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S u m m a r y .  - -  Time spectra of positrons annihi lat ing in various low-Z 
compounds, mostly liquids at  room temperature,  were investigated. 
They can be consistently resolved into three components which can be 
ascribed to the ortho- and para-posi tronium decay and to the annihilat ion 
of free positrons. The lifetime of this last component  is interpreted in 
terms of Dirae's formula and i t  is shown tha t  each a tom contributes to 
the  decay rate with an amount  typical  of the a tom itself, i .e.  independent 
of the structural  propert ies  of the molecule and of the material.  Fo r  
H, Li, B, C, O, C1 the number  of effective electrons per atom is ob- 
tained.  

1 .  - I n t r o d u c t i o n .  

T h e  p i c t u r e  w h i c h  was  a c c e p t e d  up  to  a few y e a r s  ago on p o s i t r o n  

a n n i h i l a t i o n  in  t hose  s u b s t a n c e s  where  p o s i t r o n i u m  f o r m a t i o n  is a l l o w e d  is 

v e r y  s imp le .  P o s i t r o n s  w h e n  s lowed  down  m a y  f o r m  p o s i t r o n i u m  w i t h i n  a 

r a n g e  of k i n e t i c  ene rg ies  of t h e  o r d e r  of ½ I~yd,  t h e  so-ca l led  Ore gap .  Pos i -  

t r o n i u m  f o r m a t i o n  occurs  in  p a r a -  a n d  o r t h o - s t a t e s ,  p r e s u m a b l y  in  t h e  r a t i o  

of  t h e  s t a t i s t i c a l  we igh t s  1 to  3. The  p o s i t r o n  b o u n d  in  p a r a p o s i t r o n i u m  

a n n i h i l a t e s  w i t h  i t s  e l e c t r o n  w i t h  a l i f e t i m e  of 1 . 25 .10  -1° s. The  p o s i t r o n  b o u n d  

in  o r t h o p o s i t r o n i u m  a n n i h i l a t e s  p r e v a i l i n g l y  (a t  l e a s t  in  d i a m a g n e t i c  sub-  

s t a n c e s )  w i t h  an  e l e c t r o n  of t h e  s u r r o u n d i n g  molecu les ,  whose  sp in  s t a t e  rel-  

a t i v e  to  i t  is a s ing le t  (<~ p i ck -o f f  ,~ a n n i h i l a t i o n )  ; t h i s  d e c a y  w h i c h  occurs  w i th  

f r a c t i o n a l  i n t e n s i t i e s  of 10 to  30 °/o , is c h a r a c t e r i z e d  b y  l i f e t imes  r a n g i n g  f r o m  2 

to  4 ns.  The  f r a c t i o n  of p o s i t r o n s  which  h a v e  m i s s e d  t h e  Ore gap  a n n i h i l a t e s  

as  ~ f ree  ~> w i t h  l a t t i c e  e l e c t r o n s  w i t h  a l i f e t i m e  of a few 10 -1° s. 
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From these considerations,  i t  follows tha t  the tinle annihi la t ion spect rum 
mus t  contain three  components ;  the longer-l ived one, a t t r i bu ted  to the pick- 
off annihilation, has been always observed wi thout  difficulty, while the other  
two have appeared  unresolved. 

Recent  improvemen t s  in fas t - t iming techniques have  made  avai lable  fur ther  
resolution in the t ime  spectra.  In  par t icu lar  the annihi lat ion spec t rum for 

some molecular substances  was resolved into three components  (~) .  However ,  
the analysis of these components  has shown tha t  the posi t ron behavior  does 
not  agree wi th  the simple picture given above.  A discussion of this s i tuat ion 

was given by  BRANDT (3) and by  BRAlXDT and SPIRN (4). 

Our inves t igat ion s t a r t ed  with  the  a im of analysing the  s t ruc ture  of the  
annihi lat ion t ime  spec t rum in several  low-Z compounds.  We have  found 
tha t  about  one half of all th~ inves t iga ted  substances (30 compounds)  display 
a t ime spec t rum which can be consis tent ly  resolved in three components  and  
then  c~nnot b3 in te rp re ted  in the ((simple picture  )~; these mater ials ,  which 
will be referred to as t ype  B substances,  are most ly  solids at  room temper -  
ature.  The other  inves t iga ted  mater ia ls  display a t ime spec t rum which is in 
agreement  wi th  the  behaviour  expec ted  on the b~sis of the (( simple picture  )); 
they  are most ly  liquids at  room t e m p e r a t u r e  and  will be refeci'ed to as type  A 
substances.  The present  paper  is devo ted  to the A typ~ substances,  with 
p~rt icular  a t t en t ion  to the fract ion of the posi trons which annihi late  as free. 

2.  - T h e  e x p e r i m e n t .  

The measurements  of the t ime  annihi la t ion spectra  were per formed in a 
conventional  way.  The pos i t ron source ob ta ined  f rom a carrier-free solution 
of 2257aC1, was sealed be tween two ~ o p l e f a n  (polypropylene) foils (1.0 mg/cm'-'). 
Fo r  the analysis of l iquid samples the  source sandwich was held a t  the center  
of a glass t a n k  by  means  of Teflon r ings;  to complete  the assembly  a lid was 
sealed on. The f rac t ion  of posi trons annihi la t ing in Moplefan foils was esti- 
m a t e d  as described by  BElCTOLACCINI et al. (5). This fract ion,  in our case, 
does not exceed 4 %  so t ha t  the effect of this correction on the conclusions 

of the exper iment  is negligible. 

(1) I. SPIRN, W. BItANDT, G. PRESENT and A. SCHWARZSCIIILD: Bull. _tn~,. Phys. 
Soc., 9, 394 (1964). 

(2) A. W. SUNYAr~: Bull. Am.  Phys. Soc., 9, 394 (1964). 
(3) W. BRANDT: Contribution to the Proceedings o] lVayne Con/erence on Posilrott 

Annihilations, Detroit, 1965. 
(4) W. BRANDT and I. SrlRN: Phys. Rev., 142, 231 (1966). 
(s) ~ .  BERTOLACCI~I, C. BUSSOLATI and L.  ZAPPA: Phys. Rev., 139, A 696 (1965). 
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The ~(-rays were detec ted  by  means of two counters  consisting of ~ a t o n  136 
plast ic  scintillators,  11 inch in diameter ,  1 inch thick,  optical ly coupled to 
X P  1020 photomul t ip l ie r  tubes ;  180 ° de tec tor  geomet ry  was used with  an off- 
center  source displacement  m ak i ng  detect ion of bo th  the s imultaneous 511 keV 
quan t a  unlikely.  The t ime  dis t r ibut ion spec t rum of the annihi lat ion rad ia t ion  

wi th  respect  to the 1.28 v-rays  was ana lysed  b y  means  of a t ime- to-he ight  
conver te r :  pulse pile-up re jec t ion  was p rov ided  on bo th  channels. The p r o m p t  
resolut ion curve fits a Gauss ian  curve wi th  full wid th  a t  half-height  3 .5.10 -l° s; 
this curve  was ob ta ined  wi th  a 6°Co source us ing the  same energy windows 
as for 22Na. A s tabi l i ty  of abou t  3 .10 - ~  s /day was obtained.  

The analysis of the spectra l  shape was pe r fo rmed  with  a maximum-l ike l i -  
hood me thod  which was described in a previous  pape r  (e) and  will not  be 
repor ted  here. 

3. - R e s u l t s  and  d i s c u s s i o n .  

A representa t ive  t ime  spec t rum of posi t rons annihi la t ing in water ,  which 
is a t ype  A substance,  is shown in Fig. 1. Two components ,  ~1 and  32, are 
clearly identified; thei r  intensi t ies  when s ummed  do not  a t t a in  100 %. Howeve r  
if the  v2 component  is a t t r i b u t e d  to the o r thopos i t ron ium decays the spec t rum 
m u s t  conta in  the pa rapos i t ron ium component ,  whose shape is s t rongly affected 
b y  the  ins t rumenta l  resolution. Under  the assumpt ion  t ha t  the  para-  and 
or tho-s ta tes  are formed in the  rat io  of the s ta t is t ical  weights the in tens i ty  of 
the  pa rapos i t ron ium componen t  mus t  be equal  to 3 5. in all our spec t ra  this 
is jus t  the  f ract ion lacking to a t t a in  100%.  

Table  I collects the results for all the  inves t iga ted  t ype  A substances ;  
we wish to point  out  t h a t  if we take  into account  the sources of sys t emat i c  
errors the  accuracy of the  ~ and  I values is abou t  5 %. 

As far  as regards the results per ta in ing  to the long-lived components  a com- 
par ison can be made  for those samples (entries To.  4, 5, 7, 9, 10, 13) previously  
examined  by  LEE and CELI~ANS (m) who inves t iga ted  the  effect of dissolved 
gases on pos i t ronium quenching in organic liquids. The comparison is quite 
sa t i s fac tory  if one refers to the mean life measured  in a i r - sa tura ted  samples 
and  not  to tha t  in degassed ones. The effect of dissolved oxygen in quenching 
pos i t ron ium is in te rpre ted  b y  LEE and CELITANS aS a s t rong t r iplet- to-singlet  
conversion,  so tha t  our r2 values are not  represen ta t ive  of the pick-off decay 

(6) ~V[. BERTOLACCINI, A. BISI and L. ZAPPA: J~UOVO Cimeuto, 46B, 237 (1966). 
(7) j .  LEE and G. J. C~LITANS: Journ. Chem. Phys., 42, 437 (1965). 
(s) j .  ],EF. and G. J. CELITANS: Journ. Chem. Phys., 44, 2506 (1966). 
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Fig. 1. - Time spectrum of positrons annihilating in water at room tempcrature. 
For convenience only one half of the representative points are plotted. • I2= 21.5%, 

r2=l .87 .10-gs ;  o I1=70~o, rl~4.1-10-~0s; 1 ehannel=0.54.10-1°s. 

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

We wish now to turn  our a t tent ion to the ~1 component  arising, according to 

the (( simple picture ~, from free-positrons annihilation. I f  one neglects the 

contribution of tr iplet-state annihilation the decay rate of slow positrons in 
mat te r  is given by  the equation (9) 

where Cs is the fundamenta l  in teract ion 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 

(9) p. A. M. DiRAC: Proe. Cambridge Phil. Sot., 26, 361 (1930). 
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r B ~ LE I.  -- Pos i t ron  li]etimes in low-Z compounds,  v 1, ~ ,  11 and 12 indicate the mean 
lifetimes of short-lived positrons and of long-lived positrons, and their intensities 
respectively; the last column contains the v, values calculated according to cq. (2). 

Entry 
No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 

Sample 

Water 
Maleic acid 
Pyrene 
Methyl alcohol 
Ethyl  alcohol 
n-amyl alcohol 
n-octyl alcohol 
n-nonyl  alcohol 
Benzene 
Toluene 
Xylene 
Mesitylene 
Heptane 
d-tartaric acid 

Formula 

H20 
HOOCCHICHCOOH 
ClsHlo 
CHaOH 
CH~CH20H 
CH3(CH2)aCtt20H 
CHa(CH2)6CH20H 
CH3(CH2)TCH20H 
CsH6 
C6tI~CH3 
C6tt4(CH3)2 
(CHa)aC¢H3 
CH~(CH.,)sCH~ 
HOOC(CHOH)2C00H 

Lithium carbonate (*) Li2CO ~ 
Boron (*) B 
Boric acid HaBO 3 
Chloroform CHC13 

(*) The assignement to the A class is uncertain. 

I~ r~ ] 11  
% lo -9 s} % [,,(11o ° cd T1 

10 -~°s 10__1~ s 

70 4.13 3.84 
101 3.13 3.10 
101 3.26 3.37 
72 4.07 4.43 
73 4.09 4.31 
69 4.01 4.03 
68 3.94 3.95 
62 3.92 3.92 
49 4.22 4.42 
45 4.17 4.33 
44 4.44 4.22 
45 4.32 4.16 
51 4.40 4.43 
95 3.11 3.08 

55 2.54 .... 
80 2.04 
40 3.34 
95 4.39 

forces, ~v~---ne/4 where  n e is the  n u m b e r  of e lec t rons  per  cubic  c e n t i m e t e r ;  

if i n s t e a d  the  Coulomb forces are t a k e n  in to  a c c o u n t  n e is the  ((effective ,> 

n u m b e r  of e lectrons,  whose exp l ic i t  e v a l u a t i o n  is ve ry  hard .  Therefore  we 

a t t e m p t  an  empir ica l  app roach  b y  wr i t i n g  

(1) m - -  N ~ v i z ~ ,  
"7- 

where  N is Avogadro ' s  n u m b e r ,  ff is the  mass  d e n s i t y  a n d  A is the  molecu la r  

weight .  

I n  the  sum the  i n d e x  i ident i f ies  the  e l e m e n t  c o n t r i b u t i n g  w i th  v~ a toms  

to t h e  molecu le ;  zl is the  n u m b e r  of e l ec t rons  pe r  a t o m  effective for free- 

p o s i t r o n  a n n i h i l a t i o n .  Clear ly  eq. (1) con t a in s  the  a s s u m p t i o n  t h a t  each a t o m  

c o n t r i b u t e s  to the  decay r a t e  w i t h  an  a m o u n t  t y p i c a l  of the  a t o m  itself,  

i .e .  i n d e p e n d e n t  of the  s t r u c t u r a l  p roper t i e s  of the  molecule  a n d  of the  ma-  
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terial. Numerically we have 

(2) O~ ~_,~,izl S -1. 21 = 4.50" 1(, 9 ~ i 

We wish to point  out tha t  ~/A 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 vl of the first three entries of Table I, it is 

s traightforward to deduce the number  of effective electrons per atom of H, 

C and O. 
~Now if the mean life of the remaining compounds is evaluated with these 

values of z~ and with the aid of eq. (2), it results tha t  the calculated values 

agree within 5 ~o with the measured ones. A bet ter  agreement can be obtained 

by using all the experimental  values of r~ (entries 1-14) in a least-squares 

adjustement.  The obtained values of z~ are collected in Table I I ;  they were 

TABLE I[. - Number Z~ o/ electrons )er atom effective /or /ree-positrot~ a~tdhilatio~t. 

Atom z~ 

H 
Li 
B 
C 
O 
CI 

2.37 ± 0.14 
4.3 
4.8 
5.07 ~ 0.24 
5.64 ~ 0,34 

11.0 

used for the calculation of the mean lives ~1 contained in the last column of 

Table I. No fur ther  comments are necessary about  the procedure for obtaining" 

the z~ values of Li, B and C1 which are contained in the last compounds listed 

in Table I. These values are also reported in Table I I ;  however it is clear tha t  

they have not the same experimental  background  as the preceding ones. For  all 

the light elements tha t  are invest igated the number  of effective electrons per 

a tom is of the same order of magni tude  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 annihilat ing 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 thut  implicitly we assumed tha t  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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R I A S S U N T 0  

Si s t u d i a n o  gli s pe t t r i  t e m p o r a l i  delle ann ieh i l az ion i  di  posi~oni in  compos t i  d ivers i  
di  basso  n u m e r o  a tomico .  Ta l l  spe t t r i  vengono  decompos t i  in  t re  c o m p o n e n t i  a % r i b u i t e  
al  d e e a d i m e n t o  de l l 'o r to  e p a r a p o s i t r o n i o  ed  al  d e c a d i m e n t o  di pos i ton i  l iberi .  L a  v i t a  
m e d i a  di q u e s t ' u l t i m o  d e e a d i m e n t o  ~ i n t e r p r e t a t a  secondo  l~ fo rmu la  di Di rao :  r i su l t a  
che c iascun  a t o m o  p o r t a  al la  e o s t a n t e  di deead imen to  u n  con~r ibuto  t ip ico  d e l l ' a t o m o  
stesso,  i n d i p e n d e n t e  cio(~ dal le  propriet/~ s t r u t t u r a l i  del la  moleeola  e del compos to .  I1 
n u m e r o  di e l e t t r on i  pe r  ~ tomo,  effieaoi al  fine della, ann ioh i laz ione ,  ~ r i c~va to  pe r  
i s eguen t i  e l emen t i :  H.  Li,  B,  C, 0 ,  C1. 

~beICTHBHaH 3.rlelcTpOHllatt HJ/OTHOCTb 

~YD! aHHHI'HYDII|HH CBO60~HOFO HO3HTpOHa B coe~i4lHeHmlX C MaJIblM Z. 

Pe3IoMe (*). - -  Hccne~oBa~iacb BpeMertHbIe cneKTpb! a n a a r a n a U n n  II03HTpOHOB B 
pa3J1HqHblX coe//HHeHIIflX C Ma3IbIM Z, KOTOpbIe, B OCHOBI-IOM, Npe~CTaB.rIIOT ~KH~KOCTH 
~prt KOMrtaTHb~X TeMriepaTypax. Cne~Tp~,t MOryT 6~,IT~, noc~e~oBare~br to  pa3~o~ertI ,  i 
a a  r p n  KOMHOHeHTbI, KoTopme MOgnO rtprmncaTb K pacna~aM o p r o -  rt napa-rto3nTpOHnfl 
a r aHHHrnnsUHH CBO60~HOrO nO3HTpOHa. PaccMaTprIaaeTc~t apeM~t ~KH3Hn 3TOR rto- 
cste~rte~ KOMnOIieHZbI B TepMh'Hax ~opMynbt  ]IrtpaKa, u noKaabmaeTc~t, aTO ~¢a>x~,~ 
aTOM ~aeT B/tfla/I B HHTeHCHBHOCTb pacna~a  nporIopUHOHaabHbIX ~ c a y  ~aHnblX aTOMOB, 
T.e. ~te3aBriCnMO OT cTpyrTypHbIX CBO~CTB MOaerynbI n MaTeprlana. Onpe)~easeTc~ 
qticYlo 3qbqbeKTI, IBlthlX 3IIeKTpOHOB Ha o~t4rt aTOM ~.q~I H, Li ,  B,  C, O, CI. 

(') Ilepesec)eno peOaKqueft. 


