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Abstract 
The inhibition of positronium in aqueous solutions of 

Cl and NO, alone or mixed is discussed. An attempt is made to fit 
the experimental results using test functions, in terras of the 
spur model and of the kinetic theory of hot atoms. 

1. Introduction 
Recent experiments on positronium chemistry in aqueous 

media have been aimed at finding a possible relation between the 
inhibiting power of solutes, relative to positronium formation, 
and their electron scavenging properties, as measured in radiolysis 
or pulse radiolysis experiments (1,2,3,4). These researches were 
planned in terms of the "spur" model, according to which inhibition 
should occur at the end of the track of the positron, arising from 
competition between the solute and the positron for electrons 
released in the terminal spur (5). Although some of the data seem 
to point to a parallel between the inhibiting power of a variety 
of solutes and their rate constants for reaction with aquated 
electrons, there are at least a few species which appear to defy 
this general trend (4). However, it is possible that the inhibiting 
strength of the solutes might be related rather to their reacti
vity towards the non-aquated electrons (6,7,8). Unfortunately only 
sparse information is available at present concerning the rate 
constants of solutes with dry electrons, which can be used to 
support this last assumption. 
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Aii alternative hypothesis proposes that inhibition is 

due to the reaction of "hot" positronium atoms with the solute 

(9,10). On this basis, the application of the Estrup-Vfolfgang 

theory of hot atom reactions to hot positronium atoms seems to 

lead to satisfactory results (10). 

In either case, the data demand that the inhibition 

p.vocess is fast compared witn the annihilation rate constants 

ïor orthopositronium, o.Ps, the solvated positron and, somewhat 

less certainly, the parapositronium, p.Ps. 

Adopting the symbols I, for the intensity of the long 

lived triplet o.Ps observed in an aqueous solution with concen

tration of solute C, and I? for the o.Ps intensity in pure water, 

the various inhibiting (and non-quenching) substances so far 

investigated may be classified into three groups : 

The first group corresponds to those inhibitors which 

obey the 1 = 1 ° / (1 + kC) relationship, where k is a constant. 

The nitrate ion may be considered as the archetype for this 

series (9,11,12,13,14). 

The second group should include such inhibitors as the 

trichloroacetate (3) and NO, (15) ions, leading to a variation 

of I, which decidedly deviates from the I?/(l + kC) relationship, 

although not resulting in the faster I, = 1° exp (- kC) variations. 

Ions displaying limited inhibition with a decrease of 

the Ps intensity to a concentration-independent plateau, such as 

the chloride ion, would correspond to the third group (13,14,16). 

Whether these three groups actually correspond to dis

tinct inhibition mechanisms and might be relevant to different 

models is certainly still questionable. Moreover, it is not exclu-
+ 2+ ded that some species, such as Ag and Cd (17), might show 

characteristics of more than one group. 

Experiments on mixtures of purely inhibiting solutes, 

such as were early proposed by Goldanski'i in the case of gases 

(18), might lead to a clearer understanding of these processes. 
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2. Experimental 
Description of the experimental apparatus is to be 

found in (3). The POSITRONFIT EXTENDED program of Kirkegaard and 
Eldrup was used for fitting the experimental data (19). The ana
lysis of the experimental curves was made assuming three compo
nents in the lifetime spectra. Whether the intermediary component 
T-, ascribed to free annihilation of the positron/ was restrained 
to a value of 400 ps or not, did not result in significant changes 
for I,. In no case was a change observed in x,, the o.Ps lifetime. 

3. Results 
Figure 1 displays the variations of I, with respect to 

the chloride concentration, at different given nitrate concentra
tions. It may be seen that the nitrate ion does not obliterate 
the inhibiting effect of the chloride. However, whereas the 
decrease of Ii, the o.Ps intensities at nul chloride concentrations, 
to the plateau values I' proceeds as rapidly for each curve, the 
relative change in Ii is smaller z.t increasing nitrate concentra
tions : 

C ( N 0 3 " ) 
I 3 " I 3 -

Z 3 

0 0 . 2 6 

0 . 0 8 M 0 . 1 7 

0 . 2 5 M 0 . 1 2 

0 . 7 M 0 . 1 0 

Plots of I, versus the NO, concentration are shown in figure 2, 
at constant CI concentration, together with the pure nitrate I' - I' curve. The higher C(NO, ), the smaller the relative change 3 3» 

3 H 
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4. Discussion 
a) The spur model 

The spur model suggests that the k constant for the 
inhibition in the relation I, = I°/(l + kC) should be related to 
the reaction rate constants of the solutes with hydrated elec
trons (1). It is now well established that the nitrate ion does 
insert itself in the family of solutes displaying both high rate 
constants for aquated electrons (K, - .„, = 1.1* 10 M - 1s ) 

l eaq + £ , ) 

and strong inhibiting power (4). Estimation of the rate constant 
of the nitrate ion towards dry electrons by use of the l/C,-
value leads to the same conclusion, since a linear relationship 
is generally found between K and 1/C,_ (20). Here, C,, is the 
concentration of solute at which the observed yield of solvated 
electrons produced by a short pulse radiolysis is reduced to 1/e 
of the value measured in the pure solvant. 

Unfortunately, the I3/(1 + kC) relationship does not 
imply a unique model for the inhibition process. Moreover, and 
in spite of a lesser extent of the change of I, for the chloride 
ion, which is a very weak electron scavenger 
(K,*, 4.ni~\< 1 0 4 M ~ 1 s " 1 ) ( 2 1 ) , i t i s no t c l e a r how t h i s l a t t e r 

( eIq Q'1 ' 
species should be compared to such ions as NO, . Although the 
chloride has limited inhibiting ability, it is effective at much 
lower concentration than nitrate. 

To obtain a more quantitative understanding of the expe
rimental data within the framework of the spur model, computer 
calculations have been performed on the basis of the mathematical 
model proposed by Tao (22). The initial conditions, the size and 
lifetime of the spur and the different "decay" and reaction rate 
constants were those used by Tao. However, no formation of posi-
tronium was supposed to occur outside the spur and all positronium 
was supposed to be formed by the reaction of positrons with 
electrons. 
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One supposes there are P positrons, E electrons, I ions, 
N positronium atoms and S electron scavenging ions in the radia
tion spur. The initial numbers in the spur are respectively 
1, 2, 2, 0 and s. The rate constants for escape of P, E, I and S 
particles from the spur are all 3.3x 10 s . The lifetime of the 
spur is 30 picoseconds and its size such that s = 10 for the 
solute in the spur at 1 M concentration. Each positron-electron 
reaction leads to 3/4 o.Ps. The reaction rate constants for P 
with E and for I with E are 3.3x10 (number of species per 
spur) s" . The general description is to be found in (22). 

With this description of the spur, 1° was found to be 28.1% 
in pure water, in good agreement with the experimental value. A 
set of the calculated inhibition curves is shown in figure 3. 
Each curve represents the 1/1-, variation with respect to the 
inhibitor concentration (species S), for a given value of 
Ki - . c, r its reaction rate towards electrons. No reaction of the (e + oj 
inhibitor with positronium atoms was supposed to occur. It may be 
seen in this figure that, from a certain concentration, the 1/1, 
value displays the expected linear relationship, with respect to 
the solute concentration. However, the intercept of the linear 
part of the curves does not lead to the correct 1° value. In. the 
case of a slope comparable to that observed with nitrate solutions, 
(K, - j.ci = 7 x 10 (number of species per spur) s ) , the intér-(e + t>) 
cept gives 1^ = 41.43, which is definitely too high. 

However, considering the calculated curve as experimental 
data, and supposing it obeys the I,/ (1 + kC) law, a least square 
fit led to k = 4.34 M - 1 and 1° = 32.9 (dotted line in figure 3). 
These results may be compared to those obtained with experimental 
data for inhibitors : in the case of nitrate, for instance, the 
least square fit gives k = 3.94 M _ 1 and 1° = 28.1 %, the pure 
water value. 

It may be remarked that the convexity to the concentration 
axis seen in the calculated curves at low concentrations has never 
been observed experimentally. 
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It thus appears that the spur model, at least as far as 
this mathematical treatment is concerned, does not lead to the 
simple I,/ (1+kC) relationship as is experimentally observed 
for some pure inhibitors. 

The physical basis of this model is vulnerable. The time 
scale, set by the rate constants chosen, is slow enough that 
solvation of both positrons and electrons would generally precede 
positronium formation (23) . The inhibition of positronium formci-
tion by hydrogen ions shows that not more than a fourth of the 
positronium can be formed by reaction of solvated species. If 
positronium formation is to compete with solvation of both 
electrons and positrons, movement of atomic species, heavy posi
tive ions, etc, can be practically ignored on the relevant time 
scale. Only the electronic species are' labile. It is open to 
question whether a chemical kinetic treatment of the reactions 
is valid. Certainly electrostatic interactions and the growing 
effective size (De Broglie wavelength) of both positrons and 
electrons as they are moderated before solvation or reaction 
ought to be taken into account. 

Obviously, the model involves a great number of parameters. 
Some of these parameters, such as the reaction rate of electrons 
with the ions (H,0 and derived species), may be deduced from 
experimental radiolysis data (21,22) . The initial numbers of 
reactive species within the spur (electrons, ionized molecules 
and scavenger) are important parameters regarding the final value 
of I,. However, changing these values does not affect the general 
shape of the 1/1- vs C curves. In the same manner, it was found 
that varying the spur lifetime in the 15 to 60 picoseconds range 
had little effect on I?, and none on the shape of the 1/1, vs C 
curves. Also, taking the decay rate constant of scavenging species 
S equal to zero which implies these species are the solute ions 
and not labile species created from these ions in the spur, did 
not modify significantly the shape of the curves. 



7 

Scavenging of electrons by NO, in pulse radiolysis expe
riments has been found to obey an exponential law with concen
tration (25). This relation is supposed to arise from a great 
number of collisions between the electron and the solute ions, 
and hence should not be expected to be reflected in the posi-
tronium experiments, on the basis of the spur model. On the 
other hand , reactions of the aquated electrons should be sensi
tive to the ionic strenght of the medium (12) . No such effect 
is detected by comparing the pure nitrate inhibition curve with 
that of mixtures of nitrate and perchlorate ions at constant, 
but rather low, ionic strength (The total ionic concentration 
was kept equal to 1 M). Finally, it is not clear, by making 
use of the spur model, how a limited inhibi
ting effect such as is observed with the chloride ion would arise. 

b) Fitting the data 
The I = 1°/ (1 + kC) relation has been fitted to the 

-1 nitrate data, (full curve in fig.2), giving k = 3.94 M 
In the absence of nitrate, the chloride inhibition can be 

expressed as 

(i) i, = if i±i£. 
J J 1 + k C 

with a = 29.3 M - 1 and k = 39.6 M - 1 (full curve in fig. 1). 
Such a relation could be expected on the basis of a competition 
of inhibition and enhancement processes such as, e + CI -» Ps + CI ; 
but this would be a hot reaction and therefore improbable at low 
chloride concentration. Moreover it seems to be disproved in an
gular correlation experiments (26) . If enhancement can occur, it 
would seem more plausible that it might be due to hole scavenging 
by chloride(27,28). However, this interpretation is excluded by 
consideration of the data for the mixtures with nitrates. 
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The values of o, which measures the enhancing effect, and k, 
which represents the inhibiting power, needs to be so big to 
account for the pure chloride solutions that in mixtures with 
nitrates, they overwhelm the inhibition due to the nitrate, 
according to : 

1 + a C , 
(II) I 3 = 1° 

i + k l C l + k 2c 2 

where subscripts 1 and 2 respectively correspond to the nitrate 
and chloride ions. 

It hence must be concluded that the chlor.ies only inhibit 
a part of the positronium precursor, and relation (I) must be 
written as : 

(III) I. = 1° (1-f + - ) 
3 1 + k 2 C 2 

an expression which is quite similar to that given by Eldrup et 
al. (1) in the case of CuCl, solutions, where f represents that 
part of the o.Ps formed in pure water by a process liable to 
chloride scavenging. 
Extending expression (III) to two inhibitors, we obtain t 

(IV) I , = 1° <—i^£- + f- ) 
J •* i - " - 1 1 ! 0 ! 1 + k ' l C l + k 2 C 2 

It may be remarked that k and k 1, :'.n the most general case could 
be different, but for nitrate it appears that k, = k 1 , a situation 
which may imply the nitrate scavenges a common precursor of both 
parts of the o.Ps. If this was true, the chloride and nitrate ions 
would not compete towards a same species as is implicited in 
relation (IV), and the expression for the mixtures would be : 

X 3 f 
(v) i = — i — ( l - f + — £ — ) 

1 + k l C l 1 + k 2 C 2 
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Considering the limited inhibition also observed in the 
case of H (10), and as was already proposed in a previous paper aq 
on silver and cadmium salts (17), the fraction f of o.Ps which is 
liable to chloride scavenging might correspond to that part 
of o.Ps formed by the reaction of solvated (or partially solvated) 
electrons and positrons, as they diffuse away from the terminal 
spurs. This would also account for the efficiency of the chloride 
inhibition at such low concentration as 0.1 M. The nitrates would 
on their part scavenge the dry electrons quite efficiently, a 
conclusion which is supported at the light of pulse radiolysis 
experiments (20) . 

Owing to the values of the parameters, expressions (IV) and 
(V) have been fitted to the data with a practically identical 
result (dotted curves in figs. 1 and 2), using k = 3.94 M , 
k, = 39.6 M and f = 0.26. It will be observed the experimental 
data usually lie above the calculated curves. It will also be 
noted expressions (IV) and (V) require that the relative change 

J , — should not depend on C , the nitrate concentration, 
3 whereas the experimental values seem to decrease as C increases. 

Besides the fact that these expressions are only trial functions 
and were not derived from precise kinetic calculations, the' solu
tions cover a sufficiently large range of concentrations that -ion 
pairing effects (29) and other changes in the physical characte
ristics of the medium such as the mean activity coefficient (30) 
may influence the inhibition. 

c) Interpretation in terms of hot reactions 
Green and Bell interpreted their nitrate inhibition data 

in terms of a hot reaction between a hot positron and the nitrate 
ion competing with the formation of positronium by reaction with 
the water. They supposed that the parameter k in the relation 
I = l°/d+kc)was a function of the cross-section for the hot 
reaction and the kinetic energy of the positron (11). 
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Ache and his collaborators have treated inhibition as 
arising from reaction of the solute with hot nascent positronium 
atoms (10,14). 

Estrup and Wolfgang have developed a purely kinetic 
theory of hot atom reactions, independent of the reaction mecha
nism, for the analysis of data on gaseous hot tritium reactions 
(31,32). The theory has been extended to liquid systems by 
Milman (33). Ache and collaborators have applied this treatment 
to their data on inhibition, particularly to those solutes 
displaying only limited maximum inhibition, i.e. for which I, 
does not decrease to 0 as C increases. 

The implications of such a model for systems containing 
more than one solute will be explored. It should be emphasized, 
however, that the Estrup-Wolfgang treatment demands that the 
initial energies of the hot atoms be very large, compared with 
the highest energy at which hot reaction becomes possible, so 
that randomisation occurs before the moderating hot atoms enter 
the reactive energy band. Since positronium is formed with at 
most about 6.8 eV it is very doubtful whether this condition can 
be regarded as fulfilled. 

For a system containing one reactive solute and the 
solvent, which behaves like the moderator in the classical theory, 
we have - £n(l- P) = f, I x /a where P is the total probability 
of hot reaction with the solute, f, is the probability of colli
sion of the hot positronium with the solute and I, the reactivity 
integral j P(E) dE, over the energy range from the initial 

'E i E 
positronium energy to the lower limit of energy for which hot 
recction is possible. (p(E) is the probability of reaction on 
collision at energy E. Generally p(E) is only greater than zero 
for some smaller energy interval, say E to E,) ; a is the mode
rating constant for the system. 



11 

Now 1 - P = I,/I, and a = f.a, + f a where the subscript 3 3 1 1 m m r 

1 indicates the solute and m the solvent, which must be respon

sible for most of the moderation in dilute solutions. 

Further f, = i o, / (£,0, + ^^pJf where the a denote mole 

fractions and the a collision cross-sections (assumed independent 

of E) . 

Thus -1/IYI{1-P) = - 1 / .en(I,/I°)= (f i 0 i + f md m)/f 1I 1 

or -1 /*«(I3/Xf> = *1/ll + ̂  = « / ^ + « . V / » ! ' ^ 

and l / £ n ( I ° / I ^ = A + ~ B ~ A + B/C^ 

where A and B are constants. 

On this basis an inhibitor chat does not give I, = 0 

as C increases implies an appreciable value of A(= a /I.) 

and therefore either, or both, a large a. and small I . 

It may be remarked that x ^ 1 and x is lower than 0.03 for 

most of the data so that the extrapolation to obtain A (to a = 0 

and œ = 1), at least in such cases as NO, , is really very con

siderable. 

Now for a multi-solute system it can easily be shown 

- £n(l - P) = Zt.Is/a which leads to 

- l/ln{l - P) = 
. l i i m m m 

p W i 

or if we suppose that for each separate solute 

- l/tn{l - P) = l/u± = \ + B±/Ci 

where C, denotes the concentration of solute i, then for the mixture 
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with n solutes 

For the case of the two solute system 

Al = W A2 = a 2 / X 2 a n d u 

I, = I, exp - u 

B 2 C 1 + B 1 C 2 
A 1 B 2 C 1 + A 2 B 1 C 2 + B 1 B 2 

3 3 
I 3 I 3 thus - y - - TO S ' I V V V W „„ u 

= - I_ — ; ^ exp - U 
C x < A l B 2 C l + A

2

B l C 2 + B l V 

which can be negative or positive depending on whether (A. - A 2) 
is greater or lower than B./C.. 

Now our nitrate data give A. = 0.36 and B. = 0.28 while 
for the chloride A, = 3.31 and B 2 = 0.097. Therefore addition of 
chloride to a solution containing more than 0.1 M nitrate should 
lead to an increase in I- ! Physically this would occur because 
the high A, value implies a high a. or particular efficiency 
'of moderation by chloride, so that the hot positronium is modera
ted more quickly in the presence of chloride and has less chance 
of hot reaction with the nitrate. Although this is a physically 
possible situation it would mean that the solutes are playing a 
very important role in the moderation, more so than their low con
centration would suggest. In fact as the data show (fig.l) no 
such increase was observed. 

So that no such simple hot atom model can be applied to 
the nitrate chloride mixtures. It is indeed difficult to envisage 
a hot reaction of Ps with chloride ion. Only Ps + Cl~_ *• 

a M PsCl + e seems a possibility and this is endothermic to the aq 
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extent of about 5.6 - D_ „ where D
P s C i is the dissociation energy 

of PsCl equal to 0.8 eV according to Cade and Farazdel (34). 
However it cannot be suggested that this result excludes all hot 
reaction possibilities. The inhibition process with nitrate and 
chloride may involve different hot species. For instance the ni
trate could involve reaction of NO, with hot Ps while the 
chlor'.de may react with hot positrons. For instance e, + CI 

*FsCl is probably slightly exothermic to the extent of about 
0.55 - D p _,. The two process now become quite independent so far 
as moderating effects are concerned. In such circumstances it might 
be expected that the I, calculated as arising from the chloride 
inhibition wc 
that overall 
inhibition would serve as the 1° for the effect of the nitrate so 

I 3 = 1° exp - A. B ± 

Ci 

However the effectiveness of chloride at very low concentrations 
makes an explanation involving hot positron reactions improbable. 

Further the angular correlation data found when chloride 
is added to rather strong nitrate solutions (26) seems to suggest 
a reaction of chloride with solvated positrons. Again it is not: 
easy to see what reaction can be involved, as e o_ + CI — ^ PsCl 

aq aq 
should be exothermic to the extent of about 2.3 - D p s C j . 
This may raise the interesting question of hot e reactions, but 

aq 
such reactions seem doubtful. The recent Doppler broadening data 
for chloride and nitrate solutions show opposite effects in the 
two solutions and it has been suggested that the chloride brings 
about triplet to singlet conversion. Since no change in T, is 
observed in the chloride solutions this demands tha*- the conversion 
involves hot positronium. 

The above analysis would seem to exclude the nitrate and 
chloride mechanisms both involving hot positronium. 
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5. Conclusions 

If hot species reactions are involved in these inhibition 
process it cannot be the same species, for instance positronium, 
for both chloride and nitrate inhibition. 

As far as the spur theory of inhibition is concerned 
the data neither disprove or confirm such a mechanism for nitrate 
inhibition. For chloride the low concentrations needed for its 
maximum effect seem to make both hot reactions and spur reactions 
improbable explanations. As indicated by the angular correlation 
and Doppler broadening data one must look for an explanation 
involving the solvated positrons and bearing in mind that the 
maximum chloride inhibition is about the same fraction as is 
affected by tue low concentration process with silver, cadmium 
and hydrogen ions. We conclude that the chloride in some way 
inhibits the formation of that part of the positronium we believe 
to be formed from solvated positrons in a diffusive process. 
The absence of a new exponential term in the spectra of the 
chloride inhibited solutions requires that the PsCl, if indeed 
formed, has a decay constant close to that of the solvated 
positron. Studies of mixtures of inhibitors seem likely to be 
helpful in identifying the inhibition mechanisms. 
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Figure captions 

Fig. 1 - Variation of I, with respect to the chloride 
concentration, at different nitrate concentrations 
(the lines, full or dotted, are calculated using 
either expression I or V). 

Fig. 2 - Variation of I, versus the NO, concentration at 
constant CI concentration (the lines are calculated 
using expression I or V). 

Fig. 3 - Variations of V I , versus C calculated using Tao's 
spur model. 
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