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Summary. — Time spectra of positrons annihilating in various low-Z
compounds, mostly liquids at room temperature, were investigated.
They can be consistently resolved into three components which can be
aseribed to the ortho- and para-positronium decay and to the annihilation
of free positrons. The lifetime of this last component is interpreted in
terms of Dirac’s formula and it is shown that each atom contributes to
the decay rate with an amount typical of the atom itself, i.e. independent
of the structural properties of the molecule and of the material. For
H,Li, B, C, 0,Cl the number of effective electrons per atom is ob-
tained.

1. — Introduction.

The picture which was accepted up to a few years ago on positron
annihilation in those substances where positronium formation is allowed is
very simple. Positrons when slowed down may form positronium within a
range of kinetic energies of the order of { Ryd, the so-called Ore gap. Posi-
tronium formation occurs in para- and ortho-states, presumably in the ratio
of the statistical weights 1 to 3. The positron bound in parapositronium
annihilates with its electron with a lifetime of 1.25-10-'°g. The positron bound
in orthopositronium annihilates prevailingly (at least in diamagnetic sub-
stances) with an electron of the surrounding molecules, whose spin state rel-
ative to it is a singlet (« pick-off » annihilation); this decay which occurs with
fractional intensities of 10 to 30Y%, is characterized by lifetimes ranging from 2
to 4 ns. The fraction of positrons which have missed the Ore gap annihilates
a8 «free » with lattice electrons with a lifetime of a few 10-1s.
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From these considerations, it follows that the time annihilation spectrum
must contain three components; the longer-lived one, attributed to the pick-
off annihilation, has been always observed without difficulty, while the other
two have appeared unresolved.

Recent improvements in fast-timing techniques have made available further
resolution in the time spectra. In particular the annihilation spectrum for
some molecular substances was resolved into three components (*2). However,
the analysis of these components has shown that the positron behavior does
not agree with the simple picture given above. A discussion of this situation
was given by BRANDT (}) and by BRANDT and SPIRN (4).

Our investigation started with the aim of analysing the structure of the
annihilation time spectrum in several low-Z compounds. We have found
that about one half of all the investigated substances (30 compounds) display
a time spectrum which can be consistently resolved in three components and
then cannot be interprefed in the «simple picture »; these materials, which
will be referred to as type B substances, are mostly solids at room temper-
ature. The other investigated materials display a time spectrum which is in
agreement with the behaviour expected on the basis of the «simple picture »;
they are mostly liquids at room temperature and will be referred to as type 4
substances. The present paper is devofed to the A type substances, with
particular attention to the fraction of the positrons which annihilate as free.

2. — The experiment.

The measurements of the time annihilation spectra were performed in a
conventional way. The positron source obtained from a carrier-free solution
of 22NaCl, was sealed between two Moplefan (polypropylene) foils (1.0 mg/em?),
For the analysis of liguid samples the source sandwich was held at the center
of a glass tank by means of Teflon rings; to complete the assembly a lid was
sealed on. The fraction of positrons annihilating in Moplefan foils was esti-
mated as described by BERTOLACCINI et al. (°). This fraction, in our case,
does not exceed 49, so that the effect of this correction on the conclusions
of the experiment is negligible.

(1) I. Spirn, W. Branpt, G. PRESENT and A. ScuwarzscuiLD: Bull. Lm. Phys.
Soc., 9, 394 (1964).

(3) A. W. Sunvar: Bull. Am. Phys. Soc., 9, 394 (1964).

(3) W. Branpt: Coniribuiion to the Proceedings of Wayne Conjerence on Positron
Annihilations, Detroit, 1965.

() W. Braxpt and I. SPIRN: Phys. Rev., 142, 231 (1966).

(3) M. Berroraccini, C. Bussorart and L. Zarpa: Phys. Rev., 139, A 696 (1965).
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The y-rays were detected by means of two counters consisting of Naton 136
plastic seintillators, 14 inch in diameter, 1 inch thick, optically coupled to
XP 1020 photomultiplier tubes; 180° detector geometry was used with an off-
center source displacement making detection of both the simultaneous 511 keV
quanta unlikely. The time distribution spectrum of the annihilation radiation
with respect to the 1.28 vy-rays was analysed by means of a time-to-height
converter: pulse pile-up rejection was provided on both channels. The prompt
resolution curve fits a Gaussian eurve with full width at half-height 3.5-10-1s;
this curve was obtained with a ¢Co source using the same energy windows
as for 22Na. A stability of about 3-10-!'! s/day was obtained.

The analysis of the spectral shape was performed with a maximum-likeli-
hood method which was described in a previous paper (!)) and will not be
reported here.

3. — Results and discussion.

A representative time spectrum of positrons annihilating in water, which
is a type A substance, is shown in Fig. 1. Two components, 7, and 7,, are
clearly identified; their intensities when summed do not attain 1009,. However
if the 1, component is attributed to the orthopositronium decay, the spectrum
must eontain the parapositronium component, whose shape is strongly affected
by the instrumental resolution. Under the assumption that the para- and
ortho-states are formed in the ratio of the statistical weights the intensity of
the parapositronium component must be equal to 3I,: in all our spectra this
is just the fraction lacking to attain 1009%,.

Table I collects the results for all the investigated type A substances;
we wish to point out that if we take into account the sources of systematic
errors the accuracy of the = and I values is about 5 9,.

As far as regards the results pertaining to the long-lived components a com-
parison can be made for those samples (entries No. 4, 5, 7, 9, 10, 13) previously
examined by LEE and CELITANS ("*) who investigated the effect of dissolved
gases on positronium quenching in organie liquids. The comparison is quite
satisfactory if one refers to the mean life measured in air-saturated samples
and not to that in degassed ones. The effect of dissolved oxygen in quenching
positronium is interpreted by LEE and CELITANS as a strong triplet-to-singlet
conversion, so that our 7, values are not representative of the pick-off decay

6 BerTOLACCINI, A, Bisi and L. ZapPPa: Nuovo Cimento, 46 B, 237 (1966).

{¢) M.
() J. LEE and G. J. CeriTans: Journ. Chem. Phys., 42, 437 (1965).
() J. Lk and G. J. CerLirans: Journ. Chem. Phys., 44, 2506 (1966).
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Fig. 1. ~ Time spectrum of positrons annihilating in water at room temperature.
For convenience only one half of the representative points are plotted. e I,= 21.59,
T,=1.87:10~%8; o I;,="70%, 7,=4.1-10-g; 1 channel = 0.54-10-195.

only. However, the very small concentration of air under normal conditions
is not able to affect the decay of positrons as free.

We wish now to turn our attention to the v, component arising, according to
the « simple picture », from free-positrons annihilation. If one neglects the
contribution of triplet-state annihilation the decay rate of slow positrons in
matter is given by the equation (®)

ll = Oswi
where C, is the fundamental interaction rate in the singlet state and ¢° is

the density at the average position of the positron of the electrons with anti-
parallel spin direction. As is well known, if one neglects the effect of Coulomb

(®) P. A. M. Dirac: Proc. Cambridge Phil. Soc., 26, 361 (1930).
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TABLE 1. — Positron lifetimes in low-Z compounds. 7,, v,, I, and I, indicate the mean
lifetimes of short-lived positrons and of long-lived positrons, and their intensitios
respectively; the last column contains the 7, values calculated according to eq. (2).

|

| Prodict

Egtr”\' Sample Formula gz 1?9 ({1 le iszld]rclt

No. o |10-° sl % |10~ s! 10-19

|
1 | Water H,0 21,5 |1.87| 70 4.13 | 3.84
2 | Maleic acid HOOCCH :CHCOOH — — 11011313, 3.10
3 | Pyrenc CsHyp — | — | 101 3.26 | 3.37
4 | Methyl aleohol CH,0H 20.5 | 275 | 72 4.07 , 4.43
5 | Ethyl alcohol CH,CH,0H 20.6 | 2.86 | 73| 4.09 | 4.31
6 | n-amyl alcohol CH,(CH,);CH,0H 21.4 | 2.82| 69| 4.01 | 4.03
7 | n-octyl alcohol CH,(CH,)CH,0H 21.9 | 2.87| 68| 3.94 | 3.95
8 | n-nonyl alcohol CH,(CH,),CH,0H 24.8 | 3.20| 62 3.92 | 3.92
9 | Benzene i CeHy 36.5 | 2.564 | 49| 4.22 | 4.42
10 | Toluene . CeH,CH, 40.1 | 2.55 | 45| 4.17 | 4.33
11 | Xylene | CH,(CH,), 40.5 | 2.56 | 44 | 4.44 | 4.22
12 | Mesitylene | (CH,);CeH, 37.9 | 264 | 45| 432 | 4.16
13 | Heptane CH,(CH,),CH, 35.5 | 2.39| 51| 440 | 443
14 | d-tartaric acid HOOC(CHOH),COOH | — — 95 | 3.11 | 3.08
15 | Lithium carbonate (*) | Li,CO, 314|047 | 55| 2.54 o
16 | Boron (*) B 14.0 | 0.48| 80| 2.04 —
17 | Boric acid H,BO, 43.3| 0.83| 40| 3.34 —
18 | Chloroform CHCl, 3.0 220 95| 4.39 —
(") The assignement to the 4 class is nneertain,

forces, w’=n,/4 where n, is the number of electrons per cubic centimeter;
if instead the Coulomb forces are taken into account =, is the «effective »
number of electrons, whose explicit evaluation is very hard. Therefore we
attempt an empirical approach by Writing

(1) N, ==

b |

N>z,
i

where N is Avogadro’s number, p is the mass density and A4 is the molecular
weight.

In the sum the index ¢ identifies the element contributing with », atoms
to the molecule; z, is the number of electrons per atom effective for free-
positron annihilation. Clearly eq. (1) contains the assumption that each atom
contributes to the decay rate with an amount typical of the atom itself,
i.e. independent of the structural properties of the molecule and of the ma-



EFFECTIVE ELECTRON DENSITY ETC. 261
terial. Numerically we have

(2) b= 4.50-10°2 Syz, 50

We wish to point out that ¢/4 values in the investigated substances are dif-
ferent by as much as a factor of about 10. In order to test our assumption
we first consider those compounds containing only H, C and O; from the
measured values of the mean life 7, of the first three entries of Table I, it is
straightforward to deduce the number of effective electrons per atom of H,
¢ and O.

Now if the mean life of the remaining compounds is evaluated with these
values of 2z, and with the aid of eq. (2), it results that the caleulated values
agree within 59, with the measured ones. A better agreement can be obtained
by using all the experimental values of 7, (entries 1-14) in a least-squares
adjustement. The obtained values of 2; are collected in Table 1I; they were

TapLe II. - Number Z; of electrons per alom effective for free-positron annthilation.
Atom 2
H 2.374 0.14
Li 4.3
B 4.8
C 5.07 4+ 0.24
4] 5.64 4+ 0.34
Cl 11.0

used for the calculation of the mean lives 7, contained in the last column of
Table I. No further comments are necessary about the procedure for obtaining
the 2, values of Li, B and Cl which are contained in the last compounds listed
in Table I. These values are also reported in Table II; however it is clear that
they have not the same experimental background as the preceding ones. For all
the light elements that are investigated the number of effective electrons per
atom is of the same order of magnitude as the atomic number and increases
as this increases; this fact appears reasonable in view of the essential role
played by the valence electrons in annihilating with positrons.

Our empirical approach appears then to be successfully tested, however
the extension of its implications should be taken with some caution owing to
the fact that implicitly we assumed that the positrons move freely through
the medium. This may be a good picture for those compounds which display
a covalent bond as those investigated here, but may not apply to other ma-
terials characterized by different chemical bond.
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RIASSUNTO

Si studiano gli spettri temporali delle annichilazioni di positoni in composti diversi
di basso numero atomico. Tali spettri vengono decomposti in tre componenti attribuite
al decadimento dell’orto e parapositronio ed al decadimento di positoni liberi. La vita
media di quest’ultimo decadimento & interpretata secondo la formula di Dirae: risulta
che ciascun atomo porta alla costante di decadimento un contributo tipico dell’atomo
stesso, indipendente cio¢ dalle proprietd strutturali della molecola e del composto, 11
numero di elettroni per atomo, efficaci al fine della annichilazione, & ricavato per

i seguenti elementi: H,Li, B, C, O.CL

DddexTHBHAR IJIEKTPOHHAH NJIOTHOCTH
IUIS AHHUTH/ISIMH CBOGO/IHOTO MO3MTPOHA B COEQMHEHHAX € MAJbIM Z.

Pesiome (*). — MHccnenoBanuch BPEMEHHBIC CHNEKTPbl AHHUTUWIALMH IO3WTPOHOB B
pPa3NIMYHBIX COCAMHEHHMAX C MAaJIbIM Z, KOTOpPBIE, B OCHOBHOM, IPEACTABIIOT XHUIAKOCTH
Opd KOMHATHBIX Temmeparypax. ChnexkTphl MOTYT ObITh TOCIEHOBATEIBHO DPAa3JIOKCHEI
Ha TpH KOMIIOHEHTHI, KOTOPhIE MOXHO NMPUNKCATh K pacnagaM OpTo- K Mapa-mo3uTPOHUS
¥ K aQHHUITHJIAOUA CBOGOTHOrO IMO3UTPOHA. PaccMarpuBaeTcA BpeMs JKH3HM O3TOM IO-
ClleAHEHl KOMIIOHEHTHEI B TepMuHAX ¢opMyisl Jupaka, ¥ NOKa3bIBAETCH, 4YTO KaXIbIi
aTOM AaeT BKJIAA B MHTEHCHMBHOCTHb Pacraja NPOMOPUMOHANILHEIX YMCIY OaHHBIX aTOMOB,
T.6. HE3aBUCHMO OT CTPYKTYPHBIX CBOWCTB MOJEKY/lbl M MaTepuana. Omnpeaensercs
yicia0 3¢ deKTHBHLIX INEKTPOHOB HA oJauH atoMm mins H, Li, B, C, O, CI.

() Mepesedeno pedaxyueii,



