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Summary. - -  A complex decay was found for positrons annihilat ing in 
Cu, Ag, Au and T1 chlorides, bromides and iodides. The t ime spectra 
are characterized by  two components,  with lifetimes about  2-10 -1° s and 
4.10 -1° s. Their relative intensities, when summed, become nearly equal 
to 100% of the to ta l  number  of colmts, thus proving tha t  none of these 
components can arise from the formation and decay of a posi tronium 
atom in ortho- and para-states.  

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

M u c h  e x p e r i m e n t a l  w o r k  h a s  b e e n  r e c e n t l y  done  on  t h e  a n n i h i l a t i o n  of 

p o s i t r o n s  in  a l k a l i  h a l l d e s .  M e a s u r e m e n t s  h a v e  b e e n  p e r f o r m e d  on  a n g u l a r  

c o r r e l a t i o n  (1.~), t i m e  a n n i h i l a t i o n  s p e c t r a  (a,4), a n d  t h r e e  q u a n t u m  y i e l d  b y  

m e a n s  of a t r i p l e  c o i n c i d e n c e  m e t h o d  (5). 

The t i m e  s p e c t r a  a n a l y s i s  s h o w e d  t h a t  c o m p e t i t i v e  p roces se s  m u s t  c o n t r i -  

b u t e ,  w i t h  c o m p a r a b l e  p r o b a b i l i t y ,  to  t h e  a n n i h i l a t i o n  in  a l k a l i  h a l i d e s .  I n  

f a c t  t h e  t i m e  s p e c t r a  can  b e  r e s o l v e d  i n t o  t w o  c o m p o n e n t s ;  t h e  m e a n  l i fe  of t h e  

s h o r t - l i v e d  c o m p o n e n t  is  ~1 ~--2"10-~° s, w h i l e  t h a t  of t h e  l o n g - l i v e d  one  l ies  

in  t h e  r a n g e  f r o m  4 to  7 . 1 0  -1° s. 

(1) A. T. STEWART and M. K. Poe]~: Phys. •ev., 120, 2033 (1960). 
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(5) A. BIsI, C. BUSSOLATI, S. COVA and L. ZAPPA: Phys..Bey., 14i, 348 (1966). 
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This resul t  and  those  ar is ing f rom exper imen t s  on magne t i c  quenching and  

three  q u a n t u m  decay were i n t e rp re t ed  assuming  t h a t  a bound  sys tem,  different 
f rom the free pos i t rou ium a tom,  e~n be fo rmed  and  survive.  

Theore t ica l  considerat ions  now ava i lab le  can  be s u m m a r i z e d  as follows. 
lgEA~TA~ and  VER~AL (6) showed t h a t  in a L i H  crysta l ,  an  e lect ron can be 
c~p tured  b y  a pos i t ron  fo rming  a d is tor ted  pos i t ron ium a t o m :  these au thors  
suggested t h a t  a s imilar  event  m a y  occur also in alkal i  halides.  Bound  s ta tes  
of a pos i t ron  w i t h  a nega t ive  ion, or a po la ron  s ta te  were p roposed  and  invest i -  
ga t ed  b y  Goz'~)A~SKiI et al. (7.s). More recen t ly  Bt~ANI~T proposed  a model  in 
which a pos i t ron  becomes bound  to a cat ion v~c~nee ("). 

i n  spi te  of all these  expe r imen ta l  and  theore t ica l  works,  the  behav iou r  of 
pos i t rons  in ionic crys ta ls  before  annih i la t ion  is still scarcely unders tood .  

I n  this p a p e r  we repor t  the  resul ts  of t ime  spec t ra  analysis  of pos i t rons  anni- 
h i la t ing  in h e a v y  meta ls  (Cu, Ag, Au and T1) monohal ides .  These compounds  
are s imilar  to a lkal i  halides,  b u t  the i r  chemical  bond  is not  so h ighly  ionic. 
The a im of our search was to ascer ta in  whe the r  the  t ime  spec t rum has  a complex  
s t ruc tu re  and  whe the r  this  s t ruc tu re  displays  a behav iou r  which can be  con- 
nec ted  wi th  the  ionic cha rac t e r  of the  chemical  bond.  We  wish to po in t  out  
t h a t  the  chemical  b e h a v i o u r  of the  four  quoted  m e t a l s  is v e r y  s imilar ;  the i r  
monohal ides  are m o d e r a t e l y  ionic, the  cova len t  cha rac te r  increas ing when  
the  difference in e lec t ronega t iv i ty  be tween  halogen and  m e t a l  decreases.  

2. - E x p e r i m e n t a l  procedure .  

We used 22~a as a pos i t ron  emi t t e r ;  a h igh-speci f ic-ac t iv i ty  drople t  of 
2 ~ a C t  solut ion was dried on a th in  si lver or d e l t a m a x  foil (1.5 m g / c m  ~) and  
then  covered wi th  an  ident ica l  foil. Silver or d e l t a m a x  were chosen because  
they  resist  r easonab ly  well to the  chemical  corrosion caused b y  the  inves t iga ted  
substances .  The  Source was then  sandwiched  be tween  the  specimens under  
inves t igat ion.  The Specimens were  mul t ic rys tMline  ana ly t i ca l  r eagen t  g rade  
Chemicals (supplied b y  the  B I ) H  L a b o r a t o r y  Chemicals Division,  !)oole, 
Eng land) ;  thei r  th ickness  was sufficient to s top ~11 posi t rons ,  Pa r t i cu l a r  care 
was t a k e n  to avoid  photol i t ic  da rken ing  of pho tosens i t ive  compounds ,  and  
to p r even t  thei r  oxida t ion  or hydra t ion .  The  man ipu l a t i on  of powders  hns 
been carr ied out  in darkness,  and,  when  necessary,  in a glove d ry  box,  in which 

(8) S. M. NEA~t~AN and R. I. VEI~I~AL: Phys. Rev., 134, A 1254 (1964). 
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transl.: Soy. Phys. Solid State, 6, 2641 (1965)). 
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a h igh-pur i ty  a rgon  flow was main tMued .  The  sandwich source-specimen was 
then  hermet ica l ly  sealed in a b lack  luci te  container .  N o t w i t h s t a n d i n g  these 
precaut ions  the  s t rong r eac t iv i ty  of the  gold hal ides caused the  a l te ra t ion  of 
AuBr  and  AuC1 samples,  so t h a t  we l imi ted  ourselves to the  inves t iga t ion  of AuI .  

The t ime  spec t ra  were ob ta ined  measur ing  the  delays be tween  the  p r o m p t  
1.28 MeV y- rays  accompany ing  the  ~+ decay  of 2~Na and one of the  annih i la t ion  
quanta .  The y- rays  were  de tec ted  b y  N a t o n  136 p las t ic  scint i l la tors  (1½ in. 
d iam ~< 1 in. thick) coupled wi th  X P  1021 pho tomul t ip ! i e r s :  the  delays be tween  
the  su i tab ly  shaped pho tomul t ip l i e r  pulses were  measured  and  classified b y  
a t ime to pulse height  conver ter  coupled to a 512-channel pulse-height  analyser .  
Ene rgy  selection and  pulse pi le-up re ject ion circuits were p rov ided  in bo th  
channels.  

The over-al l  resolut ion curve of the  appara tus ,  measured  b y  a ~°C0 source, 
was f i t ted b y  a Gaussian curve  wi th  F W H M  3.5-10 -1° s .  

To analyse  complex spec t ra  we employed  a max imum- l ike l ihood  method ,  in 
which al lowance was made  for finite t ime  resolution,  b a c k g r o u n d  and  finite 
width  of pulse height  ana lyser  channels.  

The  same m e t h o d  was recent ly  adop ted  b y  BEI~TOLACCINI et aL ; fu r ther  
details are given in thei r  pape r  (10). 

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

All the  examined  hal ides d isplay  t ime  spec t ra  hav ing  a complex s t ructure ,  
which can be resolved into  three  components .  

As usual,  we classify these components  according to thei r  mean  lives T; 
the  first componen t  is character ized b y  a m e a n  llfe T1 of abou t  2-10 -1° s; the  
second by  a mean  life v2 of abou t  4.10-1° s and  the  th i rd  b y  a m e a n  life 33 
ranging  f rom 16 to 32.10 -1° s .  

Mean lives and  re la t ive  intensi t ies 11, 12, 13 of the  three  components  are 
repor ted  in Table  I .  We have  quoted  errors g rea te r  t h a n  the  s t anda rd  errors 
on the  mean  of several  measu remen t s ;  in fact ,  sys temat ic  errors could prevai l  
in some of o u r  measurements .  They  arise ma in ly  f rom the  accuracy  achievable  
in ca l ibra t ing the  t ime-de lay  scale and  f rom the approx imat ions  made  in analys- 
ing the  spectra .  

The in tens i ty  I3 is ve ry  low, of the  order of 1 ~o or tess, so t h a t  in m a n y  cases 
i t  is ha rd ly  dis t inguishable  f rom the background .  We are not  able to m a k e  any  
comment s  on this componen t  whose origin could be  a t t r i b u t e d  to impur i t ies  
conta ined in the  specimen under  invest igat ion.  We wish to recall  t h a t  a ve ry  
fa int  componen t  has been found also in some alkali  halides (4). 

(10) M. BERTOLACCINI, A. BISI and L. ZAPPA: NUOVO Cimento, 46 B, 237 (1966). 
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TABLE I. -- L i /e t imes  of posi trons in  Cu, Ag, Au and T1 halides,  h, v~, r a indica te  the 
mean lives; 11, I~, I z indicate the relative intensities. 

Halide 31.10 t° s /1 (%) v2" 101° s I ,  (%) ~3" 101° s /3 (%) 

CuC1 
AgC1 
T1C1 
CuBr 
AgBr 
T1Br 
CuI 
AgI 
AuI 
TII 

1.81 ~ 0.09 
1.81 4- 0.09 
1.97 =~ 0.10 
1.73 ± 0.09 
1.82 4- 0.09 
2.21 ± 0.11 
1.83 4- 0.09 
1.66 ~= 0.08 
2.19 4- 0.25 
2.25 4- 0.10 

40:E 3.0 
53 4- 6.5 
64:1:6.5 
30 4- 5.0 
34 4- 6.0 
5 1 ±  5.0 
30 4- 3.0 
32 -4- 6.0 
27 4- 6.0 
41 q- 5.0 

3.33 4- 0.15 
3.86 4- O. 15 
3 .67±0.15  
3.81 4- 0.15 
3.47 4- 0.15 
3.65 ~= 0.15 
3.79 ± 0.15 
3.70 =~ 0.15 
3.86 4- 0.20 
3.76 ~= 0.15 

" 57 :[: 2.5 
46 4- 2.0 
38 :E 3.5 
62 ± 3.5 
60 4- 4.0 
43 :t: 4.0 
68 -4- 3.5 
714-2.0 
76 4- 5.0 
50 4- 3.5 

24.2 ± 1.5 
18.0 4- 1.7 
22.8 -I- 2.6 
18.9 4- 2.5 
18.9 4- 3.0 
32.0 4- 5.0 
20.8 4- 4.0 
32.9 ± 4.O 
22.5 4- 1.0 
23.6 ± 4.5 

0.3 4- 0.1 
1.34- 0.1 
0 . 3 ±  0.1 
0.7 4- 0.2 
1.5 4- 0.4 
0.2 + 0.1 
0.5 4- 0 .1  
0.54- 0.1 
1.0 ± 0.2 
0.24- 0.1 

A typ i ca l  t i m e  spec t rum,  f rom which  the  long- l ived  ta i l  has  been  s u b t r a c t e d ,  

is shown i n  Fig .  1. As can  be eas i ly  seen, the  s p e c t r u m  can  be  reso lved  in  two 

c o m p o n e n t s  of comparab l e  i n t e n s i t y ;  t he i r  va lues ,  w h e n  s u m m e d ,  a t t a i n ,  w i t h i n  

the  e x p e r i m e n t a l  errors,  1 0 0 %  of the  t o t a l  n u m b e r  of counts .  Therefore ,  i t  

appea r s  t h a t  on ly  t w o  c o m p e t i t i v e  

105 

10" 

103 

10 l L 

6O 

t - O  

~ ' -io \r2=3.65x10 s 
% . 
\ k, ,.,. 

' \ 
~ o 

~=2.21x10- s ~, "k~ 

70 8'0 9'0 
channel number  

100 

processes are responsible for  the  fate  
of the positron. 

F ro m the da ta  repor ted  in Ta- 
ble I,  i t  is apparen t  t h a t  the lifetime 
73 is pract ical ly  the  same for all 
halides, within the  limits of exper- 
imentaI  errors, while the  shorter  
l ifetime 71 displays slight var ia t ions 
f rom one substance to another .  An 
a t t e m p t  to  correlate 71 w i t h  the  
simplest propert ies  of the halides 
shows t h a t  this l ifetime slightly de- 
creases with increasing molecular 
density.  This is seenin  Fig. 2, where 
the  decay ra te  ~1 together  with the 
decay ra te  ~ ,  is p lo t ted  as a func:  
t ion of the molecular densi ty n. 

Fig. 1. - Time spectrum of positrons anni- 
hilating in T1Br (the weak long-lived tail 
was subtracted). 1 channel= 1.056- 10-1%. 
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However  it  must  be kept  in mind  tha t  the accuracy of the :: measurements  
is poor,  owing to the fact  t ha t  the shape of the spect rum is appreciably influenced 
by  the finite instrumental  resolution 

predominates.in the region where this component  BoIF ~ 
A sha~oper correlat ion can be ob- ~ . . ~ ~  

served between the intensites I~ 6o[-j . a )  
a n d I 2  and the e lect ronegat ivi ty  of , , , , , ~ , , , , , 7 -> -  
the  halogen. Using Pauling's  values 
for electronegativities,  we obtain for s0 
each cation the  graphs shown in 
Fig. 3. 

A more comprehensive pic ture  ~_ G0 
can be obta ined by  correlat ing I~ ~ 

/ 

3 - - - I -  7 - -  

i 2 .o 21o 
h 

Fig.  2. - Decay  rates  ~:: l /h  and 
~ =  1/~  (units:  109s -~) p lo t ted  against  
molecular  d e n s i t y  (units:  102~ cm -3) : 

copper  hal ides;  o silver ha]ides; • gold 
hal ides;  • tha l l ium halides. 
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x, 

Fig.  3. - In tens i ty  of the  second compo- 
nen t  I s in Ca, Ag, and T1 halides, as a 
funct ion  of Paul ing ' s  c lec t roncga t iv i ty  of 
the  halogen:  a) copper  hal ides;  b) s i lver  

hal ides;  e) tha l l ium halides. 

with  the  f ract ion of ionic character  ~ of the compound.  The resul t  is shown 
in 17ig. 4. The s values were calculated according the  following equat ion:  

- 0.:6 ( x . - - x~ )  + 0.035 (x.--x,~)  ~ 

given by  H A ~ Y  et al. (::), where 

x .  is the electronegat ivi ty  of the halogen, 

x~ is the electroneg~tivi ty of the metal.  

(::) N. B. HA~NA¥ and C. P. S~a¥~t{: Journ. Amer. Chem. See., 68, 171 (1946). 
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We used the x values given b y  SA~DE~SO~ (12), calculated f rom the s tabi l i ty  
ratios.  All the  points  per ta in ing  to Cu, Ag and Au halides can be f i t ted b y  a 
s t ra ight  line, while the  I~ values of T1 hMides give points  (not shown in the  ~igure)  

which fall well under  the  s t ra igh t  
90 

7O 

5O 

30 OE.IO 0120 0'.30 0'.40 

Fig. 4. - Intensity of the second component 
I S in Cu, Ag and Au halides as a function 
of the ionic character e: A copper hMides; 

o silver halides; . gold halides. 

line. T h i s  is not  surpris ing because  
the  electronic s t ruc ture  of the  outer  
shell of the  tha l l ium posi t ive  ion is 
different f rom t h a t  of copper,  silver 
and  gold ions: Cu +, Ag + and  Au + 
have  eighteen electrons, T1 + has  two 
more  electrons (a chemically iner t  
s-electron pair).  

On the ground of the  above  re- 
sults, we wish to discuss briefly the  
process which could be responsible 
for pos i t ron annihi la t ion in our 
compounds.  

Any  in te rp re ta t ion  has to t ake  into account  t h a t  the  sum of the  intensi t ies 
of the  two components  gives 1 0 0 % .  This fac t  rules out  the  convent ional  inter-  
p re ta t ion  of posi t ron annihi la t ion in nonmetal l ic  mater ia ls ,  i.e. t h a t  pos i t ron ium 
format ion  in ortho- and  para -s ta tes  and  its decay act  as the only compet i t ive  
process to the free posi t ron annihilat ion.  I t  is the  first t ime t h a t  posi t rons were 
observed to behave  in such a way,  so t h a t  we are forced to make  a working hy-  
pothesis.  We  a t t r i bu te  the rl  componen t  to the  annihi la t ion  of posi t rons when 
free and  the  r2 component  to the  fo rmat ion  and  decay of a pos i t ron bound  
sys t em quite different  f rom the free pos i t ron ium a tom.  The following two at :  
gument s  agree wi th  our model :  a) the  mean  life rl  appears  to decrease wi th  
increasing molecular  densi ty  of the  m ed i um;  b) the  Is  in tens i ty  decreases wi th  
increasing e lee t ronegat iv i ty  of the  halogen;  this can be accounted for as follows: 
A strong difference in e lec t ronegat iv i ty  be tween const i tuents  of a d ia tomic  crys- 
ta l  indicates t h a t  the  anion has a compac t  s t ruc tu re ;  in this case, i t  is l ikely 
t h a t  the  pos i t ron  in teracts  wi th  i t  as a whole. I f  the  electron a t t r ac t ion  exer ted  
b y  the  cat ioh increases, the  stiffness of the  spherical  s t ruc ture  of the  anion is 
per turbed .  An incoming posi t ron has therefore  a grea ter  p robab i l i ty  to en- 
counter  electrons far  f rom the ion center  and  to cap ture  them,  forming  a 
bound system, more  or less d is tor ted  b y  the  neares t  ion. I f  such ~ sys tem is 
responsible for the  longer-l ived componen t  T~, then  the  sense of the  in tens i ty  
va r ia t ion  agrees wi th  the  observed one. 

(12) T. A. SANDERSON: Chemical Periodicity (New York, 1960), p. 34. 
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R I A S S U N T O  

L 'ann ieh i laz ione  di pos i toni  in  cloruri,  b romur i  e iodur i  di Cu, Ag, Art, e T1 r isul ta  
comp]essa.  Gli spe t t r i  t empora l i  sono cara~terizzat i  d~t due c o m p o n e n t i  COll r i t e  medie  
da circa 2-10 -1° s a 4-10 -1° s. La  somma delle in tens i t~  re la t ive  di queste  due eompo-  
henr i  cost i tuisce il 100% del numero  to ta le  dei conteggi :  cib p r o v a  che nessuna  di esse 
pub essere or iginata  da]la formazione  e suceeSsivo deead imen to  di un  a tomo di posi- 
tonio  negli s ta t i  or to e pa rm 

AHHIIFH.~t~IHH~ HO3HTpOHOB B Fa~OH~aX Me~H, cepe6pa, 30~OTa H Ta~Jltm. 

Pe3mMe (*). - -  Bt,m o6rIapyzcerI cnox~rIbL~ pacrIaa nprI atrartranntm~ nO3HTpOHOB B 
x.aoprI)mX, 6 p o M ~ a x ,  'no~n,~ax Cu, Ag, Au  rI T1. BpeMern~Ie cneKTpbi xapaKxep~t3y~Tca 
RrByMa I¢OMnOHeHTaMH, C BpeMeHaMH gCn3H~ O~:OnO 2" 10-~°ceI¢ a 4-10 -a° ceK. I/Ix OXHOCn- 
xeo/bHble HHTeHCHBHOCTH, nocne  cnoxerm.a, ,~aloT pe3yOIbXaT, IIPH6nrl3HTeYlbHO paBHBL~ 
100~o OT o 6 m e ro  q.Hcna H3MepeHHfi, crte~OBaTeytsao, 3TO ~oKa3bmaeT, ~TO :~TH rtOMnO- 
HeHT~I He MOFyT BO3HHKHyTB OT o6pa3oBaHmq H pacna~a  IIO3HTpOHH~I B OpTO- H Ilapa- 
COCTOHHI+IHX. 

(*) IIepeeec)eno pec)ax, tlue~. 


