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A B S T R A C T

Well annealed samples of pure titanium irradiated with swift Xe26+ ions with various doses and two different
energies have been studied using positron annihilation spectroscopy. Positron lifetime measurements revealed
the existence of dislocations and vacancy clusters in the implanted region. It was found that clusters disappeared
at the depth marked by modeled Bragg peak. The range of damaged zone with defects induced by implantation
corresponds to the range of the ion in titanium, obtained from simulations. The existence of strong defects
increase assumed in simulations was not confirmed in annihilation characteristics. Doppler spectroscopy in-
vestigations led to the same conclusions.

1. Introduction

Materials in nuclear reactors are exposed to extreme conditions
including radiation of swift neutrons and charged ions. Irradiation in-
duced defects appearing in reactor subassemblies during long time of
operation can effectively destroy this device. For these reasons the
impact of irradiation on microstructure of materials is always an open
topic in nuclear science and industry. Especially heavy ions are a good
tool for investigation of a given kind of target exposed to irradiation.
These ions somehow reflect changes introduced into material also in
reactor conditions [1].

Swift ions injected into the matter lose energy stopped inside by
electronic excitation and nuclear collisions. In popular understanding of
the matter, the path of ions is divided into three regions. The first one,
called “a track region” is located on depths between the surface and
Bragg peak, which is a pronounced peak on the Bragg curve. The peak is
located approximately within the range of implanted ion. In this region
electronic excitation and production of mainly vacancy clusters and
stacking fault tetrahedral take place. In the second region, being the
surrounding of Bragg peak named “a cascade region”, ions interact
mainly by nuclear collisions. These provide to atom displacements and
creation of displacement cascades. In this way beside the mentioned
vacancy clusters and stacking fault tetrahedral, other defects such as
dislocation loops and interstitial atoms can be induced. Third section is
known as “a nonimplanted region” (NR) localized behind the Bragg
peak. This region represents depths unreached by ions. However, some
authors prove the existence of structural defects in NR even though ions
did not interact with material in this region [2]. So far the reason of this

effect is unknown but some assumption pointed to the generation of
strains and stresses in materials involving production of dislocations. In
turn, Lu et al. [3] explained the difference between the observed da-
mage (500 nm) and ion range (300 nm) in Ni irradiated by 3MeV Au
ions with the diffusivity of defects in Ni. This could be strengthened by
a higher stress field gradient after irradiation. Additionally, impact of
irradiation conditions such as kind of ions, their energy and dose can
also play an important role in the appearance of this phenomenon,
called in some reports as “the long range effect” (LRE) [4]. For example,
Sharkeev et al. [5] using TEM in pure copper implanted with 100 keV Ti
and Zr ions detected the presence of dislocations at the depths, re-
spectively 40 and 100 times deeper than a theoretically predicted im-
plantation range. However, this effect was invisible in studies of copper
irradiated with 167MeV Xe26+ ions [6].

The aim of this paper is detection of defect profiles in titanium
samples exposed to Xe26+ irradiation with different energies and doses
using Positron Annihilation Spectroscopy (PAS) techniques. Titanium
was chosen as the object of studies because it is commonly known as a
standard or baking material for nuclear targets or a component of ad-
vanced nuclear materials. For this reason the studies of radiation in-
duced defects in titanium seem to be justified [7]. Additionally, men-
tioned LRE has not been observed in titanium. Positron annihilation
spectroscopy is commonly known as a sensitive method for detection of
open volume defects, i.e., vacancies, their clusters, dislocations, pores,
etc. [8] However, the shortage of knowledge related to titanium in-
vestigated by PAS method is still considerable.
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2. Experimental details

Samples of 99.99% purity titanium with dimensions of
10×10×3mm3 were firstly polished mechanically to get maximally
smooth surfaces. Then all of them were washed in an ultrasound cleaner
for 1 h at 50 °C. In the next step samples were annealed for 4 h at
1000 °C in vacuum conditions of 10−5 Torr and slowly cooled down in a
vacuum to the room temperature. This process allowed us to get spe-
cimens containing only residual defects and being in the same state.

The heavy ion irradiation was performed at IC-100 cyclotron
working at Flerov Laboratory of Nuclear Reactions at Joint Institute for
Nuclear Research (JINR) in Dubna, Russia. Xe26+ heavy ions with
various doses of 1012, 1013, 5× 1013, 1014 ions/cm2 were used. One set
of samples was irradiated with 167MeV ions. In the second one plates
were covered with 9.5 μm aluminum foil as a degrader of the primary
ion beam. In this way the mean energy of ion injected into titanium was
45.5MeV according to SRIM/TRIM [9] calculations with external sta-
tistical module. The average flux was 5×109 cm−2 s−1. Temperature
during irradiation did not exceed 80 °C.

SRIM/TRIM [9] simulations of 167MeV Xe26+ions implanted di-
rectly into titanium and passing through 9.5 μm aluminum foil point
that the ion range is equal to ca. 13 μm for the first set of irradiated
samples and about 5.5 μm for the ions which travel first through the
aluminum foil.

The positron lifetime (LT) measurements were performed using the
fast-fast spectrometer based on BaF2 scintillators with timing resolution
of 250 ps. The isotope of 22Na with activity 32 μCi enveloped into a
7 μm thick kapton foil was placed between two identical samples. The

analysis of obtained spectra including 106 counts was made by LT
program [10]. The average implantation depth, which is the reciprocal
value of the linear absorption coefficient, for positrons emitted from
22Na in Ti is ca. 48 μm. This value indicates the depth from the mea-
sured surface which is scanned with positrons in each measurement.
About 76% of emitted positrons annihilate in the layer of such a
thickness [11].

With the aim of getting the depth characteristics, irradiated samples
were sequentially etched in 1:3 solution 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 measure-
ment was 1 μm.

Doppler broadening spectra of two representing samples were
measured at room temperature using high purity germanium (HPGe)
detector with energy resolution equal to 1.1 keV for 511 keV. The cal-
culation of S shape-parameters was carried out for analysis of obtained
spectra. It is defined as the ratio of the area under the central part of
511 keV line to the total area below this line. It reflects annihilation
with low momentum electrons mainly present at open volume defects
like monovacancies or their clusters and reaches higher values for
bigger defects concentration.

3. Results and discussion

Only one positron lifetime component equal τbulk=149 ± 1 ps was
obtained for a well annealed reference sample. This value, marked in
next figures as hatched region, corresponds well to reported by other
authors as the bulk value [12,13].
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Fig. 1. The mean positron lifetime (a), first lifetime component (triangle down) and its intensity (triangle up) (b), second lifetime component (triangle down) and its intensity (triangle
up) (c) of LT spectra measured as a function of depth from the entrance surface in titanium sample exposed to 167MeV Xe26+ irradiation with dose of 1014 ions/cm2.
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