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Positron annihilation for characterization of solids.

Advantagies and limitations for the free volume studies.

(Semenov Institute of Chemical Physics Russian Academy of Sciences)
V.P. Shantarovich.

Positron is a particle of antimatter, particularly an antiparticle of electron, and therefore is not
able to survive for a long time being surrounded by the matter. Positron and electron
annihilate, i.e. disappear together, emitting, in the most cases, of two portions of energy (two
annihilation v -rays) which are equivalent to the rest mass of electron or positron.
Measurements of angular distribution of annihilation v -rays, their momentum and also the
time of positron survival in the matter (positron annihilation lifetime) provide one with the
novel approach to the studies of substance properties. General information on the processes of
positron annihilation, positronium formation and its transformations together with variety of
experimental techniques is discussed. Finally, the approach is illustrated on example of free

volume studies in polymers.

There are three main directions in positron (e+) annihilation studies and application of these
information in physico-chemical research: (1) electron structure and defects in crystals; (2)
effects of positronium (denoted as Ps) formation in e+ spur and Ps chemical reactions; (3)
ortho-Ps “pick-off” annihilation and free volume studies.
Direction (1) is covered mostly by the book [1]. Positronium atom, mentioned in the
direction (2), is a bound state of positron and electron existing in the two spin states (ortho-
and para-), depending on the relative orientation of electron and positron spins. Ortho-state is
a long-lived one, and main information is taken mostly from variations of o-Ps lifetime and
itsintensity in the lifetime distribution of positron annihilation [2,3]. This information is
readily obtained from analogies of chemical transformations of orhto-Ps and chemical
reactions of stable free radicals [4] and also from the comparison of radiation yields of
positronium and radiolytic hydrogen [3,4]. Positronium formation in a positron spur explains
the connection of this effect with radiation chemistry. On the other hand, Ps atom can be
considered as lightest hydrogen isotope, and this explains connection of this field with
radiochemistry [4]. Being one of the lightest particles, positronium is a quantum particle,
having its quantum properties, particularly tunneling effect. This is why Ps rate constants for
similar (to hydrogen) interactions are three-four orders of magnitude higher than for the
normal atoms. This comparison gives information useful for chemical kinetics.

Another specific feature of Ps is so called “Pick-off “- annihilation. Because of the
influence of repulsive exchange interaction, Ps atom tends to localize in elementary free

volumes (EFV) of the solid structure, and since Ps annihilation lifetime depends on the size of



the free volume, we obtain a sensitive ‘instrument for the studies of this important
characteristic of the matter. Dependence of 0-Ps lifetime on the hole size is determined by the

well known semi-empiric formula:

A=ti=A+21- &, +iSin 27R, , ns’! (1)
R, +AR 27 R +AR
where lifetime 7, corresponds to the effective hole radius R,, and AR, is an empirical

parameter. Calculation of the free volume holes density V; seems to be more difficult, and the
approach is dependent on some additional information about the substance, such as the ratio

between annihilation rate of non-trapped o-Ps  As and the trapping rate v;'.

I, = (3/4)Q{v5 Ay =7, + 2! )}, )
where Q is a fraction of positrohs forming Ps in a syS_tem. The trapping rate v! = 4zD™ RN,

and D™ means diffusion coefficient of non-localized Ps, R; is a radius for interaction, which
we suppose equal to the EFV effective radius, &; is the number density of trapping centers of
a given type. The simplest case is when As >v{. However, if A >y , I, becomes
independent on ;' and can not be used for calculation of N; any more: I; = (3/4)Q. In this case,

if the positron annihilation lifetime spectrum contains several o-Ps components,

1,=(3Q/4W{ /Y v/ =(BO/HRN,/ Y RN,,

and for the holes of two types kand m

I,/I,=R,N,/R,N, - (3

Information on the specific surface and bulk density can be useful here for calculations of N
[5]. Finally, if there is only one o-Ps component in the PAL spectrum, temperature
dependence of 0-Ps lifetime close to the glass-transition point (Tg) can be used in combination

with Simha-Boyer formula:

h, = (@, —a )@, ~a,,); h,=0113/T,(a,, ~a,,)f 4)

Here,h, =v N, stands for fractional free volume of a studied material, and a;

means temperature expansion coefficients for a material as a whole and

individual holes above and below Ts.

Finally the question comes up about diffusion coefficient of non-localized Ps (D)

included into equation (2). While for glassy polymers it is approximately known and is about



10" cm?s, there is no direct information about the crystal phase, where Ps may exist in

inter-crystallite sites. We give hereby annihilation characteristics of apatite (CaCQOs). They

include results for the two 0-Ps components, numbered as “3 and “4 .

Table 1 Annihilation characteristics of vaterit (CaCOs)

71,08 /1%

132,1’13/12%

t3,n8/13%

7:4,ns/I4%

0.274710.004

0.530%0. 0035

1.89+0. 16

22.87%2.36

80.87+2.65

15.22%2.48

1.74%0. 22

2.16=%0. 003

Long-lived component t 4 =22 ns clearly indicates existence of trapped o-Ps. According to (1),
the longest lifetime corresponds to pore effective radius R=10A. '
Even longer lifetimes were observed in the glassy cross-linked polystyrene LPS150X [5],

where three 0-Ps components were found, using the relation (3).

Table 2. Annihilation characteristics of super-cross-linked polystyrene LPS 150X

PAL data t3,0ns8/13% T4, 08/ 14 % Ts5,ns/15%
1.23/5.47 6.12/5.20 52.13/29.29

R, A 2-3 5 14

N;, em™ 10" 7.3 4.5 2.3

‘Free volumes here are so large that direct comparison with the results of
low-temperature sorption of N, and Brunauer-Emmett-Teller analyses becomes possible.
Results of sorption experiments are shown in Figs.1,2. The data in Fig.1 (CaCOs) are
interesting due to the fact that for the first time the case is found when Ps atom is sensitive not
to the all (Fig.2) but only to the part of the size distribution of elementary free volumes
(actually to the left part), sizes about 10A. Ps is not able to find larger volumes during its
lifetime. This fact gives a chance to determine the mobility of Ps atom in the crystal phase,
since we know concentration of holes (distance between holes) and, correspondingly, Ps
diffusion length before trapping. As seen from Fig.1, Ps is sensitive to concentration of holes
2-3X10" cm™. Correspondingly Ps diffusion coefficient (D™) in the crystallites of CaCO; is
0.4% 10" cm?s. Figure 2 and Table 2 show that in a glassy polymer structure Ps is sensitive
only to three order of magnitude higher concentrations. Correspondingly, we come to the
value D™= 0.4 10™ cm%s in polymer glasses, which is typical for disordered structures.

In conclusion, positron annihilation studies, being correctly applied, are able to give valuable

information on the solid state structure.
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