b) and W (S) (c).

et al. [13] reported 97±10 nm. However, their sam-
ples were not annealed enough because positron life-
time measurements pointed out the presence of dis-
locations. In turn, Duarte Naia et al. [12] found
151 nm in a non-defected sample silver. The higher
value in this case can be caused by the purity of the
metal, the parameters used in the fitting procedure,
or the energetic range of VEP used in tests. The
strong reduction of positron diffusion of the irradi-
ated samples confirms the generation of structural
defects. Moreover, shortening from 60 to 47 nm for
higher fluencies delivers information about the in-
creasing defect concentration. It should be noticed

that the L+ reduction is the smallest in the stud-
ied range of doses compared to previously reported
other materials exposed to heavy ion irradiation,
such as Pd [19], Cu [20] and Fe [23].

Further analysis based on the application of (2)
and the obtained diffusion length cannot be pro-
vided due to the lack of knowledge about the kind
of detected irradiation-induced defects. The VEP
measurements with a continuous beam do not de-
liver any information about it. Now, (2) requests
to use a trapping coefficient that is specific for the
given kind of trap. Note that the positron lifetime
studies of Xe26+ implanted silver, investigated in
other contexts, only proved the existence of dislo-
cations [24]. However, taking the assumption that
only this type of defect is generated, as was done
in the case of investigations reported in [22], would
be an exaggeration. The measurements from [24]
were performed using a positron emitted directly
from a conventional positron source 22Na. In ex-
periments, positrons penetrate the total implanted
thickness, where the biggest quantity of damage is
located around the Bragg peak. In this way, changes
visible in the range of VEP can be undetected by
conventional PAS measurements. Only the defined
trapping coefficient allows one to calculate the de-
fect concentration and on this basis analyse how it
depends on the dose. This is undoubtedly a disad-
vantage of the DB technique.

The caution against too rash assumption is sup-
ported by the behaviour visible in Fig. 3c. Values of
the S parameter vs the W parameter are depicted.
In fact, the S(W ) points represent the values ob-
tained from fitting both the S(E) andW (E) profiles
in Fig. 2. Information on irradiation-induced defects
in studied samples can be revealed from the S(W )
plot. Only one kind of defect exists if all points lie on
a straight line. However, in the case of the discussed
results, a deviation occurs from the line connecting
surface and bulk for the reference sample. More-
over, there appears another slope connected with
the dose. It allows one to conclude that in studies
by VEP range, irradiation fluence has an impact on
the kind or size of defects, next to changes in their
concentration.

4. Conclusions

Pure silver samples irradiated with 167 MeV
Xe26+ have been studied using VEP to get the
impact of irradiation doses on PAS characteris-
tics. The existence of irradiation-induced defects
has been detected. A dose dependence of all ob-
tained features was found. In the damaged layer, the
value of the S parameter for saturation of the S(E)
profiles increases with the fluence. Positron diffu-
sion lengths were reduced after irradiation. Their
decrease was noticed with increasing dose. However,
it is smaller in comparison to other pure metals
such as Pd, Cu, and Fe. Similarly, as in the case of
Pd, this information allows one to conclude about
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increasing the defect concentration with the dose.
Probable changes in the size or kind of defects re-
lated to the applied dose were noticed. The lack of
knowledge about the kind of defects could not pre-
vent further discussion on the dependency of defects
concentration on the dose. This is undoubtedly the
disadvantage of the DB technique.
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