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ABSTRACT 

The diffusion of particles with an exponentially decaying property (e.g. excited state of 
a molecule, lifetime of an exotic atom, etc.) is discussed, assuming the pr osence of randomly 
distributed "effective" spherical traps, in the effective trap the particle is safely localized for 
a time which is sufficiently long to enable decay to take place. Provided that the decay constant 
of the property Inside the trap Is different from that outside, the observed decay loses its pure 
exponential character and becomes a function of the size and diffusivity parameters of the 
particle, and also of the trap size and concentration. 

This general treatment Is utilized for the particular case of posltronium diffusion and 
annihilation In micellar solutions as well as in liquid normal aikanes. The traps are assumed to 
be the structural sparse density regions in these liquids. The traps in micellar solutions are the 
micelles themselves, in aikanes they are found around the terminal СНэ groups. The 
thermodynamic evidence Is briefly discussed. 

By assuming that o-Ps decay In the micellar surroundings is pick-off annihilation, the 
surface tension inside the micellar core (one of the basic parameters of micellization) is 
determined around the site of o-Ps solubilization. 

The o-Ps diffusivity parameters are determined In both systems. By utilizing micellar 
aggregation numbers obtained from small angle neutron scattering, the 0 Ps diffusion coefficient 
In the solvent phase is determined as a function of temperature in normal- and 99.85% heavy 
water micellar solutions. Analysis of the results shows that the diffusion coefficient and its 
activation energy strongly depend on the isotoplc composition of the water and that the diffusion 
of о Ps in water takes place without tunnelling. Compared with water, the diffusion of о Ps in 
hydrocarbons in hindered. The diffusion model predicts the existence of two о Ps lifetime 
components in polymers consisting of microvoids. 
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С. 4ашш: Исследование плотности неоднородности в жидкостях с помощью позитромной 
аннигиляции. Мицеллярные растворы и жидкие углеводороды. KFK1-Í990-53/J 

АННОТАЦИЯ 

В присутствии "эффективных" ловушек сферической формы со случайным распре
делением изучается диффузия частиц, у которых какое-либо из физических свойств 
может быть описано убывающей во времени экспоненциальной функцией (таким свой
ством является, например, возбужденное состояние молекулы или время жизни экзо
тического атома). Эффективная ловушка локализует частицу на время, в течение 
которого наверняка должен произойти распад упомянутого состояния. Предположив, 
что постоянная распада экспоненциальной функции в ловушке и вне ее принимает 
различные значения, наблюдаемая функция распада теряет чисто экспоненциальный 
характер и становится функцией концентрации ловушек, размеров ловушек и частиц, 
а также постоянной взаимной диффузии. 

Этот метод общего приближения конкретизируется нами для случаев диффузии 
и распада позитрония в мицеллярных растворах и в жидких алифатических углеводо
родах. В этих жидкостях ловушки образуют области с низкой плотностью: в мицел
лярных растворах внутри самих мицелл, а в алифатических углеводородах 
- вокруг групп -СНз. Коротко приводятся относящиеся к этому термодинамические 
доказательства. . 

Предположив, что распад о-Рз происходит по так называемому, механизму 
"pick-off", был определен один из важнейших параметров мицелл: поверхностное 
напряжение мицеллярного ядра (действительное в окрестности o-Ps). 

В обеих системах определены характерные параметры диффузии o-Ps. На осно
ве аггрегационных чисел, полученных из малоуглового нейтронного рассеяния, в 
водной фазе мицеллярного раствора в зависимости от температуры определен коэф
фициент диффузии o-Ps в нормальной и 99,85%-ной тяжелой воде. Результаты пока
зали, что диффузия происходит без туннельного эффекта, и что как коэффициент 
диффузии, так и энергия активации зависят от изотопного состава растворителя. 
По сравнению с водой, диффузия o-Ps в алифатических углеводородах сильно затор
можена. Диффузионная модель в случае полимеров, содержащих микроскопические по
ры, предсказывает существование экспериментально обнаруженных двух компонентов 
Времени ииэни o-Ps. 

Vast Sz.: Sűrűség fnhomogeneitások vizsgálata folyadékokban pozitronannihilációval. 
Micellaris oldatok és folyékony szénhidrogének KFKI 1990 53/J 
KIVONAT 

Olyan részecskék diffúzióját tanulmányozzuk véletlenszerűen elhelyezett, gömbalakú 
"effektív" csapdák jelenlétében, amelyeknek valamilyen fizikai tulajdonsága időben lecsengő 
exponenciális függvénnyel jellemezhető (pl. ilyen tulajdonsága van egy molekula gerjesztett 
állapotának vagy egy egzotikus atom élettartamának). Az effektív csapda a részecskét annyi 
Időre lokalizálja, ami alatt a szóban forgó állapot lebomlása biztonságosan megtörténik. Feltéve, 
hogy az exponenciális függvény bomlásállandója a csapdában és a csapdán kívül különböző 
értéket vesz fel, a megfigyelt bomlásfüggvény elveszti a tisztán exponenciális jellegét és a 
csapdakoncentrációnak, a csapda valamint a részecske méretének és kölcsönös diffúziós 
állandójának függvénye lesz. 

Ezt az általános megközelítési módszert konkretizáljuk a pozitronium diffúziójára és 
bomlására micelláris oldatokban valamint folyékony halmazállapotú alifás szénhidrogénekben. 
A csapdákat a szóban forgó folyadékokban kialakult alacsony sűrűségű régiók alkotják: 
micelláris oldatokban maguk a micellák, az alifás szénhidrogénekben pedig а -СНз csoport 
körüli térrész. Röviden foglalkozunk az erre vonatkozó termodinamikai bizonyítókokkal. 

Feltéve, hogy az о Ps bomlása az un pick off mechanizmussal megy végbe, 
meghatároztuk az egyik legfontosabb mlcellizációs paramétert, a micelláris mag (o Ps 
környezetében érvényes) felületi feszültségét. 

Mindkét rendszerben meghatároztuk az о Ps diffúzióját jellemző paramétereket. A 
klsszögü neulronszórásból származó aggregációs számok felhasználásával a micelláris oldat 
vizes fázisában a hőmérséklet függvényében naiároztuk meg az о Ps diffúziós együtthatóját, 
normál és 99 85% os nehézvízben. Az eredmények azt mutatják, hogy a diffúzió alagúteffektus 
nélkül megy végbe, és mind a diffúziós együttható, mind az aktivációs energia függ az oldószer 
izotópösszetételétől. A vízzel összehasonlítva, az о Ps diffúzlója az alifás szénhidrogénekben 
erőteljesen gátolt. A diffúziós modell a mikroszkopikus üregeket tartalmazó polimerek esetére 
megjósolja a kísérletileg talált két о Ps élettartamkomponens létezését 
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1. INTRODUCTION 

Positrons injected into the condensed phase annihilate in a finite time, the 
mean value of which is an important source of information both on positron 
interactions with matter and the structure of the medium. A positron may finish 
its life as a free entity or, prior to annihilating, may form with an electron a 
hydrogen-like (e*e") bound structure — or correlated pair — we call positronium 
(Ps). 

Numerous properties of Ps in vacuum can be deduced from the classical 
Schrödinger equation of hydrogen by replacing m, the reduced mass of H, by 
-m/2, thbt of Ps; for theory and experiments regarding Ps see Refs.(l-3). The 
close proximity of molecules in the condensed phase, or in internal or external 
fields may cause a change in all the various Ps properties but one: this being the 
property of its two spin states, one of which is a short-living singlet (p-Ps), the 
other a relatively long-living triplet (o-Ps). ( 4 , 5 > 

The instant of the annihilation event in an isotropic medium is an 
exponentially distributed random variable. Let xi > 0 be the rate of annihilation 
from the different positron formations: conventionally, i-1 stands for p-Ps, 2 for 
free positron and 3 for o-Ps decay. The corresponding probability density function 
for the lifetimes is Ti(t) - xi exp(-xjt). which defines TI, the mean — observed — 
lifetime for the annihilation channel i as TI . /" iTj(t)dt - 1/XJ, i«1.2.3. The 
probability density function T(t) of positron lifetime in a homogeneous and 
isotropic medium is a linear combination of Tj-s: 

3 3 (1) 
T(t) ш X a\T\(t) - 1 a\Mexp(-\\t) 

i - l / - 1 

where ai-s are constants and denote the probability of annihilation channel i; 
Ij8i « 1. In practice, these quantities are known as relative intensities; ai and аз 
are the probabilities of p- and o-Ps formation, respectively. 

The rate of positron annihilation is defined by the overlapping of their wave 
function with those of electrons in the medium. Therefore free positrons in vacuum 
are stable. n° • <*> but the mean lifetimes of p- and o-Ps are finite equating 
TI° - 0.125 and T3° - 140 nsec, respectively. 

The mean lifetime тг of free positrons in the condensed phase at the usually 
high (>300 K) temperatures falls in the range of 0.25 -0.4 nsec and, in contrast 
to — for example — dense noble gases at low (slO K) temperatures, is not a 
particular matter of interest. In the absence of internal and external fields, the 
positron bound in p-Ps annihilates with the electron to which it is bound (into 2-y 
quanta), practically in the same time as in vacuum: и - тг°. The positron bound 
in o-Ps annihilates predominantly with the electrons in the surroundings, via 
2-r-decay; this process is called pick-off annihilation. Pick-off annihilation is 
theoretically interpreted by introducing the concepts of bubble-formation<6,7> and 
free volume(8>. 

The behaviour of o-Ps ír. closely correlated with the microscopic structure 
of the medium. Any change in the arrangement of the molecules such as crystal 
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defects, phase transitions, aggregation, etc. results in modifications of the 
electronic structure, and is reflected sensitively, sometimes extremely sensitively 
in the annihilation parameters of o-Ps. Pick-off annihilation reduces the intrinsic 
lifetime of o-Ps characteristically to s0.5 nsec in metals and to 1-5 nscc in 
molecular liquids. 

Positron lifetime spectra arising from micellar solutions could be decomposed 
into four lifetime components instead of three: n - 0.15. n - 0.3-0.4, 
та -0.9-1.8 and T4 - 2.2-4 n s e c < 9 , , ) . Micellar solutions can be treated as if 
microscopic hydrocarbon droplets were dispersed randomly in water; the 
characteristic diameter of the droplets is about 3-5 nm. By utilizing a microscopic 
Ps diffusion model"2\ the two longest components can be attributed to the 
annihilation of o-Ps in the solvent and in the hydrocarbon microphases. 
respectively. 

Two long-living lifetime components were found in some polymers ( , 3 , , 4 \ 
liquid crystals* 1 3 , , 5 > and zeolites* , , 7>; zeolites are aluminosilicates containing 
pores in their crystal structure in which the o-Ps lifetime is extremely long and 
may well approach тз°. All media with two long-living lifetime components have 
the common feature that lower- and higher density regions alternate in close 
proximity in their interior. 

Based on the microscopic diffusion model in Ref.(l2), the aim of the present 
tecture is to generalize the method, to demonstrate its capability with results 
obtained in micellar systems, and to apply it to liquid hydrocarbons. 

2. TRAPPING OF ORTHOPOSITRONIUM IN LIQUIDS 

A key to understanding tht existence of two o-Ps lifetimes is. in some 
systems, the understanding of Ps trapping. Ps- trapping is a result of intermolecular 
forces acting between Ps and the molecules in the medium. In the present section 
two types of Ps trapping in liquids are considered: (a) self trapping caused by 
local density fluctuations around Ps, and (b) trapping of Ps in structurally sparse 
density regions formed in non-simple liquids. 

2.1. Intermolecular forces acting between o-Ps and ordinary atoms and 
molecules 

Interatomic and intermolecular forces act between neutrally charged particles 
and are characterized by different, but more or less equivalent, approximate 
potentials. For spherical particles a good approximation is the Lennard-Jones |LJ) 
potential0 8 ) : 

E(R) - 4* l(R/o)-12 - (R/a)-6J (2) 

where « and a are model-dependent parameters; R - О at contact. For R «a the 
LJ potential is strongly repulsive, for R > О it is slightly attractive and has a 
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minimum at R - 2 l / 6 v; lim E(R) - -0 . A graph of the LI potential is plotted 
in Fig. 1/a. * * " 

In recent molecular dynamics calculations the molecules are modeled such 
that for intramolecular forces acting between the atoms of a particular molecule 
similar LJ type potentials are assumed as in the case of intermolecuiar 
interactions* , 2 0 > . From calculations made for chloroform*19*, methyl iodide ( 2 0 > 

and fluoroforms(2,). one can conclude that «. the strength of the interaction (for 
R < a the strength of repulsion) and «r. a parameter proportional to the average 
distance between the particles both increase with the order number of the partners. 
The parameters of the Li potential acting between hydrogen as well as hydrogen, 
carbon, fluorine, chlorine and iodine are plotted vs. the order number in Fig. 1/b. 

Since in Ы potentials the attractive term arises from dipole/dipole 
interactions and the repulsive term is chosen with a certain amount of arbitrariness 
only to express a rapidly changing interaction, in order to describe Ps/atomic and 
Ps/molecular forces one may assume LJ type potentials. The parameters of the 
potential for Ps interactions will, of course, be different from those for hvdrogen. 
but the trends shown in Fig. 1/b — i.e. «(Ps) and v(Ps) increase with the order 
number of the other particle — supposedly remain valid. 

Thus, in analogy with stable atoms and molecules, the short-range part of 
the interaction potential between Ps and "ordinary" atoms and molecules is of 
strongly repulsive nature. Therefore Ps. in a locally sparse density region, feels 
a potential wall around itself: in other words. Ps has become trapped there. In 
liquids, a sparse density region around Ps may be formed by spontaneous density 
fluctuations. Provided that the binding energy of Ps in the field produced by 
density fluctuations is greater than the work necessary for creating the fluctuation, 
the above described process of self-trapping is thermodynamically preferred and, 
in a very short time, a temporarily stable microstructure forms that we call a 
Ps-bubble(6>. For processes and principles of positron- and positronium trapping 
see Refs.(7.22). 

2.2. Sparse density regions in micellar solutions and liquid hydrocarbons 

In systems consisting of long molecules, sparse density regions — which, 
presumably, are also capable of trapping Ps — form as a result of packing 
constraints for the molecules. Sodium alkyl sulphate surfactants and normal alkanes 
will be discussed in detail. 

A surfactant molecule consists of one or more, long — water insoluble — 
hydrocarbon chains and a — water soluble — polar or ionic headgroup. Due to 
the amphiphilic nature of the two molecular segments towards water, surfactants 
in aqueous solutions start to aggregate into micelles above a critical concentration 
specific to the compound. The number of micelle forming molecules is the 
aggregation number, considered in the present calculations to be independent of 
surfactant concentration and to be evenly distributed over the micelles. In micelles 
the hydrocarbon chains form a core separated from the aqueous phase by ал 
interfacial region containing the headgroups and their counterions (if any). We 
treat micelles as spherical droplets with a radius determined by the length of the 
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Fig. 1. (a) Graph of Lennard-Jones type potential with parameters e and a. 
(b) Parameters «(o) and <»(•) of Lennard-Jones type potential acting between 
hydrogen as well as hydrogen, carbon, fluorine, chlorine and iodine vs. Z, 
the order number of the partners; data taken from Refs.( 19-21). 
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hydrocarbon chain. The characteristic value of the radius of sodium alkyl sulphate 
— CH3(CH2)n-iOS03Na — micelles, discussed in the present work, falls in the 
range of 1.5-3.0 nm. For the properties of micelles see the classical textbook 
Ref.(23). 

The volume acquired by molecules in solution is defined with satisfactory 
precision for the practical purposes of the present discussion by their apparent 
molar volumes. The apparent molar volume of aggregated sodium alkyl sulphates 
is plotted vs. n, the number of carbon atoms in the alkyl chain, in Fig. 2: their 
infinite dilution molar volume (in water) and the bulk molar volume of normal 
alkanes СНз(СНг)п-2СНз are also plotted. Thermodynamic functions of chemical 
compounds such as different type molar volumes turned out to be additive with 
respect to molecular segments. This group-additivity<24> is reflected by the straight 
line graphs of molar volumes in Fig. 2: their ordinates at n«0 and slopes define 
the aggregated apparent-, infinite dilution- and bulk molar volumes of the methyl 
(СНз-) and methylene (-CH2-) groups ( 2 5 , 2 6 > , listed in Table 1. 

Type of 
molar volume 

Results, in cmVmol units 
Ref. Type of 

molar volume CH3- -CH2-
Ref. 

Ф», apparent, 
in micelles 

25.66 ± 3.03 
24.10 ± 1.90 

16.96 ± 0.27 
17.13 ± 0.05 

25 
26 

Ф0, infinite 
dilution, in water 25.75 ± 0.36 15.82 ± 0.22 25 

V», bulk, in 
liquid n-alkanes 33.16 ± 0.48 16.13 ± 0.08 25 

Table 1. Different type molar volumes of the СНз- and -CH2- groups. For methods 
and source data see Refs.(25) and (26). 

The apparent molar volume <t>»(Rn) of aggregated alkyl chains 
Яя"СНз(СН2)п-1- with n carbon atoms can be calculated by utilizing the group 
molar volumes in Table_ 1 in the form of $e(Rn) - Ф«(СНз)+(п-1)Фа(СН2); provided 
that micelles contain w moles of solvent per surfactant mole, the density pmfc 
inside the micellar core has the form 

Pmic(Rm») - (M(Rn) * wMw]/[*a(Rn) * wVw*J (3) 

where M(Rn) and Mw stand for the molar mass of the alkyl chains and of the 
solvent, respectively; W w * is the (bulk) molar volume of the solvent. The value 
of w was guessed from small angle neutron scattering measurements*27,28* and 
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Fig. 2. Apparent molar volumes of aggregated sodium alkyl sulphates (•), infinite 
dilution molar volumes of sodium alky] sulphates (x) and bulk molar volumes 
of liquid normal alkanes (o), vs. n, the number of carbon atoms in the alkyl 
chain. Realistic densities inside the micellar core fall in the region limited 
by the pmic(Rn.O) and the pmic(RnJ) curves; for comparison, the bulk densities 
of normal alkanes p(RnH) and normal alkanols p(RnOH) are also plotted. For 
details see the text and Refs.<25,26) 
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from comparison1 ' of the molar volumes in Table 1. The two. different and 
independent methods for guessing resulted in the same upper limit for the water 
content of the micellar core: w £ 1. Equation (3). therefore, is evaluated with the 
two limits set for w. and the results are plotted in Fig. 2: w - 0, "dry" micelles. 
ftBfc(Ra.O) and w m l, "wet" micelles. pmic(Ra.l). Bulk densities of normal alkanes 
p(RaH) and normal alkanols p(RnOH) are also plotted in Fig. 2. 

From the experimental results two conclusions can be drawn. First, realistic 
micellar densities fall within the region defined by the pmk(Rn.O) and pmic(Rn.l) 
curves. For the densities plotted in Fig. 2 the following relationship holds: 

p(RnH) < pmic(Rn,0) < Pm,c(Rn,l) < Pw - / (4) 

where pw stands for the bulk water density. Since 1 - Pmic(Ro.l)/pw - 0.15-0.2. 
the hydrocarbon core of micelles is a significantly less dense region of a micellar 
solution. Second, the bulk molar volumes of the methyl- and methylene groups 
are significantly different (cf. Table I), as are the densities assigned to the two 
groups in liquid normal alkanes: 

р(СНз) « M(CH3)/V*(CH3) - 0.45 g/cms< 
< o(CH2) - M(CH2)/V*(CH2) - 0.82 g/cm3 p ' 

where М(СНз) - 15.04 g and М(СНг) - 14.03 g are the corresponding molar 
masses. The relationship in Eq.(5) shows that methyl groups represent lower mass 
density regions in the "matrix" of methylene groups. 

2.3. Trapping of Ps in micellar solutions and in liquid normal alkanes 

In micellar solutions two types of Ps trapping should be distinguished: 
self-trapping via bubble-formation, which determines the pick-off annihilation rate 
of o-Ps in the two phases; the solubilization of Ps by micelles, which localizes 
Ps to the hydrocarbon core. 

The bubble-size is defined by the equilibrium of two, opposite pressures: (a) 
the one produced on the — internal — bubble wall by the repulsion between Ps 
and the surrounding molecules and (b) the other generated by y, the surface tension 
of the liquid and by external pressure*6,29*. The bubble size essentially determines 
the frequency of collisions of o-Ps on the bubble wall, i.e. the frequency of events 
which actually lead to pick-off annihilation. Thus from xp, the pick-off annihilation 
rate constant, one can deduce information on Rp, the characteristic bubble radius. 
From the reviews Refs.(7) and (29), the value of Rp in liquified noble gases falls 
in the' nanometer range; at room temperature, in water, Rp - 0.35 nm and in 
liquid normal alkanes, depending on the chain length, Rp - 0.45-0.55 nm. 

In pure (one component) liquids the pick-off annihilation rate \p was 
experimentally found to depend only on the surface tension of the liquid'"9'3 ! ): 
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where к and a are empirical constants; Eq.{6) is generalized for liquid mixtures 
by utilizing the concept of parachor ( 3 2 , 3 3 ). From fitting Eq.(6) to experimental 
data arising from different compounds, we have к - 0.061 ± 0.004 and 
• * 0.51 ± 0.02, if 7 is expressed in dyn/cm. and Xp in 1/nsec units'30*. 

Another type of Ps trapping occurs at the micelle/solvent interface. A well 
known property of micelles is solubilization, i.e. their ability to incorporate 
different compounds*23*. Solubilization is a special kind of trapping of atoms and 
molecules by micelles and, by analogy, one may assume that Ps is not an exception 
to this rule either 

Арап from this analogy, however, the concept of Ps trapping by micelles is 
supported by further physical evidence, too. According to the molar volume data 
in Table 1, the most space, among the various media, is required by -CH2- groups 
inside micelles: by 1.1-1.3 cm3/mol more than in water and than in liquid normal 
alkanes. These differences are explained such that small water molecules can more 
closely approach any segment of the alkyl chain than can the -CH2- segments 
approach one another, since these latter suffer packing constraints partly because 
they belong to a long molecule, partly because the alkyl chains themselves have 
initial orientation in micelles ( 2 3 ). The difference of the aggregated apparent- and 
bulk molar volumes of the methylene group can be treated as additional free 
volume. 

Electron densities defined over the molar volumes of aggregated CH3- and 
-CH2- groups are - 2.2 10 2 3 cm"3 and - 2.8 10 2 3 cm"3, respectively; they are 
significantly less than - 3.3 I 0 2 3 cm'3, the value of the electron density in water. 
Due to the increase of the repulsive strength and the minimum location of 
Lennard-Jones type potentials with the order number of the partners (cf. Fig. 2/b), 
Ps expectedly feels less repulsion from alkyl chains than from water molecules, 
thereby supporting the idea that micelles serve as Ps traps. 

An important — and not easily measurable — parameter of traps is the 
residence time spent there by the trapped particles. The time of residence of small 
iops in micelles is available from pulse radiolysis (34) and from fluorescent 
quenching (35 ) experiments: small ions inside the micelles spend at 'east some 
microseconds there. Thus micelles are assumed to be "effective" Ps traps in the 
following context: if Ps is formed inside a micelle or enters it from the solvent, 
it can no longer escape and from the instant of trapping onwards, its annihilation 
is determined by its micellar surroundings. 

Normal alkanes are molecules of variable chain length which form non-simple 
liquids: though being one-component compounds, liquid normal alkanes consist 
of sparse density regions around the methyl groups. From the molar volumes in 
Table I it follows that the space acquired by CH3- groups in liquid normal alkanes 
exceeds the space both in the micellar core and in water by 7.5-9.0 cm3/mol 
(>305f); this is also additional free volume. In the last two media the molar volumes 
of the methyl group are equal within the experimental error. For electron densities 
defined over the molar volumes of the CH3- and -CH2- groups we have -1.6 10 2 3 

and -3 .0 10 2 3 cm'3, respectively. Thus methyl groups in liquid normal alkanes 
represent sparse mass- and electron density regions and, as known from small 
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angle neutron scattering experiments* \ they are dispersed almost randomly in 
the matrix of methylene groups. The additional free volume of the methyl group 
correlates with an electron density less than in the surroundings: by utilizing the 
same argumentation as in the case of micellar solutions, CH3- groups are assumed 
to have the ability of trapping Ps in liquid normal alkanes. 

3. LIFETIME OP o-Ps IN MOLECULAR SUBSTANCES WITH RANDOMLY 
DISTRIBUTED TRAPS 

3.1. Basic assumptions 

The lifetime of o-Ps formed in a medium, in which the conditions for 
annihilation vary with spatial coordinates such as micellar solutions, depends on 
the path covered by o-Ps until annihilation. When calculating the observed lifetime 
in a medium of this kind, lifetimes over all possible paths should be averaged. 
Such calculations are carried out in the abstract medium consisting of Ps traps 
randomly distributed in a homogeneous, isotropic substance we call "solvent". 

Let Q be the fraction of o-Ps atoms formed in the solvent and 1-Q that 
formed in the traps. The quantity Q is supposedly a function of solvent 
composition, temperature, etc.; further discussion of these properties is avoided 
by treating Q as a model parameter. 

The probability density function of o-Ps in the "solution" of traps is 
decomposed into two components, in accordance with the location of o-Ps 
formation. Let us denote by T'(t) the probability density function of the lifetime 
of o-Ps formed inside a trap and by T*(t) that of o-Ps formed in the solvent. 
Instead of the single exponential, the probability density of o-Ps lifetime becomes 

T3(t) - QT*(t) + (1-0)Г(0 (7) 

In the two separate regions of the medium, o-Ps lifetime is assumed tc have 
exponential probability density but, because of the different conditions for 
annihilation, different pick-off annihilation rate constants. The mean o-Ps lifetime 
in the solvent is denoted by т» • 1 /x s, with Tt - 1 /м being that in the traps. One 
of the physical conditions for the applicability " he present model is that ч and 
t t are different: the greater is this "lifetii. .ontrast" between traps and the 
solvent, the more information can be deduced from the analysis of lifetime spectra 
on the model parameters. In the other two annihilation modes the lifetimes in 
traps and in solvent are equal. 

In order to clarify the — otherwise rather intricate — picture, some 
simplifying assumptions on traps are introduced. Thus traps in the present 
treatment are effective in the sense discussed in Section 2.3. It follows from the 
previous assumption that Tl(t) is a pure exponential density function with 
annihilation rate constant \\. Orthopositronium formed in the solvent may 
annihilate there — having a lifetime determined by the exponential density 
x»exp(-x,t) — or it may reach the boundary of a trap where it will gain a new 
lifetime density чехр(-М). The process of trapping involves mutual diffusion of 
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traps and of o-Ps: determination of the analytical form of T*(t) requires the solution 
of a diffusion problem with randomly distributed absorbers. To reduce 
mathematical difficulties, traps are assumed to be uniform and spherical; traps of 
radius Rt and o-Ps bubble of radius Rp are thought to diffuse in the solvent with 
diffusion coefficients Dt and Dp. respectively; the coefficient of their mutual 
diffusion is D - Dt+Dp. their contact radius is Re - Rt+Rp. 

3.2. Mutual diffusion of traps and of o-Ps. Partition of o-Ps between 
solvent and traps 

Let S(r,t) be the probability density of finding o-Ps in r at time t and let 
•Mr.t) be the source function of o-Ps formation in (he solvent. Similarly to 
bimolecular chemical reactions*36" 7 > , o-Ps/trap diffusion is assumed to take place 
pair-wise, and the equation of the problem is of the form 

»S/dt - DVS + a - KSS (8.1) 

with the source function 

w (r , i ; . h(r)h(t) (8.2) 

and with boundary conditions represented by the N traps (absoroerr.): 

Urn S(r,t) - 0 
| r | — (8.3) 
S(r,t) - 0, if г - rj + Rtj, j - 1,2, ». N 

•vhere rj is the coordinate vector of the centre of trap j and )RIJ|-RI, j*l,2,...N. 
Let us denote by $N(r,t;ri ,тг, ... ru) the solution to this diffusion problem if 

exactly N traps are present at coordinates т\,тг. ... rx; then SN can be expressed 
as SN • exp (-xst) SN, where SN is the solution to the stable particle diffusion 
problem with the same boundary conditions, obtained by omitting the -x,S term 
from the right-hand side of Eq.(8.l). By averaging SN over the possible 
trap-configurations and by integrating this average over volume V s of the solvent, 
the probability W(t) of finding o-Ps in the solvent at time t is given by 

W(t) - / ÉN (r,t)dr - exp(-xtt) J SN (r,t) dt - exp(-xxt)wN(t) (9) 
v % v % 

where " denotes the configurational average with respect to trap coordinates. 
Function WN(t) is the partition function of o-Ps between the solvent and the N 
traps. 

Since SN is not available in — even approximate — analytical form, to 
calculate the partition function WN a different method should be chosen, First, 
the diffusion problem is exactly solved for N - 1, and wi(t,n), the partition 
function of o-Ps formed in n is calculated in analytical form. Based on the exact 
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results, the partition function WN(t7î 2. ... та) of o-Ps in the presence of a 
particular N-trap configuration is approximated as 

" 00) 
WN(t,Tl,T2, ... ТЫ) - •• Wl(t,Tj) 

J-* 

and. finally. Eq.(lO) is averaged by Ф. the spatial correlation function of the traps: 
N (И) 

*>NO) - / i» wi(t;rj)*(ri,r2, ... rN)dridx2 ... аты 
vtJ-\ 

Apart from the step expressed by Eq.(IO). the above sketched way of 
calculating the o-Ps partition func»»on is exact and straightforward. For realistic 
calculations, however, further assumptions are necessary concerning the spatial 
correlation function of traps. By assuming rigid, uncorrelated traps*12*, the 
n a r t i t i n n Г п п л 1 i n n r\f n _ D r i tr»rt f u r t h e r t i fS thn i i f ш trnhcs»r!r«t ir nt\r* 

' „J12.26) 

w(t) - expf-3yix3f2(M1'2)Yj(y)*bY2(y)JI (12.1) 

where ч is the volume fraction of the trapping regions, x • 1+Rp/Rt, e - DT$/RC

2. 
Functions Yj and Y2 are defined by 

Yi(y) - erfc(y,/2Hy^)1/2fexp(-y-,)-/J 

and (12.2) 
Y2(y) - yerf(yl/2)-2(y/v)"2 

with у » Ast. 

3.3. Probability density function of o-Ps lifetime in a trapping medium 

The time derivative of I-W(t) gives tiie escape density function of o-Ps from 
the solvent. Escape may take place either by annihilation or by trapping, expressed 
respectively by the first and the second term on the right-hand side of the equation 

-dW(t)/dt - bsexp(-\st)w(t)-exp(-kst)dvi(t)/dt (13) 

In order to obtain T*(t) from Eq.(13). the second term on its right-hand side 
— the probability density of o-Ps trapping — must be convoluted with T'(t): 

T*(t) - b,exp(-kst)w(t)- J'0 t(t-x) ^ P exp(-\sx)dx {] 4 ) 
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The convolution is reduced by partial integration; by taking into account 
that w(0) - 1, the combination of Eqs.(7) and (14) results in the final form of the 
probability density function of o-Ps in a trapping medium: 

Тз(0 - Cif»,ex/>r-M) • Ct(t)bexp(-\tt) (15.1) 

with the detailed expressions for the coefficients 

CJO - Q w(t) 

•nd (15.2) 

Ct(t) - l-QMt)exp[>(\r\t)t) • (Ъ-u) fQ w(x)exp[-(xrxt)xjdxl 

In Eq.(15.1) the probability density function of o-Ps lifetime is a linear 
expression of two exponential density functions: one representing the solvent (or 
matrix), the other the traps. Experiments reflect this property such that o-Ps 
lifetime splits up into two components. Inversely, if two o-Ps lifetimes are found, 
the conditions of o-Ps trapping should be carefully scrutinized, cf. Refs.(12-17). 

When decomposing experimental lifetime spectra, Тз should be convoluted 
with the resolution function of the spectrometer. The transition of o-Ps from 
solvent to traps causes the coefficients of the exponential densities to depend on 
time and thereby Тз to lose its pure exponential character. Thus numerical 
algorithms assumine exponentiality for o-Ps lifetime density (e.g. POSITRONFIT 
and its variants*38* ') yield parameter best-fit values burdened by systematic error 
if applied to evaluate lifetime spectra arising from a trapping medium. In the 
case of micellar solutions, analysis of this systematic error served as a good test 
for the validity of the present method < , 0 ). 

4. APPLICATIONS OF THE TRAPPING MODEL 

4.1, Micellar systema 

Micelles are frequently studied systems and of rapidly growing intcre&t 
because of, among other things, their similarity to more complicated lyotropic 
structures such as biological membranes. The micellar structure is well known 
from static and dynamic light-, small angle x-ray- and neutron scattering 
measurements: thermodynamic functions of micelles are available in a wide variety: 
thus micellar systems are ideal for testing the trapping model. 

When utilizing the trapping model for describing positron annihilation in 
micellar solutions, the interpretation of model parameters is as follows: 

H m (c • c.m.c.)ba (16.1) 

where Ф« is the apparent molar volume of the aggregated alkyl chains, с is the 
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molar concentration of the surfactant and c.m.c. is the critical micelle 
concentration; 

R, -Rm- (3+a/4*A)"3 (16.2) 

where R m is the radius of the hydrocarbon core, and finally 

D,mDm (16.3) 

where Dm is the diffusion coefficient of micelles in the solvent phase. 

Early experiments showed that the mean o-Ps lifetime in various micellar 
systems increased with increasing surfactant concentration*4 0 , 4 1* and solution 
temperature*41*. The volume fraction of micelles increases nearly linearly with 
surfactant concentration and the temperature increase causes more rapid diffusion: 
in both cases o-Ps is expected to have enhanced probability of reaching the 
hydrocarbon region where its lifetime is longer than in the solvent phase. Provided 
that TI > TS. this qualitative explanation follows from the properties of the o-Ps 
lifetime density function in Eqs.(15.l) and (15.2). when parameters ц and D tend 
to infinity, cf. Ref.(12). 

From fitting Тз in Eq.(15.1) to lifetime spectra. x m . th~ rate constant of 
pick-off annihilation inside micelles and x w , that in the solvent are separately 
determined. The molar volume of the micelle forming molecules is almost 
independent of the surfactant concentration and thus of the micellar size, 
too* *26*. It follows from this that the mean volume and the mean free volume 
per aggregated surfactant are also independent of micellar size. In other words, 
the distribution of free volumes is reduced to one term and thus the use of Laplace 
transformation methods*4 2'4 3* for interpreting non-exponential lifetime spectra can 
be avoided. 

The results obtained for x m in sodium dodecylsulphate micelles are plotted 
vs. solution temperature in Fig. 3 for different concentration solutions in normal-
and in 99.85% heavy water. As a consequence of the bubble model, the micellar 
rate of pick-off annihilation defines y m , the surface tension around the 
solubilization site of Ps; the results of a guess made for y m are also plotted in 
Fig. 3. 

An important parameter of micellization is the interfacial free energy at the 
water/hydrocarbon contact ( 4 4 >, which depends on the surf? :e tension of the various 
phases in contact. Numerical values of these quantities are taken from those 
available for macroscopic aqueous- and hydrocarbon phases. We should like to 
point out that, to our best knowledge, only the present method provides in-situ 
information on the surface tension in the micellar core. 

Another interesting model parameter is a - Dr$/R c

2 which, in the present 
case, contains information on the diffusion properties of micelles and on those of 
(the) o-Ps (bubble), as well as on their size. The radius R m of micelles is known 
from small angle neutron scattering experiments*26'2**. Rp, that of the o-Ps bubble 
from lifetime measurements*30*. By assuming the validity of the Stokes-Einstein 
equation for the diffusion coefficients, Dm, the micellar diffusion coefficient can 
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Fif. 3. Pick-off annihilation me constant Xa in sodium dodecylsulphate micelles 
vs. solution temperature. Data are obtained from 0.5 (Д), 0.8 (о) and 1.0 (•) 
mol dm normaHopen symbols) and 99.85* heavy water (full symbols) 
solutions. The surface tension yn around the solubilization site of o-Ps in 
the micellar environment is also calculated from the straight lines adjusted 
to the 0.5 and 0.8 mol/dnr data sets; see the text and Ref.(26). 
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be expressed by Dp. the diffusion coefficient of (the) o-Ps (bubble) and by the 
radii of the diffusing particles ( 2 6 ). Thus, from the best-fit values obtained for •, 
the diffusion coefficient of (the) o-Ps (bubble) can be calculated. The results are 
plotted vs. solution temperature in Fig. 4. 

The application of the present model to micellar solutions provides a 
favourable tool for studying o-Ps diffusion because micelles can be treated as 
immobile particles compared with o-Ps (cf. micellar self-diffusion coefficients in 
Ref. ( 4 5 )). Therefore the contribution of micelles to the mutual diffusion coefficient 
is small: Dm+Dp~Dp, thus reflecting o-Ps properties. The contact radius, in 
contrast, is defined by the — accurately known — micellar size: Rm+Rp~Rin-

Data points from both normal- and heavy water solutions define straight lines 
in Arrhenius-ptot with activation energies E» » 0.29 ± 0.03 and 0.16 ± 0.07 eV, 
respectively, indicating a definite isotope effect on the o-Ps diffusion mechanism 
in an aqueous medium. The results indicate that in the temperature range 20-60*C, 
o-Ps diffusion in an aqueous medium takes place without tunnelling: o-Ps remains 
inside the bubble, which moves as a classical particle. For further details see 
Ref.(26). 

4.2. Liquid hydrocarbons 

Pick-off annihilation in almost two hundred organic liquids, among them 
liquid normal alkanes, was studied in a classical paper* . In an homologous series 
of compounds, the annihilation quenching cross section оц - xV/A (V is molar 
volume. A is Avogadro's number) was found to be a linear function of the length 
of the molecule. More generally. aq turned out to be additive over the structural 
functional groups of organic molecules. 

Correspondingly, oqn, the quenching cross section of a normal alkane 
molecule with n carbon atoms is given as 

oqn - 2 oq(CH3) + (n-2)oq(CH2) (17) 

with ач(СНз) - 8.55 10*2 4 and а^СНг) - 9.71 1 0 2 4 cm3/nsec. From Eq.(17) x„, 
the pick-off annihilation rate constant: 

A« . 2\(CH3)V(CH3)/Vn * (n-2)k(CH2)V(CH2)/Vn (18) 

with л(СНз) * 0.155 and х(СНг) - 0.363 nsec"', respectively and with 
Vn - ?.V(CH3) + (n-2)V(CH2). Thus тп. the lifetime i / o-Ps in liquid normal 
alkanes, decreases with the chain length from 14 - 4.63 nsec to Tie • 3.19 nsec. 
The lifetime of o-Ps in tridecane was found to increase with temperature, from 
3.29 nséc at 27 'C to 3.56 nsec at 90 "C. Similar temperature effects were found 
by other authors in normal alkanes ( 3 3 , 4 7 ) and alkanoIs(48>. 

These experimental findings qualitatively correspond to the predictions of 
the trapping model. The decrease of the chain length increases the trap volume 
fraction, the increase of temperature results in enhanced o-Ps diffusion; in terms 
of the trapping model both events should lead to longer o-Ps lifetime. 
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We made preliminary model calculations to reproduce the experimental 
pick-off lifetimes published in Ref.(46). The trapping model predicts the mean 
lifetime of o-Ps in the following form: 

- uhi^s-Q(yl^s-l)Cexp(-y)w(y)dyJ i 19) 

In order to adjust Eq.(19) to experimental data, the volume fraction лв of 
the Ps-trapping regions in a normal aikane with n carbon atoms is expressed by 
the bulk molar volumes taken from Table 1: 

ъ - 2V(CH3)/[2V(CH3) * (n-2)V(CH2)) (20) 

The small number of available experimental points ( 4 6 > requires one to reduce 
the number of fitting parameters to the minimum. Therefore Q and TI/TS were 
expressed by pe, the electron density as follows: 

Q - (1-ппМСН2)/1(1-т\пЫСН2)+1\п*(СНз)] 

and (21) 

TfAs - Ре(СН2)/9,(СНз) - 1.83 

The radius of the methyl group is [3V(CH3)/4«AJ , /3 « 0.236 nm; the fitting 
variables are т», x and o. The fitting resulted in acceptable values of the goodness 
of the fit for e < 0.01; with this condition, for the other two fitting parameters 
we had t%-2.6-2.8 nsec and x~ 1.3-1.9. From x. the radius of the o-Ps bubble is 
R p -0.07-0.2 nm, at the lower limit of physically acceptable values. The upper 
limit for the mutual diffusion coefficient is D < 0.01 (0.45) 2/2.6~8.10' 4 nm2/nsec 
• 8.I0' 9 cm 2/sec. The guess for the diffusion coefficient is, of course, very 
uncertain; it only indicates that the diffusion of o-Ps in hydrocarbons is hindered 
compared with water. 

4.3. A consequence for polymers 

In some polymers, positron lifetime spectra can be decomposed into four 
components by utilizing the conventional exponential algorithms. Such polymers 
are known to contain microvoids capable of trapping Ps. The longest lifetime 
component, т4 (>2 nsec), was attributed to o-Ps, but the origin of TJ (-1 ns), 
was under debate. Now it is accepted — e.g. from magnetic quenching 
experiments 0 4 ) — that the two longest lifetime components both arise from o-Ps 
annihilation. 

This result is qualitatively supported by the present diffusion model. From 
the upper limit of the diffusion coefficient obtained in liquid normal alkanes one 
may assume that D — 0 in the non-trapping regions of polymers. In this case 
w(t) — const. » I (cf. Ref.(12)), and the time-dependent coefficients in Eq.(l5.2) 
also tend to constant values: C»(t) - Q and Ci(t) — 1-Q. Thus T.i(t), the probability 
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density function of o-Ps lifetime in polymers becomes a linear combination of 
two exponential densities: 

Ti(t) - Q*sexp(-\sO + (l-Q)btexp(-ut) (22) 

where x$ stands for the non-trapping regions of the polymer and xi for the 
microvoids. 
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