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The general formula f o r  c o l l i n e a r  angular c o r r e l a t i o n  o f  y- rays, which 

o r i g i n a t e  from pos i t ron  ann ih i l a t i on ,  i s  derived,and i t s  a p p l i c a b i l i t y  

i n  analyzing F-centers, i n  magnet ical ly  quenched i o n i c  c r ys ta l s ,  i s  

dernons t ra  ted . 

Deriva-se a  expressão geral  para a  correlação angular, c01 inear, de 

ra ios  gama, que da aniqui lação de posi t rons se originam. Mostra-se , 
outrossim, sua apl i cab i  l idade 5 anã1 ise,  de centros-F, em c r i s t a i s  i Ô -  

n  icos magneticamente "enfraqueci dos". 

1. INTRODUCTION 

The pos i t rons  have long been used as probes i n  studying the e l e c t r o n i c  

s t ruc tu re  o f  sol i d s l Y 2 .  As the pos i t ron  comes o f f  the source (usual l y  

ones uses ~ a * *  as the source) , then, because o f  i t s  h igh  energy, i t  

reaches the  i n t e r i o r  o f  the sample, whose e l e c t r o n i c  s t a t e  i s  being 

studied.  Furthermore, due t o  the s t rong coupl ing o f  the charge p a r t i -  

c l e  w i t h  the o p t i c a l  band phonons, espec ia l l y  i n  the case o f  i o n i c  

c r ys ta l s ,  the pos i t ron  i s  qu i ck l y  thermalized ins ide  the sample. The 

t ime fo r  i t s  thermal iza t ion  i s  much shor ter  than l i f e - t i m e  f o r  ann ih i -  

l a t i o n  which i s  o f  the order o f  10-'O sec. The reason, f o r  the posi-  

t ron  l i f e - t i m e  t o  have such an order o f  magnitude, i s  found i n  the two 
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following facts. (i) Non formation of positronium because of the lack 

of Ore gap for the positron in ionic crystals. ( i i )  The thermaiízed 

positron wave function is concentrated about the negative ion,with its 

rnaxirnum at about the radius of the ion. 

Once the positron arrives at the vicinity of negative ions, its small 

thermal energy can be neglected, and the process of annihilation can 

be assumed to take place from the ground state, of the positron-elec- 

tron system, plus the crystals. The direct measurable quantities, for 

this annihilation process, are the positron-electron annihilation rate 

and the angular correlation of the y-rays. The measurement of the 

annihilation rate r or provides information about the electron 
2Y 

density at the point where the positron is being annihila:ed,while the 

measurement of the angular correlation of the y-rays gives information 

on the electron states of the negative ions. Recently, a series of 

investigations have been carried out for the cases of positro~ annihi- 

lation in magnetically quenched ionic ~rystals~'~. It was found that 

the magnetic quenching of the positron decay, in alkalei halídes,exhi- 

bits a second spectral component which is presumably caused by a posi- 

tronium-1 i k e  system. As for the measurement of the angular correlat i- 

on of two y-rays, a significant raise in the collinear amplitude was 

found when the colored ionic crystal was placed in a magnetic field 

of the order of 10'  gauss5. 

In this paper, we shall only discuss the two y-rays angular correla- 

tion, and provide a general formulation of the collinear angular cor- 

relation amplitude of positron annihilation in magnetic quenched ionic 

crystals. An analytical expression for N ( e = O )  is derived in the next 

two Sections. The application to the specific case will be found in 

the last Section. 

2. GENERAL DERIVATION OF THE ANGULAR CORRELATION FUNCTION 

In this Section, we consider the angular correlation of two y-rays 

from positron annihilation, in the state of lowest crystal rnomentum, 

with the halide electron represented by the Bloch wave function over 



the  e n t i r e  c r y s t a l  1 a t t i c e . A ~  exp la ined  i n  t h e  I n t r o d u c t i o n ,  t h e  pos i-  

t r o n  l i n g e r s  around f o r  a  w h i l e , a t  t h e  v i c i n i t y  o f  the  h a l i d e  ion,  be- 

f o r e  being a n n i h i  lated,and i t s  wave f u n c t  i o n  i s  represented by 1/&/ 

t imes the  normal ized wave f u n c t i o n  @ ( f )  o f  a  p o s i t r o n  bound t o  the  e+ 
h a l i d e  ion .  N denotes t h e  t o t a l  number o f  h a l i d e  ions  i n  t h e  c r y s t a l  . 

-+ 
The e l e c t r o n  Bloch wave f u n c t i o n  w i t h  c r y s t a l  momentum %?K i s  g i ven  by -+ + -+ 
1 e  r (  The t o t a l  mornentum, flk, s a r r i e d  o f f  by t h e  

+ - 
a n n i h i l a t i n g  y- rays,  i s  equal t o  t h e  momentum o f  t h e  e e s!stem.Hence, 

the  p r o b a b i l  i t y  amp l i tude  o f  hav ing  t h e  two y- rays w i t h  t o t a l  mmentum 

A, denoted by f ( z ) ,  i s  t h e  F o u r i e r  t rans fo rm o f  t h e  product  o f  pos i-  

t r o n  and e l e c t r o n  wave func t ions ,  i.e., 

The 2nd. express ion,  f o r  f ( k ) ,  i s  ob ta ined  by s h i f t i n g  t h e  o r i g i n  o f  

the  i n t e g r a t i o n  coord ina tes  t o  t h e  n- th  h a l i d e  i o n  i n  t h e  c r y s t a l .  The 

p r o b a b i l i t : ~  l f ($)12 i s  then g iven  by 

.+ + 1 e-i (c-x) (Tn-fm) 1 /e-zk. r@e+ (:)$e-(~)d3r 1 (2) C -- 1 f ('I 1 '= n, m, (ZT) 3 fl2 

-+ 
Since the  sum over  t h e  e n t i r e  rec ip roca1  space, K, i n  Eq.(2), g i ves  

t h a t  equa t ion  reduces t o  



The wave functions involved in the above equation are only those of 

the system of the positron-electron pair. Therefore the result can be 

used for any system of the positron-electron pairs in annihilation. As 

an example, positron annihilation in a colored ionic crystal, in which 

the trapped electron, at t.he color center plays the role of the halide 

electron of a pure ionic crystal, will be discussed in detail later on. 

The angular correlation N(0)is obtained from the above equation by an 

integration over the whole space of k and k i.e., 
3: Y' 

This conection stems from the fact that in the measurement of the mo- 

mentum distribution of the photons, a long slit of the photon detector 

is moving along a part of a circular track the sample being located at 

the center of the circle, and the long slit perpendicular to the cir- 

cle. Therefore, the distribution, with respect to only one cartesian 

component, is experimentally available. 

3. COLLINEAR ANGULAR CORRELATION 

We shall derive, in this Section, a general analytical expression for 

the collinear angular correlation in the case of positron annihilation 

in magnetically quenched ionic crystals. The result will be equally 

applicable in analyzing positron annihilation with color centers, as 

explained in the previous Section. Let us, now, consider the case that 

the magnetic field is applied to the sample crystal with the field in 

the z-direction. The electron wave function, can, then, be cast into 

the following form: 

where 5, q and @ are parabolic coordinates, and m takes only integral 

values. 



As f o r  the  posi t ron,  i n  a magnetic f i e l d  o f  the order o f  10 k gauss, 

the thermal energy o f  the pos i t ron can be neglected compared w i t h  the 

eigenenergy, o f  the charged p a r t i c l e ,  i n  a magnetic f i e l d  o f  the above 

mentioned strength.  Furthermore, the posi t rons,  i n  the " Swiss cheese 

m d e l "  f o r  a i o n i c  c r y s t a l ,  are mostly degenerated i n  the lowest cy- 

c lo t ron  o r b i t ,  and the wave funct ion  o f  the pos i t ron depends on 
-+ 

the var iables 5 and 0, namely, $,+(r) = $e+(c,n). The funct ion  

when expressed i n  parabol ic coordinates, becomes 

1 y upon 

f<ib , 

For the purpose o f  a r r i v i n g  a t  the c o l l i n e a r  angular co r re la t i on ,  we 

r e s t r i c t  our a t t e n t i o n  t o  the dependence o f  the f f u n c t i o n  on the 
+ 

transverse momentum, k From Eq.7, we have 
t '  

By means o f  an i n teg ra l  representat ion o f  Bessel funct ions,  namely, 

+ 
f(kt,O) takes the f o i  lowing expression: 

+ 
In tegra t ing  over the transverse components o f  k t  and tak ing k =O, the 

P 
c o l l i n e a r  angular c o r r e l a t i o n  can be e a s i l y  found, w i t h  the help o f  

Eq.10, t o  be 



To simplify the above expression one makes the following substituti- 

ons : 

+ 
and perform the kt integration in polar coordinates: 

Using the identity, 

one can put Eq, (12), in mure compact form, as fol lows: 



4. APPLICATION TO F-CENTERS I N  IONIC CRISTALS 

This Sect ion i s  devoted t o  the discussion o f  F- centers i n  t h e  i on i c  

c r ys ta l s .  Some analyses have been done f o r  the case o f  co lo r  centers 

i n  a l k a l  i hal  i d e ~ ~ " ' ~ .  Among the two model po ten t i a l s  recent ly  pro- 

posed i n  the theo re t i ca l  study o f  pos i t r on  a n n i h i l a t i o n  from F-cen- 

te rs ,  the hydrogenic model p o t e n t i a l  seems i n  b e t t e r  agreement w i t h  

experiment
g
. Therefore, we sha l l  discuss the col  l inear angular cor-  

r e l a t i o n  fo r  t h i s  p a r t i c u l a r  model, i n  which the wave func t i on  i s  a 

f a m i l i a r  one. Suppose tha t  a pos i t ron ,  a t  the lowest cyc lo t ron  l e-  

ve l ,  ann ih i l a tes  w i t h  the ground-state e lec t ron  which i s  trapped i n  

the F-center. Then, ~ ( 0 )  i n  Eq. (15) takes the f o l  lowing expression: 

where @(=e - / E m )  i s  the radius o f  the ground s t a t e  e lec t ron  

o r b i t ,  a t  the co lo r  center, and AE i s  taken from the maximum o f  the 

F-band. The above in tegat ion ,  i n  ~ q . ( 1 6 ) ,  can be s i m p l i f i e d  by l e t t -  

ing  v = u <  and v ' =  uc' , and performing the u- in teg ra t i on  by using 

the saddle-point approximation. A f t e r  some a n a l y t i c  d e t a i l s ,  one ob- 

t a  i ns 

Here, C  i s  a constant (independent o f  the externa1 f i e l d  H ) ,  and the 

parameter E stands f o r  e ~ j 3 ~ / 2 W .  The two y- rays, c o l l i n e a r  angular 

co r re la t i on ,  i n  the hydrogenic model po ten t i a l  o f  t heF-cen te r ,  i n -  

creases monotonical ly  as € < I ;  namely; when the radius o f  the pos i t ron  

o r b i t  i s  tsmaller: than tha t  o f  the e lec t ron ,  and i t  f a l l s  o f  as . 
The dependence o f  the c o l l i n e a r  angular co r re la t i on ,  on the externa1 

magnetic f i e l d  w i l l  provide another c r i t e r i o n  f o r  the preference i n  

se lec t i ng  the model po ten t i a l .  For instance, the Krumhansl - Schwartz 

Po ten t i a l  can a l s o  be analyzed i n  a s i m i l a r  manner by reso r t i ng  t o  



numerical computat ions, which, however, i s  beyond the  scope o f  the 

present  paper. 
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