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The Low Energy Positron Toroidal Accumulator (LEPTA) at JINR proposed for generation of
positronium in 	ight can be used for Positron Annihilation Spectroscopy (PAS). This is the sensitive
method for microstructure studies of solid body. The structural defects such as vacancies, vacancy
clusters and nano-voids with the size of 0.1Ä10 nm can be detected. In this paper, the progress in
the development of PAS at LEPTA facility is presented. The description of the Doppler broadening
of annihilation gamma-line technique and the examples of results obtained on slow positron beam are
shown.

’μ·μ¨¤ ²Ó´Ò° ´ ±μ¶¨É¥²Ó ¶μ§¨É·μ´μ¢ ´¨§±μ° Ô´¥·£¨¨ (LEPTA) ¢ �ˆŸˆ, ¶·¥¤´ §´ Î¥´´Ò°
¤²Ö £¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö ´  ²¥ÉÊ, ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¶μ§¨É·μ´´μ°  ´´¨£¨²ÖÍ¨μ´´μ°
¸¶¥±É·μ¸±μ¶¨¨ (��‘). �Éμ ÎÊ¢¸É¢¨É¥²Ó´Ò° ³¥Éμ¤ ¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò É¢¥·¤μ£μ É¥² . ˆ³ ³μ£ÊÉ
¡ÒÉÓ μ¡´ ·Ê¦¥´Ò ¤¥Ë¥±ÉÒ ¢ ¸É·Ê±ÉÊ·¥, É ±¨¥ ± ± ¢ ± ´¸¨¨, ±² ¸É¥·Ò ¢ ± ´¸¨° ¨ ´ ´μ¶Ê¸ÉμÉÒ
· §³¥· ³¨ 0,1Ä10 ´³. �·¥¤¸É ¢²¥´ Ìμ¤ · §¢¨É¨Ö ��‘ ´  Ê¸É ´μ¢±¥ LEPTA. ’ ±¦¥ μ¶¨¸ ´ ³¥Éμ¤
¤μ¶²¥·μ¢¸±μ£μ ÊÏ¨·¥´¨Ö  ´´¨£¨²ÖÍ¨μ´´ÒÌ ²¨´¨° ¨ ¶·¨¢¥¤¥´Ò ¶·¨³¥·Ò ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ
´  ³¥¤²¥´´μ³ ¶μ§¨É·μ´´μ³ ¶ÊÎ±¥.

PACS: 29.30.Ep; 41.75.Fr; 61.72.jd

INTRODUCTION

The aim of Positron Annihilation Spectroscopy (PAS) is detection of open-volume defects
such as vacancies in solid-body lattice. Theoretically, a perfect structure in real world is never
free from many kinds of imperfections, which in	uence the material properties. The applica-
tion of PAS allows one to recognize the type of defect and determine its concentration. It is
important especially in the case of points defects which are hard to be seen by other methods.

Due to the special properties of positronÄelectron annihilation process, observation of emit-
ted gamma quanta via the Doppler Broadening of annihilation Gamma Line 511 keV (DBGL)
or by measurements of positron LifeTimes (LT) gives information about the type and con-
centration of defects smaller than 10 nm. Using slow positron beam allows one to observe it
at the depth of about 1 μm below the surface.
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THE DOPPLER BROADENING OF ANNIHILATION GAMMA LINE (DBGL)

The meeting of an electron (e−) and its antiparticle Å positron (e+), causes the annihila-
tion process, while the mass of a pair e+e− is converted into the energy of electromagnetic
ˇeld and gamma quanta are emitted. The annihilation process with random electron takes place
after thermalization, when, as a result of interactions with matter, it reduces the energy to circa
25 meV. In 99.7% cases it is the annihilation process into two gamma quanta. The possibility
of annihilation on three or more photons exists but with very small probability [1, 2].

In the laboratory system the energy of emitted radiation will be changed as a result of the
Doppler effect according to the formula

Eγ
∼= mc2 ±

√
1
2

mc2 E, (1)

where m is an electron, c Å a speed of light, and E is an electron energy. In this expression,
binding energy e+e− and positron momentum were omitted. In fact, the changing energy
depends on the parallel component of momentum of the pair e+e−, where positron momentum
is negligible. The Doppler effect causes the broadening of 511-keV line.

Positron can pass the places, where the density of electrons is changed. These places are
such defects of structure as vacancies (atoms missing), and positron can be localized there.
The electron momenta inside defects are smaller. Thus, the broadening of annihilation gamma
line will also be smaller.

The observation of DBGL consists in registration of gamma quanta 511 keV using spec-
trometer including the HPGe detector, an ampliˇer, a multichannel analyzer, which collected
energy spectrum from annihilation process and a computer. The energy resolution of detector
working at LEPTA facility is 1.2 keV.

The spectroscopy of the Doppler broadening of annihilation gamma line is mainly used to
detect vacancies and their clusters as well as their concentration. The annihilation of a trapped
positron gives the broadening of 511-keV line, but relatively smaller than that, which will
appear in the case of annihilation of a positron with electrons of atomic core or conduction
electrons. To simplify, the more defected sample, the less broadened 511-keV line. The
quantitative connection between these values describes the so-called trapping model [3].

The shape of annihilation line depends on many factors, which are the reason why the
analysis of this line consists in determining the proportion of annihilations with low- and
high-momentum electrons by the use of S and W parameters. Here, only description of S
parameter will appear.

The S parameter is determined as a ratio of an area under the central part of annihilation
line to the whole area under this line after subtraction of the background. Usually the value
of S parameter is about 0.5.

The area under the line is selected arbitrarily, but the range wherein it is calculated should
be predetermined within the framework of given measurement series. It allows one to monitor
the behaviour of S parameter under the in	uence of the factor disturbing the structure, e.g.,
plastic deformation. This parameter is sensitive to the presence of defects and connected to
their concentration. The bigger value of S parameter, the bigger concentration of defects such
as vacancies.

In Fig. 1, the annihilation lines of 511 keV for two kinds of stainless steel samples are
presented. The black line represents the nondefected one. The grey line comes from the
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Fig. 1. The annihilation lines with marked areas deˇning S parameter in stainless steel. The grey line

comes from the defected (by sandblasting) sample, while the black one represents the nondefected sample

sample defected by sliding. The broadening in the case of the second specimen is much
smaller. It points out that friction induces [4].

The experiment of the Doppler broadening of annihilation gamma line usually boils down
to the calculation of this parameter. It allows one to conclude about defects concentration and
their distribution.

SLOW POSITRON BEAM AT LEPTA FACILITY

Since 2000, LEPTA (Low Energy Positron Torroidal Accumulator) project has been
developing at the Joint Institute for Nuclear Research in Dubna. The main goal of this idea
is to create an intense orthopositronium 	ux in 	ight. A positron injector in this project is a
low positron beam, which can be used in PAS application [5].

The method of positron 	ux formation is following. Positrons after emission from 22Na
source with 25 mCi being under potential +50 V go through the solid neon gas. It plays a
role of a moderator causing the wide part of positrons at elastic scatterings to slow down to
thermal speeds.

The cryogenic source dedicated to experiments is closed in a special stand, which includes
neon and liquid helium lines. The 22Na isotope is placed in the vacuum chamber under the
pressure of 4 ·10−9 Torr. The liquid helium guarantees low temperature of about 7 K. Second
line delivers neon, which creates condensed layer of moderator without cloud. In this way,
the count intensity of the obtained 	ux is 3 · 105 s−1 and the average energy equals 1.2 eV.

Next, the separation of slow and fast positrons is done by the use of 100 Gs magnetic
ˇeld for transport of continuous beam of slow positrons. Slow positrons follow ®slalom¯
trajectory, while the fast ones hit the aperture diafragma.

The negative potential applied to the sample allows one to accelerate positrons up to
the initial energy of 35 keV. In this way, monoenergetic positrons are implanted into the
sample.
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THE EXAMPLES OF APPLICATIONS

The ˇrst studies were performed for sample of pure copper annealed for 2 h at 900 ◦C.
The aim of this investigation was the application of our slow positron beam working at
LEPTA facility for the specimen, which is well described in the literature. We wanted to
compare the obtained results with those from the literature [6].

The measured S parameter proˇle versus energy of implanted positrons is presented
in Fig. 2. It decreases with positron energy and saturates for the energy of about 30 keV.
This is the expected dependence. The solid black line represents the best ˇt of the so-called
diffusion equation for our proˇle obtained using VEPFIT program [7]. The diffusion equation
is presented below:

S(E) = Szone + (Ssurface − Szone)

∞∫
0

P (z, E) exp
(
− z

L+

)
dz, (2)

where

P (z, E) =
mzm−1

zm
0

exp
[
−

(
z

z0

)m]
(3)

is the implantation proˇle for slow positrons

z0(E) =
A

ρΓ(1 + 1/m)
En, (4)

and E is the positron energy in keV. For copper we used the following parameters: ρ =
8.96 g · cm−3, A = 3.78 · 10−6 g · cm−2 · keVn, m = 1.78, n = 1.61, and Γ is a gamma
function, thus z0 = 471E (keV)1.61 [8]. Szone and Ssurface are the values of S parameter
for positrons annihilating only in the zone or at the surface, respectively. L+ is the positron
diffusion length

L+ =

√
D+τbulk

1 + τbulk μ C
, (5)

where C is the defect concentration in the zone, D+ Å the positron diffusion coefˇcient,
and μ is the positron-trapping coefˇcient in this defect. L+ will be shorter for positrons
annihilating in the defect in comparison to L+ for nondefected sample.

Fig. 2. The dependence of the measured S parameter on the positron energy for the sample of pure Cu.

The solid line represents the best ˇt of model curves obtained from VEPFIT [7]
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Using VEPFIT program [7] to ˇt model function for the obtained results, the diffusion
length equal to (141 ± 11) nm was obtained. It corresponds well with the value from the
literature, where this quantity was 120Ä130 nm [6, 9]. It means that our experiment was
perfomed correctly.

In the second investigations we tested the defected layer of samples of stainless steel grade
304 AISI annealed for 1 h at 700 ◦C in the 	ow N2 atmosphere and next sandblasted under
different pressures of 1, 3, 5 and 7 bar. The N2 atmosphere is usually applied for protection
materials for oxidation. The sandblasting is the surface treatment process used for removing
oxide layer [10]. The results of DBGL are presented in Fig. 3, a.

The measured S parameter proˇles point out to the existence of at least two layers in the
studied area equal to 1.3 μm. The estimation of the mean range of positron penetration was
calculated as follows:

z̄ =
A1/2

ρ
En, (6)

where ρ = 7.8 g · cm−3 is the density of material; A1/2 = 2.39 nm/keVn and n = 1.692 are
the Makhov parameters for Fe [11]. For the reference sample (black circles), which represents
only annealed sample, the similarity between the proˇle presented here and that obtained by
Wu et al. [12] occurs. This proˇle lies under proˇles of the sandblasted ones. It means
that this sample was mostly defected. Additionally, we can observe ranges where decreasing
S parameter has different slopes. Between energies of 2 and 15 keV, it decreases linearly.
At energy of 16 keV, there is another drop of a different kind, which seems to saturate at
energies unavailable in this experiment. In the case of sandblasted specimens (white circles),
we can recognize also two regions. In the ˇrst region, the saturation of S parameter is visible.
The layered character of the obtained proˇles can be explained as the existence of oxide

Fig. 3. a) The dependence of the measured S parameter on the positron energy for the reference sample
(black circles) and the sandblasted ones under pressures of 1 bar (white circles), 3 bar (white squares),

5 bar (white triangles) and 7 bar (white diamonds). The solid lines represent the best ˇt of model curves

obtained from VEPFIT [7]. b) The dependence of vacancy concentration obtained using in two layers
of sandblasted samples under pressures of 1, 3, 5, 7 bar. The value of 0 bar on x-axis represents the

reference, nonsandblasted sample
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layers on the surface. The stainless steel consists of elements as Fe, Ni and Cr, which can
connect with oxide. Unfortunately, we cannot recognize which one it is. Additionally, we
observed the reduction of the thickness of the ˇrst layer in dependency on pressure applied
during sandblasting. Using VEPFIT program, the model function was ˇtted to the obtained
results. It is marked by solid black line in Fig. 3, a. It allows one to approximate the thickness
of the ˇrst layer. For the reference sample it is 337 nm, 207 nm Å for sample sandblasted
under the pressure of 1 bar, and 120 nm Å for 7 bar. Additionally, the diffusion lengths
made possible the approximation of defects concentration according to the formula

C =
(Lbulk/L+)2 − 1

τbulk μ
, (7)

where tbulk = 109.6 ps [13], μ is the trapping coefˇcient for a single vacancy in pure Fe
equal to 1.1 · 1015 s−1 [14], Lbulk = 142 nm [15] (the positron diffusion length in the
bulk). The defects concentration, which we recognized as vacancies, decreses in two layers
in dependency on pressure, applied during sandblasting. It is visible in Fig. 3, b. For the
reference sample (0 bar in Fig. 3, b), the vacancy concentration was 3.16 · 10−4 in the ˇrst
layer and 8.64 · 10−5 in the second one. In the case of sample sandblasted under 7 bar, it was
8.64 · 10−5 and 2.68 · 10−5, respectively. The values were given in relative units, it means
a number of defects per a number of atoms in the lattice. Sandblasting does not introduce
defects into the sample, as we could expect, but reduces its presence in the studied area.

SUMMARY

The PAS offers possibilities of detection of structural defects in the materials. Using slow
positron beams allows one to investigate changes in the lattice close to the surface. The
positron 	ux developed at LEPTA facility seems to be appropriate to these investigations.
Tests performed on this beam conˇrm it. The example of applications shows that DBGL
measurements can point out to the interesting properties of the surface zone.

The nearest plans concerning slow positron beam at LEPTA facility will focus on the
studies of materials defected in many ways, e.g., surface treatment, radiation damages or
ion implantation. Additionally, we are going to reorganize present continuous beam into
the so-called pulsed positron beam. The creation of short pulses no longer than 100 ps
allows for positron lifetime measurements. As a result, apart from information about defects
concentration, the determination of the kind of defect will be possible.

All works were supported by RFBR grant No. 12-02-00072.
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