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a b s t r a c t

Incorrect choice of measuring experimental geometry and energy windows for a positron-lifetime spec-
trometer with BaF2 scintillators can lead to a significant distortion in a measured spectrum. Contribution
of the distorted events for a non-optimal geometry may exceed 50%. It reduces the measured lifetimes of
the spectral components and redistributes their intensities. The Geant4 simulation allows to estimate an
influence of the measuring geometry on the spectrum distortion and to choose the most appropriate
energy windows. The optimal geometry with a lead absorber between detectors suppresses contribution
of the distorted coincidences down to 1% providing sufficiently high count rate of true events.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Positron annihilation spectroscopy is a traditional method of
non-destructive testing, allowing to study electronic structure of
materials, mechanical and radiation-induced defects [1–3]. In a
conventional positron lifetime measurements, the radioactive iso-
tope 22Na is used as a positron source. In the source, the emission
of positrons is accompanied by a 1.274 MeV photon.

The emitted positrons enter the studied sample where, in sev-
eral picoseconds, they are slowing down to thermal energies and
eventually annihilate, emitting a pair of annihilation photons with
energies of 0.511 MeV. The individual positron lifetime can be
defined as the time interval between birth of a nuclear photon
and birth of annihilation photons. To detect the photons fast scin-
tillation detectors are used. So positron lifetime is measured as a
time delay of the detector pulses produced by an annihilation pho-
ton (Stop signal) in relation to the detector pulses produced by a
nuclear photon (Start signal).

A spectrum of time delays between detecting the 0.511 MeV
and 1.274 MeV photons is called hereafter the delayed-coincidence
spectrum. The delayed-coincidence spectrum is described usually
by a convolution of the exponential components with the timing
response function of the spectrometer. By analyzing this spectrum
information about the lifetimes si and the intensities Ii of various
groups i of positrons annihilating in a given material can be
obtained. The width of the timing response function and the
delayed-coincidence counting rate are the most important param-
eters that limit the ability of the spectrometer in identifying and
resolving positron-lifetime components in the spectrum.

An improvement of the time resolution is of utmost importance
for a large number of applications of positron-lifetime spectros-
copy, especially for studying positron lifetime in metallic systems
with high defect concentration, where the difference between the
lifetime components can be of the order of 10 ps.

Conventionally, time information is extracted from the detector
pulses using constant-fraction differential discriminators (CFDDs)
and a time-to-amplitude converter (TAC) whose output pulses
are collected in a multi-channel analyzer (MCA) to form the life-
time spectrum.

So there are a number of random processes which influence a
time delay. The first one is the propagation of nuclear and annihi-
lation photons from the point of birth to the point (or points) of
interaction in a detector. The propagation time is a random value
and depends on the size of detectors, on the distance between
them, on the number of the photon scattering in the detectors
and environment. The second is the process of light collection in
the scintillation crystal. The third is the process of pulse formation
in the photo multiplier tube. The forth is the instability of thresh-
olds in CFDD. Every element of the signal processing chain gives its
contribution to the timing resolution of the PAL spectrometer.

For our purposes, it is convenient to represent the whole
response function as a convolution of two partial response func-
tions. The first part describes the emergence time of light flashes
in scintillator and depends on geometrical parameters of a detector
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system. Therefore we call it the geometrical response function. The
second one is concerned with the time dispersion in the detectors
and the signal processing chain. We call it the apparatus response
function. In this work only geometrical part is simulated and dis-
cussed in detail. The apparatus part meanwhile is approximated
by the normal distribution with FWHM typical for the available
lifetime spectrometer (275 ps) to compare the simulation results
with the experimental data.

There are many works associated with the problem of improv-
ing the time resolution of the lifetime spectrometer [4–7]. Many
authors note, that the c-rays detection in the positron lifetime
spectrometer is generally accompanied with undesired effects
whose intensities depend on the scattering efficiency and a solid
angle covered by the scintillators. The detection of backscattered
c-rays leads to detection of undesired ‘‘false’’ coincidences. The
similar undesired effect occurs when a new photo multiplier pulse
is detected on the tail of a previous one. This effect is well-known
as a pileup. But we do not consider a pileup here.

The number of ‘‘false’’ coincidences depends primarily on the
geometry of the detector system. For instance, the maximal num-
ber of parasitic events is observed in the traditional face-to-face
geometry with the sandwiched 22Na source located at the detec-
tors common axis.

In some cases, the distortion of the experimental spectrum can-
not be compensated by the conventional software used for pro-
cessing the lifetime spectra. To obtain lifetimes and intensities
from the experimental spectrum, the invariability of the time
response function for the entire range of signal delays is supposed.
But it is not true for some arrangements of the source-sample-
detectors system due to parasitic effects. Using such arrangements
may result in the significant distortion of the lifetime spectrum and
hence can lead to errors in determining lifetimes si and intensities
Ii of the components.

To choose the optimal arrangement of the source-sample-
detectors system and energy windows, that provide the minimal
distortion of the spectrum with an acceptable rate of the undis-
torted coincidences, we have analyzed the shape of the geometrical
response function basing on the Monte Carlo simulation.

2. Simulation method

The simulation of positron lifetime spectrometer described here
is based on GEANT4 [8] used via the GATE simulation environment
[9] and the Matlab toolkit. It takes advantage of GEANT4’s capabil-
ities for modeling the setup as well as transport of beta particles
and c-rays and their interactions with matter. It also takes advan-
tage of the Matlab data structures for efficient processing of the
GEANT’s track data. The tools provided by each package allow
the flexibility in adjustment of the simulation parameters at the
run time as well as an efficient storage, inspection and processing
of simulated data and comparison with an experimental spectra.

The simulated setup includes two cylindrical BaF2 scintillators
with a diameter of 25.7 mm and a height of 12.9 mm as detectors.
The detectors may be placed at different distances (L1 and L2) from
the center of the spectrometer opposite each other or be rotated at
an angle u. A plane isotropic source with a diameter of 5 mm is
placed between them at a height h from the horizontal axis.
Besides the geometrical elements indicated in Fig. 1 the model also
included aluminum shells of the detectors.

Typically for every arrangement of simulated setup 10 millions
of source decays are generated. For 22Na, nuclear photon and pos-
itron are generated for the each decay in the source, with their
parameters, such as the time, the momentum and the energy. Then
two annihilation photons are emitted as a result of the positron
annihilation. In the case of 60Co, two nuclear photons are generated
for the each decay.
An elementary trajectory step (referred to in Geant4 simply as a
step) is applied. A step corresponds to the trajectory of a particle
between discrete interactions. We consider the photoelectric
effect, the coherent and Compton scattering for photons and the
multiple scattering, the ionization, the bremsstrahlung for posi-
trons and electrons. During a step the changes for the particle’s
energy and momentum are calculated. The length of a step
depends upon the nature of interaction, the type of particle and
material, etc. The details for the step parameters calculation can
be found in [8].

In Geant4, information about the single physical interaction
within specified sensitive regions of a detector is saved as a hit.
The information given by a hit is the position and time of the inter-
action, momentum and energy of the track, the energy deposition
of the step, the interaction type of the hit.

Thus for each photon interaction within scintillation crystal we
know time and the deposited energy. If there are several photon
interactions within the sensitive volume, the time of the signal is
calculated as the average time weighted by the energy. The
amount of energy deposited in a crystal is summed and analyzed
as the amplitude of the detector signal.

As a result, a set of signals is simulated for two sensitive vol-
umes (Start and Stop detectors). Each signal is characterized by 4
parameters: the energy, the time, the decay index, the detector
index. These parameters allow us to calculate the set of delayed
coincidences. If the decay indexes for Start and Stop signals are
the same, the event is classified as a coincidence and the time delay
is calculated as the difference between times of the Stop and Start
signals. In such a way, the array of time delays and two corre-
sponding arrays of energies for the Start and Stop signal can be
obtained.

The histogram of the delay array for 60Co represents the prompt
coincidence peak. For 22Na source to emulate the lifetime, positron
is generated in a fixed time s after a nuclear photon, and the delay
histogram in this case represents the geometrical response func-
tion for the fixed lifetime s. If positron emission time is chosen ran-
domly from the lifetime distribution, the delay histogram
represents the whole lifetime spectrum blurred by the geometrical
response function. To filter and classify delayed coincidences, their
hits history has to be analyzed.
3. Analysis of distribution of delayed coincidences

To explain the shape of the geometrical response function for
the delayed coincidence obtained with 22Na source, we have to
consider three successively emitted c-rays: one nuclear photon
(1.28 MeV) and two annihilation photons (0.511 MeV each). Each
of these three photons can be detected either by one or by two
detectors.

We consider a signal from the detector as the one-vertex event,
when a light flash in the scintillator is produced by a single photon,
and as the two-vertex, when one flash in the scintillator is pro-
duced by two photons together. There are three- and four-vertex
events as well. If only one and two-vertex physical events in the
scintillators are taken into account there are 65 possible combina-
tions which can produce a coincidence of the Start- and Stop-sig-
nals. All combinations may be divided into four types (see
Fig. 2): the ‘‘true’’ delayed coincidences (A-type), the ‘‘self-coinci-
dences’’ (B-type), the ‘‘shifted’’ coincidences (C-type) and the
‘‘mixed’’ coincidences (D-type).

The coincidences of the A-type are ‘‘true’’ coincidences of sig-
nals from a nuclear photon (1.28 MeV) in the Start-detector and
one of annihilation photons, delayed by time interval s, in the
Stop-detector. The only reason of the broadening of the A-type
coincidences peak is the difference between distances traveled by



Fig. 1. The block diagram of a lifetime spectrometer.

Fig. 2. Typical combinations of events for different types of coincidences from 22Na.

Table 1
Contributions of the groups of coincidences into delayed coincidence spectrum and a
number of ‘‘true’’ coincidences of the A-type (by 106 positrons) for different
measuring geometries at the thresholds of the differential discriminator ‘‘Start’’
0.7 � 1.4 MeV and ‘‘Stop’’ 0.35 � 0.60 MeV.
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photons to the points of an interaction. The mean delay for A-type
coincidences depends only on the positron lifetime s.

Coincident signals in both detectors can be also produced
either by the single nuclear photon only or by the pair of annihila-
tion photons only. Such coincidences are attributed to ‘‘self-
coincidence’’ (B-type). For this type the delay distribution consists
of three peaks. The peak in the zero channel is a result of a registering
one annihilation photon by the Start detector and another by the
Stop detector. Two shifted peaks are attributed to the case when a
single nuclear photon is registered in both detectors. These peaks
are shifted relatively to the zero channel by the time ±Dt, which
depends on the distance between the detectors. A delay for the B-
type coincidences does not depend on the positron lifetime s.

The C-type coincidences occur, when one of detectors registers
the nuclear and annihilation photons together. It results in the
later triggering in the Start-channel or to an earlier triggering in
the Stop-channel because the annihilation photon is delayed by
the time s. The response time t⁄ of a channel was defined as the
energy weighted average: t⁄ = (tn En + ta Ea)/(En + Ea), where tn and
ta are the registration times for the nuclear and annihilation pho-
tons respectively, while En and Ea are the energies absorbed in
the scintillator. Thus, the time delay for the C-type coincidences
can be varied from 0 to s.

Coincidences of the D-type are caused by double or triple events
with time shifts Dt, s, or s + Dt. As a result, the delays for the
D-type coincidences may vary in a range from �s to s + Dt.

To minimize a distortion of the experimental lifetime spectrum,
it is necessary to choose a measuring geometry and optimal values
for energy windows, which provide minimal contribution of the
‘‘B–D’’ types of coincidences, while retaining an acceptable count-
ing rate for the A-type coincidences.

For simulation of the lifetime spectra, the same algorithm as for
the fixed lifetime is used. The positron generation time is taken
from the ideal lifetime distribution as a random value. The ideal
lifetime distribution is described as the sum of exponential compo-
nents. Using the Geant4 simulation, the lifetime spectrum blurred
by the geometrical response function can be obtained. To simulate
the experimental spectrum, this delay distribution have to be
blurred by the apparatus response function yet (the normal distri-
bution with a FWHM = 275 ps in our case). A simulated lifetime
spectrum is obtained from an array of simulated delays by a histo-
gram and taking into account the width of the spectrum analyzer’s
channel (5 ps). Then the simulated spectrum is processed and the
inverse problem is solved using the Palsfit software [10]. Results
of the processing have to be compared with initial lifetimes and
intensities of components.

4. Results and discussion

Simulations were carried out for five different geometries (see
Table 1). Geometry #1 (the detectors are placed at 10 mm from



Fig. 3. The distribution of the delay time for 22Na, s � 100 ps, L1 = L2 = h = 0, at the energy windows «Start»: 0.7–1.4 MeV and «Stop»: 0.35–0.6 MeV; (a) all the coincidences
and the A-type ‘‘true’’ coincidences; (b) the B-, C-, and D-type coincidences.

Fig. 4. The spectra for the delayed coincidences (L1 = L2 = h = 0) at the fixed
s � 100 ps for the lower threshold of the ‘‘Stop’’ channel discriminator varying
from 0.1 to 0.4 MeV.
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the center [L1 = L2 = 10 mm], the thickness of the lead shield is
10 mm, the source is shifted by h = 20 mm relatively to the central
axis) is the optimal configuration. Geometry #5, commonly
referred to as ‘‘face to face’’ (the closest distance between the
detectors and the ‘‘central’’ position of the source) is traditional.

Every geometry under our study showed differences in the geo-
metrical response function defined by various contributions of the
A–D coincidence events.

Fig. 3 shows the delay distributions for the A-, B-, C-, and
D-types of coincidences and the total peak (R = A + B + C + D) for
the case when the lifetime s of an each positron is100 ps. For the
A-type coincidences, a symmetric Gauss-like distribution with
the FWHMA � 50 ps is observed. The width of this distribution
does not depend on the positron lifetime. The distribution of
‘‘self-coincidences’’ of the B-type consists of three peaks: a central
peak and two symmetrically shifted (Dt = ± 40 ps) lateral peaks
with FWHMB � 30 ps. The delay distribution of the C-type is non-
symmetrical with a peak at about 75 ps with FWHMC � 60 ps
and its left side extends to the zero channel. The time distribution
of the D-type is even greater biased and extends from �s to + s.
The total spectrum for all coincidences, as shown in Fig. 3a, is
essentially non-symmetrical and stretched significantly in the
direction of a lower lifetime.

Fig. 4 shows a shape of the total spectra for various lower
thresholds of the Stop-channel from 0.15 MeV to 0.45 MeV. The
spectrum distortion at the low threshold increases dramatically.

Fig. 5 demonstrates shapes of the total spectra for various fixed
value of s from 0 to 600 ps. When the positron lifetime increases,
the peak position is shifted in accordance with the value of s,
while, the left part of the peaks is stretched up to �Dt. The shape
of the geometrical response function in this geometry depends sig-
nificantly on the positron lifetime s.

Fig. 6 shows the amplitude diagrams for the A-, B-, C- and
D-types of coincidences for non-shifted (h = 0 mm) and shifted
(h = 20 mm) positions of the positron source.

The diagrams show that ‘‘self-coincidences’’ (B-type) are com-
pletely excluded, if the sum of the Start- and Stop-channel’s lower
thresholds exceeds 1.28 MeV. The ‘‘distorted’’ (the C- and D-type)
coincidences survive under any energy thresholds, but their
number can be significantly reduced by the source displacement.
The number of ‘‘true’’ (the A-type) coincidences is determined by
the width and position of the energy windows.
The results of simulations (Table 1) show that the count rate for
the proposed measuring geometry #1 is much less than for the
traditional ‘‘face to face’’ geometry (the number of ‘‘true’’ A-type
coincidences is about 20 times less). However, the contribution
of ‘‘true’’ coincidences for the geometry #1 is close to 100% versus
some 60% for the traditional geometry.

The results for the simulated one-component spectra (0.1 ns,
0.4 ns and 2.0 ns) are presented in Fig. 7. We can see that only
the geometry #1 allows us to recover the lifetimes with a good
accuracy (less than 1%). For other geometries, there is a significant
‘‘shortening’’ of the lifetime from 5% to 20%.

Fig. 8 shows the results for 2-component spectra: [0.1 ns
(50%) + 0.4 ns (50%)] and [0.1 ns (50%) + 2.0 ns (50%)]. Lifetimes
and intensities are recovered with good accuracy only for the opti-
mum measuring geometry #1 (and partly for the geometry #2). For
other geometries, a significant lifetime ‘‘shortening’’, 10% or more,
is observed. In addition, there is a substantial redistribution of
component intensities: the intensity of the short-lived component



Fig. 5. The spectra of the delayed coincidences (L1 = L2 = h = 0) at s = 0, 100, 200, and 600 ps, for the thresholds of the ‘‘Stop’’ (0.3–0.6 MeV) and ‘‘Start’’ (0.7–1.4 MeV)
channels.

Fig. 6. The amplitude diagrams for the A-, B-, C-, and D-type coincidences (22Na; ‘‘Start’’: 0.6–1.5 MeV; ‘‘Stop’’: 0.1–0.6 MeV; L1 = L2 = 0) at h = 0 (a) and h = 20 mm (b).

Fig. 7. The results of the processing of one-component model spectra for five different geometries (see Table 1).
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Fig. 8. The refined results of the processing of modeled two-component spectra of 0.1 ns + 0.4 ns (A) and 0.1 ns + 2.0 ns (B) by the Palsfit software with free parameters.

Fig. 9. The optimal measuring geometry.
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increases from 50% to 60%, and the intensity of the long-lived com-
ponent decreases, respectively. If the short-lived component
(0.1 ns) is fixed, the long-lived component (0.4 ns or 2.0 ns) can
be recovered with a good accuracy for all measuring geometries.
However, the redistribution of intensities in favor of a short-living
component remains.

Thus for any measuring geometries except for the optimal
geometry #1 (and partly for the geometry #2), the distortion of
component intensities always takes place: intensity of the short-
living component increases by 10–20%, and intensity of the long-
living one decreases respectively.

The results of simulations were experimentally tested on sev-
eral samples with different lifetime spectra measured in various
geometries [11,12]. Experiments show that long living components
decrease as predicted by the model. Most clearly it was demon-
strated by the long living components. So the lifetime 2.2 ns of
the positronium component in Mylar, measured in the optimal
geometry, decreases in the ‘‘face to face’’ geometry to 1.8 ns.
5. Conclusions

For the traditional geometry L1 = L2 = h = 0 we have the maxi-
mum count rate of the A-type (‘‘true’’) coincidences (�103 coinci-
dences per 106 decays). However, the fraction of the B–D-type
(‘‘false’’) coincidences, distorting the lifetime spectrum, is greater
than �35%. It makes practically impossible a correct reconstruction
of the positron lifetime distribution.

In the measuring geometry with the detectors spaced 20 mm
apart (L1 = L2 = 10 mm) and with a shifted source (h = 20 mm),
the detection efficiency of the A-type (‘‘true’’) coincidences is
�104, but the fraction of the B–D-type coincidences decreases to
5–15%.

For the geometry with detectors rotated at 90� angle, with a
lead shield arranged between the detectors, the fraction of the B–
D-type coincidences is reduced to less than 2%. However, the
detection effectiveness of the A-type coincidences is also less in
about 3 times.

The optimal geometry, i.e. the shifted source and lead shield
between the detectors (see Fig. 9), allows to reduce the contribu-
tion of distorting coincidences to an acceptable value.

For all measuring geometries, except the optimum one, there is
a shortening of the evaluated lifetime components by 5–10% and a
distortion of intensity ratio: the intensity of the short-living com-
ponent increases by 10–20%, while the intensity of the more
long-living component decreases respectively.

Lifetime spectra measured in a conventional ‘‘face to face’’ mea-
suring geometry are significantly distorted, which leads to the
‘‘shortening’’ of evaluated lifetime components and to the redistri-
bution of their intensities in favor of the short-lived components.

The proposed measuring geometry, wherein the source-sample
set is shifted by 20 mm from the axis of the detector system, the
scintillation detectors are spaced 10 mm apart, and the lead screen
in the form of a trapezoidal prism is positioned between detectors,
allows to measure an undistorted lifetime spectra and to keep an
acceptable counting rate of events.

It is necessary to note that the contribution of ‘‘false’’
coincidences depends on efficiency of c-ray interactions with
scintillators, and our simulations show that the discussed
spectrum distortion for the plastic scintillators is almost negligible.

Experimental data show that the lifetime spectra are distorted,
as it is predicted by the model. The maximal distortion is observed
for long-living components. For instance, the lifetime 2.2 ns of
the positronium component in Mylar, measured in the optimal
geometry, decreases in the traditional ‘‘face to face’’ geometry to
1.8 ns.
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The proposed methodology to optimize the arrangement of a
detector system is especially important for spectrometers designed
for measurements with a high time resolution, but may be useful
in the study of the long-living component as well.
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