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The positron annihilation lifetime models for describing of positron and positronium trapping in 

inner free-volume structure of solids for example of spinel ceramics are analyzed. It is shown that 
in fine-grained poorly-nanoporous NiMn2O4-CuMn2O4-MnCo2O4 ceramics there is one defect-
related positron annihilation channel. In the case of high-porous MgO-Al2O3 ceramics two inde-
pendent channels of positron annihilation should be considered – the positron trapping and ortho-
positronium decaying combined with a so-called “pick-off” annihilation process in nanopores usu-
ally filled by water. 
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Introduction. Positron annihilation lifetime (PAL) spectroscopy is one of the most pow-
erful experimental methods for studying of structurally inner voids in solids: vacancy-like de-
fects and some their extended modifications (clusters, agglomerates, micro- and nanovoids, 
etc.) in “traditional” single-crystal semiconductors and insulators [1]. The main channels of 
positron annihilation in these materials could be ascribed to individual positron trapping sites 
and specific bound states called positronium Ps [1-3]. In the ground state, the Ps exists as 
singlet para-positronium p-Ps, decaying intrinsically (i.e. between Ps-forming particles) with 
two γ-quanta and character lifetime in a vacuum of 124 ps, and triplet ortho-positronium o-Ps, 
decaying with three γ-quanta and lifetime of 142 ns. In matter, since the positron wave func-
tion overlaps with electrons outside the o-Ps, the annihilation with such electrons having an 
antiparallel spin decreases lifetime to 0.5-10 ns. The latter process resulting in two γ-rays is 
commonly called “pick-off” annihilation [1-4].  

Early was shown that in the case of porous spinel ceramics, two channels of positron an-
nihilation should be considered – the positron trapping and o-Ps decaying [5]. In general, these 
processes are independent ones. However, if trapping sites will appear in a vicinity of grain 
boundaries neighboring with free-volume pores, they can become mutually interconnected 
resulting in a significant complication of the measured PAL spectra. The aim of this work is 
the mathematical describing of all PAL processes in porous solids for example of ceramics 
within multi-channel model, which include positron trapping modes and Ps decaying. 
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Two-state positron trapping model for fine-grained solids. The first results of PAL 
methods for fine-grained solids were presented by scientific school of Krause-Rehberg R. [1]. 
The best fitting was achieved at three-component mathematical procedure: the first component 
with τ1=τb≈0.10-0.12 ns were responsible for positron annihilation in undisturbed interior of 
grains; the second component with τ2=τgb≈0.25-0.35 ns was responsible for positron trapping 
at grain boundaries; the third one with τ3=τsurf≈0.5-0.6 ns was responsible for positron trapping 
in pores. The other results in respects to PAL application for fine-grained materials were pre-
sented by group of Langhammer H.T. [6]. The Mn-doped BaTiO3 ceramics were investigated, 
the best fitting being achieved if two-component procedure with arbitrary lifetimes is used. 

At studying of temperature-sensitive NiMn2O4-CuMn2O4-MnCo2O4 ceramics and using 
experience of works [7,8], we established that  the adequate phenomenological description of 
positron trapping in solids can be developed at the basis of trapping model, which gives quan-
titative correlation between physically real parameters of positron trapping sites or defects and 
experimentally determined PAL spectra. The next parameters are usually chosen to describe 
positron trapping in defect: κd – positron trapping rate of defect; τd – positron lifetime in defect, 
λd– positron annihilation rate in defect-free bulk; τb – bulk positron lifetime. 

In general, since the defect-related annihilation channels are additional ones to direct an-
nihilation of positrons from delocalized state in defect-free bulk, the above models are conven-
iently considered as the multi-state positron trapping models. The simple set of differential rate 
equations are used in order to obtain the total amount of annihilated positrons at time t or. The 
main prerequisites for this procedure are as follows: positrons are not significantly trapped 
before thermalization (1); defects, which can capture positrons, are distributed throughout the 
whole structural network (2); there is no interaction between different positron traps. 

Take into account our previous results [7], the two-state positron trapping moles we pro-
posed for solids with one-type defect at a very small concentration of nanopores (Fig. 1):  

The set of rate equations for positron capture by one defect (a single open-volume de-
fect):  
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Its solutions nb(t) and nd(t) satisfy the following starting conditions: 
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The total amount of annihilated positrons at time t (which gives the whole decay spec-
trum of annihilated positrons) in the case of two fitting components with I1 and I2 intensities (I1 

+ I2 = 1) and τ1 and τ2 lifetimes defines by the sum [1]: 
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After mathematical manipulation, the total amount of annihilated positrons at time t is 
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By comparing expressions (3) and (4), the following two-component fitting parameters 
can be defined for this two-state positron trapping model: 
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If two-state positron trapping model is valid and two-component fitting procedure is ap-
plied for mathematical treatment of the experimentally obtained PAL spectra, then the bulk 
defect-free positron lifetime τb is greater than the short positron lifetime τ1 (τ1 < τb < τ2), which 
sometimes is also called the reduced bulk positron lifetime. The long positron lifetime τ2 ex-
actly describes the annihilation of positrons captured in open-volume defect. 

 

bλ
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Fig.1. Two-state positron trapping model  
(ns –concentration of positrons in defect-free bulk at time t) 

 
Such two-state positron trapping model can be used to monolithized transition-metal 

manganite Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics with a small concentration of nanopores [7]. The 
first component of PAL spectra (τ1≈0.2 ns) was connected with main spinel structure and the 
second (τ2≈0.4 ns) one – with extended defects located near grain boundaries in the vicinity of 
additional extracted NiO phase. The intensity I1 corresponds to the amounts of the main spinel 
phase, while the I2 intensity – to the amount of NiO phase near grain boundaries. The main 
changes caused by amount of addition phase and monolithization degree are represented on the 
positron trapping rate of defect near grain boundaries κd [7]. 
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Multi-channel PAL model for nanoporous solids. The main achievement of scientific 
school of J. Dryzek [9] is the development of the Ps trapping. It was shown that PAL spectra 
have three main components: annihilation of positron in the free state (τ1=τb =0.3-0.4 ps); an-
nihilation of p-Ps (τ1=τp-Ps=125 ps) and annihilation of o-Ps localized in pores (τ3=τo-Ps=0.5 
ns). 

In our previous works at study of nanoporous humidity-sensitive MgAl2O4 ceramics [9-
12], we established that in the case of porous solids with high concentration of nanopores the 
best fitting are achieved at three- or four-component procedures: the first component is attrib-
uted to positron annihilation in the free state and annihilation of p-Ps (τ1=τb+τp-Ps). The second 
component is distinguished from the first one is attributed to trapping in more extended free-
volume defects, such as multi-atom vacancy-like clusters, grain boundaries, etc. (τ2=τd). The 
third (and fourth) component is attributed to “pick-off” channel of o-Ps annihilation in pores 
(τ3=τo-Ps). Alternatively, the following positron trapping model is possible: the contribution of 
positron annihilation on defects (single- or double-atom vacancies, dislocations, etc.) will be in 
the short-time defect-related PAL component. The contribution of positron trapping channels 
through extended free-volume defects with distinguished PAL parameters will be in the second 
PAL component. The contribution of o-Ps “pick-off” annihilation channels in other phases 
(such as water) will be in the third and fourth PAL components.  

The most possible channels of positron annihilation in fine-grained porous solids are 
shown on Fig.2.  
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Fig.2. Multi-channel PAL model for porous solids 
 

The first component is attributed to λb + λp-Ps – channel. The second component is well 
distinguished from the first one and is attributed to trapping in more extended free-volume 
defects (the λd –channel). The third component is attributed to “pick-off” λp

o-Ps channel. 
The set of rate equations for multi-channel PAL processes is: 
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where nb – number (concentration) of positrons in defect-free bulk at time t; λb  – positron an-
nihilation rate in defect-free bulk (λb  =1/τb); nd – number (concentration) of positrons trapped 
in defect at time t; κd – positron trapping rate of defect; λb– positron annihilation rate in defect 
(λd  =1/τd); np-Ps – number (concentration) of p-Ps at time t; λ2γ

p-Ps – 2γ-quanta annihilation rate 
of p-Ps (λ2γ

p-Ps = 1/τ2γ
p-Ps = 0.125 ns); no-Ps

 – number (concentration) of o-Ps at time t; λ3γ
o-Ps – 

3γ-quanta annihilation rate of o-Ps (λ3γ
o-Ps = 1/τ3γ

o-Ps); λ2γ
o-Ps

 – annihilation rate of o-Ps in 
“pick-off” process (λ2γ

o-Ps = 1/τ2γ
o-Ps); np

o-Ps– number (concentration) of pores, where o-Ps is 
formed; λp-2γ

o-Ps
 – o-Ps annihilation rate in “pick-off” process through pores (λp-2γ

o-Ps
 = 1/τp-2γ

o-

Ps); κd
o-Ps – positron trapping rate of pore. 
Such multi-channel PAL model can be used to porous humidity-sensitive MgO-Al2O3 ce-

ramics [11]. Two independent channels of positron annihilation should be considered – the 
positron trapping with short-live τ1 and τ2 lifetimes and o-Ps decaying (“pick-off” annihilation 
in water) with long-live τ3 and/or τ4 lifetimes. The shortest lifetime component (the first chan-
nel of positron annihilation) in the studied ceramics reflects mainly the microstructure specific-
ity of the spinel with character octahedral and tetrahedral cation vacancies. The τ2 lifetime can 
be treated as defect-related one, these positron trapping defects being located near grain  
boundaries with addition MgO phase [12]. The third and the fourth longest (τ3, I3) and (τ4, I4) 
components in the resolved lifetime spectra are due to “pick-off” annihilation of o-Ps atoms in 
the intergranual pores [15]. These components are owing to predominant nanopores filled with 
absorbed water [12]. It was shown in [10] that with sintering temperature of ceramics the o-Ps 
“pick-off” decaying occurs preferentially in the nanopores filled by absorbed water, while the 
ceramic samples sintered at relatively low temperature show this process in both water-filled 
and water-free nanopores. The water-sorption processes act on positron trapping, which is 
close to the saturation independently on their structural perfectiveness of ceramics [8].  

Conclusion. The PAL spectroscopy can be adequately used to free-volume study of sol-
ids. Two-state positron trapping model (two PAL components) should be applied to characteri-
zation of extended defects in temperature-sensitive fine-grained NiMn2O4-CuMn2O4-MnCo2O4 
ceramics with a very small concentration of nanopores. Two independent channels (three or 
four components) of positron annihilation within multi-channel model should be considered in 
porous humidity-sensitive MgO-Al2O3 ceramics: positron trapping and o-Ps decaying within 
“pick-off” annihilation in nanopores filled by water. 
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БАГАТОСТАНОВІ МОДЕЛІ ПАС ДЛЯ ОПИСУ ВНУТРІШНЬОГО ВІЛЬНОГО 
ОБ’ЄМУ СЕНСОРНОЇ КЕРАМІКИ ДЛЯ ТВЕРДОТІЛЬНОЇ ЕЛЕКТРОНІКИ 
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Проаналізовано моделі позитронної анігіляції для опису внутрішнього вільного об’єму в твер-
дих тілах на прикладі шпінельної кераміки. Показано, що для дрібнодисперсної кераміка із збід-
неною поруватою структурою NiMn2O4-CuMn2O4-MnCo2O4 характерний один дефектний канал 
захоплення позитронів. У випадку поруватої кераміки MgO-Al2O3 мають місце два незалежні 
канали – анігіляції позитронів та розпаду атомів орто-позитронію через процес“pick-off” в 
нанопорах, в тому числі, зволожених водою. 

Ключові слова: математична модель, захоплення позитронів, канали анігіляції. 
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Проанализированы модели позитронной аннигиляции для описания внутреннего свободного 
объема в твердых телах на примере шпинельной керамики. Показано, что для мелко-дисперсной 
керамика с обедненной пористой структурой NiMn2O4-CuMn2O4-MnCo2O4 характерен один де-
фектный канал захвата позитронов. В случае пористой керамики MgO-Al2O3 имеют место два 
независимых канала – аннигиляции позитронов и распада атомов орто-позитрония через процесс 
“pick-off” в нанопорах, в том числе, увлажненных водой. 
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