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Summary.  - -  A new experimental  appara tus  has been used to s tudy the 
angular  distr ibufion of ,(-rays from positron annihilation. The coin- 
cidence counting rate  X~(p~) is proport ional  to a l inear integral  of the 
momentum density function, while with the previous experimental  set up 
i t  was propor t ional  to a double integral.  The results of measurements 
carried out on various oriented samples of graphi te  are discussed. 

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

The  a n g u l a r  co r r e l a t i on  of p o s i t r o n  a n n i h i l a t i o n  r a d i a t i o n  in  sol ids ~md 

l iqu ids  was  s t u d i e d  b y  m a n y  a u t h o r s  us ing  a t e c h n i q u e  i n t r o d u c e d  b y  DE 

~EN]~I:)ETTI a n d  LA~'G (1). 

U n t i l  now such a t e c h n i q u e  tms b e e n  e m p l o y e d ,  w i t h  few e x c e p t i o n s  (~.3), 

in  t h e  s t u d y  of a m o r p h o u s  a n d  p o l y c r y s t a l l i n e  s u b s t a n c e s :  f r o m  such m a t e r i M s  

one can  o b t a i n  i n f o r m a t i o n  on ly  on the  m e a n  sphe r i ca l  v a l u e  of t h e  e l ec t ron  

m o m e n t u m .  

I n  t he  p r e s e n t  p a p e r  we desc r ibe  a new g e o m e t r y  wh ich  we t h i n k  v e r y  

c o n v e n i e n t  for  t h e  s t u d y  of o r i e n t e d  c rys ta l s .  M o r e o v e r  t h e  p o s s i b i l i t y  of 

(*) A signifieant par t  of this work is due also to Doctor i ,  DJ~(~I~J~(~oL~I, now at 
L.R.S.R.  (Milano). 

(1) L. G. LA~G and S. DE BENEDETTI: Phys .  Rev., i08, 914 (1957). 
(~) S. BERKO, R. E. KELI~Y and J. S. PLASKgTT: Phys .  t"lev., 106, 824 (1958). 
(3) S. BEuxO and J.  S. P~.ASKETT: Phys .  Rev.,  112, 1877 (1958). 
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observing details of the Fermi surface in conducting crystals by means of this 
geometry,  does not  seem unreasonable, provided the crystals are oriented along 
suitable directions with respect to the measuring apparatus.  

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

The usual experimentM set-up which has been already used for our pre- 
vious measurements  (4) consists substantial ly of two scintillating crystals, S~, $2, 
in coincidence, Fig. la ,  placed two meters ~part  at  opposite sides of the 
s~mpte target,  and detecting the y-rays arising from the target.  

The scintillators are protected by linear collimating slits, 2 m m  wide and 
extended ]50 mm in the Y direction, normal to the propagat ion of 7-rays 
(X-axis). One of the counters is fixed, while the other, mounted  on an arm, 
can move in the Z direction by  rota t ing upon an angle ,~ about  an axis passing 
through the sample and p~rallel to Y. 

�9 .s. o 

%~_ P.S 

Fig. 1. - Schematic disposition of linear (a) and point (b) slits. 

The coincidence counting-rate Nz(p~) recorded by  such un appara tus  a t  
an angle v ~, is proport ional  to the probabil i ty tha t  the p~ component  of the 
total  momen tum of the annihilating pair falls between p~ and p~-~dp~. 

~u depends on a double integral of the momentum density funct ion 

ZZ*(P., P~, v~mc) of the electron, tha t  is, 

(1) N~.(p:) ocji'Z)~* dp~ dp~ 
co 

where p~-- ~mc. 

(4) t )  COLOI*IBINO, I. D~GgEGO~I, L. MA}RONE, L. TROSSI and S. !DEBENEDETTI: 
Nuovo Cimento, 18, 632 (1960). 
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From eq. (1) we can see tha t  if N~(p~) must  be independent  of p , ,  the slits 

must  be infinitely extended in the Y direction; in this case the angle ~ sub- 
tending the slit aperture from the sample target,  must  be equal to ~r. I n  practice 

an angle ~v ~ 0.1 rad is more than sufficient, since the deviation of annihilating 

y-rays from true antiparallelism reaches at most the value of 15 .10-3rad .  

With slits of 150 m m  of length @ = 7 . 5 . 1 0  -2 rad), this condition is widely 

fulfilled: as a mat te r  of fact it can be easily seen tha t  a y-ray entering, for 

instance, in the center of one of the slits, allows the other y-ray to fall at  most  

at -k 30 m m  from the middle of the other slit. 

We shall use of this fact as it will be shown later. 

F rom (1) we can notice tha t  N~(p~) depends on a surface integral:  since 

our aim is to get information on ;~ff(p) or IV(p), we could obtain more details 

by replacing the described geometry by a different improved geometry, Fig. lb, 

which gives a dependence on a line integral. 

We can do this by restricting the slits to point apertures, i.e. by reducing 
the angle ~ to a value A~ of the s~me order of Avq. 

We have then:  

m(? (0 ( 
me < p,, ~ + me - - - ,  

- -  o o < p ~ <  4 -  c ~  , 

and the resulting counting rate in this case is 

(2) 

+co 

~(Pz) oc f zz*(Px, O, p.) dp~ . 
- c o  

We denote by P.S. (point slit geometry) this new geometry as opposed 

to L.S., the previous linear slit geometry. The main disadvantage of P.S. is 

the very low counting rate resulting from the drastic reduction of the solid 

angle. I t  is found, however, tha t  an increase of this rate can be obtained simply 

by setting in a row, several P.S. slits ~t equal distances in front of each scin- 

tillator. 

In  such a way the point slits of two scintillators in coincidence result 

aligned with the target, in pairs (Fig. lb). 

I n  consequence of what  we said before, every line joining a pair of op- 

posed P.S., must  form an angle of 15.10 -2 rad at least, with the adjacent  line. 

With this l imitation in mind one can fit four pairs of P.S. on tile same 

scintillators previously used for L.S. 
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The point  slits h~ve been obtained by  a superposition of two flat le~d bricks, 
one of them bearing four milled channels (3 m m  l~rge•  m m  deep). The 
channels ~re ~11 converging to the s~me point,  the center of the t~rget, whose 
dimensions are 4 mm wide • 40 m m  long. 

The experimental  apparatus,  except  for the change of slits, is just  the same 
in a.ll his ~utom~tie ~nd electronic p~rts. 

3. - E x p e r i m e n t a l  resul ts .  

As a first application, measurements  have been performed on graphite,  a 
material  having ~ gre~t anisotropy, using both  geometries previously described. 

We have studied colloidal, oriented fl~kes, ~nd monocryst~l  graphite.  
Since the studied surface in our experimental  ~pp~r~tus, lies in a hori- 

zontal  plane (XY), we refer to s~mples h~ving hexagonal pt~nes p~r~llel to this 
surface as ~, horizontal  ~ s~mples, ~nd to samples with hex~gon~l planes normal 
to this surface, as ~ vert ical  ~> ones. 

Vertical graphite may  be oriented in ZY, or ZX planes. 
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Fig. 2. Experimental correlation curve (L. S.) from colloidal graphite. 

Since polycryst~lline samples, obtained by  pressing powdered graphite,  
always present  a kind of orientation, we h~ve obtained ~ s~mple by  depositing 

suspension of colloidal graphite.  
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The oriented samples have been obtained pressing and annealing flakes 
of graphite. 

The last technique, which has been already adopted by  other  authors  (~), 
makes possible to obtain samples having hexagonal planes oriented parallel to 
the sample surface. 
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Fig. 3. - Experimental curves (L. S.) from horizontal and vertical graphite. 

Samples cut with hexagonal planes perpendicular  to the X Y  plane of 
our reference system were, on the contrary,  obtained from pressed graphite,  
which was previously embedded in paraffin, since the pressed samples are 
friable and to cut them along any par t icular  direction, results impossible. The 
paraffin was then sublimated and the sample annealed. 

The annihilation curves Fig. 2, 3, 4, show remarkable  differences: the curve 
resulting from colloidal graphite Fig. 2 looks like a gaussian, while the curve 

3 8  - l l  Nuovo Cimento. w~ 
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Fig. 4. - Experimental curve (L. S.) from horizontal monocrystal. 
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f rom hor izontM graph i t e  Fig.  3 

presents  a cent ra l  m i n i m u m  given  

b y  ~ electrons as we shM1 show 

later. 

The  pressed-graphi te  curve  is 

similar to t h a t  ob ta ined  b y  BERKO 

et al. (5) while, the  m o n o c r y s t a l  

curve  Fig.  4 shows a more  m a r k e d  

m i n i m u m ,  p r o b a b l y  because  of his 

be t t e r  or ienta t ion.  

I n  addi t ion  we give me~su- 

re inents  of the  ver t ica l  s~mple 

Fig.  3 t h a t  is pe~ked wi th  respec t  

Fig. 5. - Experimental curve  (P. S.) 
from horizontal monocrystal. 
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to the colloidal, no difference being observed by  orienting hexagonal  planes 

parallel to ZY,  Z X  planes. 

The previous measure-  z : y  / ~x~-Y 

ments  were repeated  with / ~ o  ? 

o o 

- 10  - 5  0 + 5  * 1 0  

0 lO -3 rad  

Fig. 6. - Experimental curve (P. S.) from vertical 
sample with the hexagonal planes normal to the 

sample-scintillator direction. 

P.S. geometl  T modifying the 
sample dimensions. 

Expe r imen ta l  results on 

horizontal  monocrystal  Fig. 5 

do not  present  r emarkab le  
difference f rom the corres- 

ponding curve made with L.S. 
With  the vert ical  sample  

two different annihilat ion 
curves were obtained,  by  
orienting the normal  to hex- 
agonal planes once in the 

sample-  sc in t i l la tor  direc- 

tion, Fig. 6, and  then in the 

direction perpendicular  to 

the first one and at  the same 
t ime parallel to the X Y 
plane Fig. 7. 
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Fig. 7. - Experimental curve (P. S.) from vertical 
sample with the hexagonal planes parallel to the 
sample-scintillator direction: ( �9 22Na source, 

(• with 6aCu source. 

4 .  - T h e o r e t i c a l  c a l c u l a t i o n s .  

In  this section we evaluate  by  an heuristic method,  angular  distr ibutions 
for the different orientat ions of graphite.  

In  order to calculate the ZZ* funct ion which appears  in (1), (2) and in the 

other  similar expressions referring to various sample-orientat ions,  we have  

s ta r ted  f rom the a tomic  wave  function of 2pc s ta te  for z electrons and f rom 
the wave-funct ion (molecular approximat ion)  relat ive to a electrons (5) 

1 
(3) Y~a : / o  [~0(28) -~ ~/2-y)(~i2p)] , (i : 1, 2, 3 ) ,  

where yJ(2s) is the (2s) wave  funct ion for the carbon a tom,  and yJ((r/2p) are 

the (2p) wave  functions whose axes are in the directions a~ joining the gra- 

phi te  a tom to its three neighbours in the plane. We have  not  t aken  into ac- 

count  contr ibut ions of l s  2 electrons. 

(~) P. R. WALLACE: Phys. Rev., 71, 622 (1947). 
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From such wave-functions we have deduced the momentum functions using 

the general procedure given by L. PAULING et al. (~). 
If  one performs the integral for obtaining N=(p=) with the hypothesis tha t  

(r and 7~ electrons participate to the annihilation in their true numerical ratio 

(3:1), the curves result, for the horizontal samples, 

A 

o 
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2 4 6 8 10 

Fig. 8 . -  Experimental (�9 
and theoretical (--) curves 
from pressed horizontal gra- 
phite by BERKO et al. (~). 

wider than the experimental ones and without  

the central minimum. 

On the other hand, a best fit of a linear con- 

tr ibution of the two curves as made by BERK0 
et al. (5) reported in Fig. 8, does not give, as in 

our case, a good result. 

This is a consequence of the fact that ,  in the 

N~(p~) expressions, one does not take into account  

the 9+ positron wave-function tha t  instead could 

not be considered constant.  

Hence we have followed a procedure which 

roughly corresponds to introducing in the calcu- 

lations the effect of the presence of the 9+ function. 

Since 9+ vanishes in the neighbourhood of each 

nucleus, we have excluded from our calculations the contribution of the 9(2s) 

component  in 9~ (formula (3)) and we have at the same time a s k e d  tha t  

ZZ*(P) vanishes more rapidly. 
This last condition was obtained by leaving unaltered the functional de- 

pendence of ZZ* from its variables, and making a linear change of variable;  

i.e. we have substi tuted ZZ*(P, O, q)) with the new Zz*(Kp, O, qS), ( K >  1). 
This procedure does not seem unreasonable since the positron moves in 

regions which are far enough from the nucleus. 

Finally we take as our space function the linear superposition of 9~ and yJ,: 

where ~ and fl are linked by the relation ~ 4 - / 3 : =  1 which is a consequence 

of the fact  tha t  

Taking the squared modulus of the transform of 9 we obtain:  

2 * * * (4) Zz*(Kp) = a Zz,(Kp) + fl~Zz*(Kp) 4- afi(X~Xo 4- Z=Zo) (*), 

(6) B. PODOLSKI and L. PAULING: Phys. Rev., 34, 109 (1929). 
(*) The last term of this expression vanishes when performing the integration with 

respect to the angular variables. 
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where 

(5) z z ~ ( K p )  = n 
(K~7 ~ + 1)~ ' 

(6) z z ~ ( p )  = B (K~4~ + ~)~' 

" -- (2n/yh)mc.10 -a. ~ ; 

y = Z - - s / n a o ;  

Z - - s = 3 . 2 5  (7), 

ao = first Bohr-orbit  radius, 

n = principal quan tum number  =-2. 

,~2 - -  ~2  2 ~-2 

A and B are ehoosen so tha t  the integrals of * are normalized to uni ty .  

In  the expression (6) we have performed tile cylindrical average since the 

hexagones on the planes are oriented at random and the contribute of (2s) 

electrons was taken off. 

The parameter  K was determined, once for ever, for the colloidal-graphite 

curve, since this curve is not dependent on z~ [ ~ 2 = ~ / ( n + a ) ] .  

Really for this curve the distribution is given by :  

(7) 

with 

co 

N~(pz) oc . . . .  dp ,  

~z 

23 =Hdo 
o o 

XZ*(P, O, r sin O ,  

o r  

(K,)~ 
(8) X(Kp)Oc(K2~2+])6 (a2 + f i~)  a 2 + f i 2 = l .  

2/(p) dp being the number  of ~ pairs whose m o m e n t u m  has a magni tude be- 

tween p and p + d p .  We have then evaluated K by imposing tha t  the theoret- 

(7) j .  C. SLATER: Phys. Rev., 37, 57 (1930). 
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ical and experimental curves (both normalized to the same area) have the 

same value for p~ = 0. 

I n  Fig. 9 both curves are plotted. 
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Fig. 9 . -  Comparison of theoretical (--) 
and experimental (o) (L. S.) curve for 

colloidal sample. 
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Fig. 10. - TheoretieM and experimental 
(L. S.) distributions for monoerystal 

sample. 

We have determined ~ in the horizontal monocrystal  curve, requiring as 

before tha t  the theoretical and experimental curves, normalized at 1, have 

the same value at p~ = 0. 
We have determined by this procedure the percentage of ~ electrons which 

take par t  in the annihilation, which results to be 48 %. 

We have plot ted in Fig. 10 the theoretical distribution curve, the two com- 

ponents s,  ~ and the experimental one. 

Going further  and using always the same value of K and ~2 we have cal- 

culated the other curves. 

One can notice (Fig. 2, 3, 4) tha t  the colloidal graphite curve is comprised 

between horizontal and vertical ones, and tha t  the theoretical distribution 

calculated with formula (8) seems in good agreement with the experimental 

curve Fig. 9. 
The experimental  curves from horizontM samples, with both geometries 

look similar. The comparison with the theoretical curves, calculated intro- 
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d u e i n g  (5), ( 6 ) e x p r e s s i o n s  in fo rmula  (1) for  L.S. and  in (2) for  P.S. ,  

results  in Fig.  10, 11, 12. The  m i n i m u m  derives f rom the  shape  of fo rmula  (5) 
whose  integral  vanishes  at  p~ = 0. 

Wha.t  we consider  ra.ther in teres t ing  is the  presence of a cen t ra l  m i n i m u m  

also in the  ver t ica l  g r a p h i t e F i g .  6 
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Fig. 11. - Theoretical and experimentM 
curves (L. S.) for vertical sample. 

P.S.,  m i n i m u m  t h a t  is no t  found  

using L.S. as appears  f r o m  F ig  3. 

To calcula te  the  theore t ica l  

d i s t r ibu t ion  for  ver t ica l  samples 

kheor n z (0) 
150! ~ , e x p  horJzonka/ 

~/ /  o "o O\o monocrystal 

,oo i \ \  

0 5 10 
-3 

e 10 rad 

Fig. 12. - TheoreticM ~nd experimentM 
curves (P. S.) for monocrystM sample. 

Fig.  11, 13a, 13b we have  subs t i tu t ed  formulas  (5), (6) in 

(9) N,(p,) ocf f XX*(p:,, , p,, pz) dp~,dp~ , 

q-co 

(10) n,,(p~) ocJzz* (0 , p,,, pz) dp,, 
- c o  

(11) 

respect ively .  

4-o0 

n,,o(p,,) ocfZZ* (px, 
- c o  

p~, 0) dp ,  , 

S,L.  

P.S.  
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T h e o r e t i c a l  cu rve  F ig .  13a shows t h a t  th is  m i n i m u m  d e p e n d s  on the  con- 

t r i b u t e  of ~ e lec t rons  in  t h e  (2p) s t a t e .  

L e t  us no t i ce  t h a t  we could  n o t  o b t a i n  th is  m i n i m u m  in t h e  t h e o r e t i c a l  

cu rve  of F ig .  13a if we h a d  n o t  e l i m i n a t e d  the  a e lec t rons  in  t h e  s t a t e  (2s). 

t ofexp vertical graphite 
2 o ~ ~ o o o fJheor  ny (py) 

OI ~ o 
-10 - 5  0 +5 +10 

e 10 -3 tad 

a) 

o ~fheor, Ny ~ (~) 

o _ ~-C ---~- _ _  exp. vert graphffe 

-10 -5  0 +5 +10 
0 10-3rad 

Fig.  13. - #) Theore t ica l  and b) expe r imen ta l  

b) 

(P. S.) for both vertical orientations. 

The  l a s t  o r i e n t a t i o n  of t he  s a m p l e  shou ld  be  of g r e a t  he lp  for  t h e  s t u d y  

of a e l ec t rons  d i s t r i b u t i o n  since as one can  obse rve  in  f o r m u l a  (11) t he  ~ elec- 

t r o n s  do  n o t  occur .  

The  e x p e r i m e n t a l  cu rve  (�9 of F ig .  7 is less a c c u r a t e  t h~n  the  o the r s :  the re -  

fore  we r e p o r t  l a t e r  m e a s u r e m e n t s  (• m a d e  w i t h  a more  power fu l  source  

(300 mC 64Cu). I n  these  curves  t he  cen t r a l  m i n i m u m  does  n o t  a p p e a r ,  in  

a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  c u r v e  of F ig .  13b. 

W e  wish  to  t h a n k  Dr.  L. FAVELLA und Prof .  P.  BROVETTO for  some  v a l u a b l e  

sugges t ions  a n d  discuss ions .  

R I A S S U N T O  

Si descrive un nuovo dispositivo sperimentale per studiare la distribuzione ango- 
late  dei raggi T di annichilamento dei positoni;  il numero di coincidenze N~(p~), da 
esso registrato ~ proporzionale ad un integrale seraplice della funzione densit& degli 
impulsi, mentre con il preeedente apparecchio era proporzionale ad un integrale doppio. 
Sono discussi i r isultat i  delle misure eseguite su eampioni di grafite orientat i  in var ie  
direzioni. 


