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The general formula for collinear angular correlation of y-rays, which
originate from positron annihilation, is derived,and its applicability
in analyzing F-centers, in magnetically quenched ionic crystals, is

demonstrated.

Deriva-se a expressdo geral para a correlagdo angular, colinear, de
raios gama, que da aniquilacdo de positrons se originam. Mostra-se ,
outrossim, sua aplicabilidade a analise, de centros-F, an cristais io-

nicos magneticamente "enfraquecidos™.

1. INTRODUCTION

The positrons have long been used as probes in studying the electronic
structure of solids'*2. As the positron comes off the source (usually
ones uses Na?? as the source), then, because of its high energy, it
reaches the interior of the sample, whose electronic state is being
studied. Furthermore, due to the strong coupling of the charge parti-
cle with the optical band phonons, especially in the case of ionic
crystals, the positron is quickly thermalized inside the sample. The
time for its thermalization is much shorter than life-time for annihi=-
lation which is of the order of 107!% sec. The reason, for the posi-

tron life-time to have such an order of magnitude, is found in the two
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followng facts. (i) MNon formation of positroni um because of the lack
of Ge gap for the positron in ionic crystals. (ii) The thernaiized
positron wave function is concentrated about the negative ion,with its
maximum at about the radius of the ion.

(Once the positron arrives at the vicinity of negative ions, its snall
thernal energy can be neglected, and the process of annihilation can
be assuned to take place fromthe ground state, of the positron-elec-
tron system plus the crystals. The direct neasurable quantities, for
this anni hilation process, are the positron-electron annihilation rate
and the angul ar correlation of the y-rays. The measurement of  the
anni hilation rate T, or Ty, provides infornation about the electron
density at the point where the positron is being annihilated,while the
neasurenent of the angul ar correlation of the y-rays gives infornation
on the el ectron states of the negative ions. Recently, a series of
i nvestigations have been carried out for the cases of positron annihi-
lation in magnetically quenched ionic crystals®’*. 1t was found that
the nmagnetic quenching of the positron decay, in alkalei halides,exhi=-
bits a second spectral conponent which is presunmably caused by a posi-
tronium-1ike system As for the neasurenent of the angular correlati-
on of twoy-rays, asignificant raise in the collinear anplitude was
found when the colored ionic crystal was placed in a magnetic field
of the order of 10% gauss®.

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 anplitude of positron annihilation in magnetic quenched ionic
crystals. An analytical expression for ¥(e=0) 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 anni hilation, in the state of lowest crystal  momentum,
with the halide el ectron represented by the Bloch wave function over
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the entire crystal lattice.As explained in the Introduction, the posi-
tron lingers around for a while,at the vicinity of the halide ion, be-
fore being annihilated,and its wave function is represented by 1/V¥
times the normalized wave function ¢e+(_|:) of a positron bound to the
halide ion. N denotes the total number of halide ions in the crystal .
The electrgn+Bloch wave function with crystal momentum #K is given by
(1/vw) oEKeT (pe_(?). The total mornentum, ’H_l:, sarried off by the
annihilating y-rays, is equal to the momentum of the e+e_ s /stem.Hence,
the probability amplitude of having the two y-rays with total momentum
-fﬂZ. denoted by f(fz), is the Fourier transform of the product of posi-

tron and electron wave functions, i.e.,
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The 2nd. expression, for f(ﬁ), is obtained by shifting the origin of
the integration coordinates to the n-th halide ion in the crystal. The
probability |£(k)|? is then given by
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Since the sum over the entire reciprocal space, K in Eq.(2), gives

> > >

) iR (e =N6, . (3)
nym
that equation reduces to
L o 2
#6)1 = < ‘)3 [5 @ el - )
2T e e~

L9



The wave functions involved in the above equation are only those of
the systemof the positron-electron pair. Therefore the result can be
used for any systemof the positron-electron pairs in annihilation. As
an exanpl e, positron annihilation in a colored ionic crystal, in which
the trapped el ectron, at the color center plays the role of the halide
electron of a pure ionic crystal, wll be discussed in detail |ater on.

The angul ar correlation ¥(6)is obtained fromthe above equation by an
integration over the whol e space of kx and ky, i.e.,

W(©)= Wik, /me)= f|f(z)|2 ax gk, - (5)

Thi s conection stens fromthe fact that in the measurenent of the mo-
mentumdi stribution of the photons, a long slit of the photon detector
is noving along a part of a circular track the sanple 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

conponent, is experimentally avail abl e.

3. COLLINEAR ANGULAR CORRELATION

V¢ shall derive, in this Section, a general analytical expression for
the collinear angul ar correlation in the case of positron annihilation
in magnetical |y quenched ionic crystals. The result will be equally
applicable in anal yzing 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 sanple crystal with the field in
the z-direction. The el ectron wave function, can, then, be cast into
the foll owing form

b () = x, (Eme™ (6)

where £, n and ¢ are parabolic coordinates, and mtakes only integral
val ues.
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As for the positron, in a magnetic field of the order of 10 k gauss,
the thermal energy of the positron can be neglected compared with the
eigenenergy, of the charged particle, in a magnetic field of the above
mentioned strength. Furthermore, the positrons, in the ' Swiss cheese
model" © for a ionic crystal, are mostly degenerated in the lowest cy=
clotron orbit, and the wave function of the positron depends only upon
the variables 5 and n, namely, ¢e+(?) = ¢e.,.(-€,n). The function F(k) ,

when expressed in parabolic coordinates, becomes

7= 1 K. (E,n,4) imp gn
$@0=— fe e €M (Eme™ SN dgandy . ()

For the purpose of arriving at the collinear angular correlation, we
restrict our attention to the dependence of the f function on the

>
transverse momentum, k_. From E(¢.7, we have

t

Y -tk _vEncosé imp E+n
f(kt,o)-—7— Je t 9, +Xg~€ Td&dndtb . (8)

(2“)3 2

By means of an integral representation of Bessel functions, namely,

Jm(x) -1 Jei(mcos¢-n¢) a, (9)

2m ()™ -

f(tt,o) takes the following expression:

T o) —% £+
f(kt.o)— —(;"—)'-1/—2 J Jm(ktw/g_n-) ¢e+xe_ T dgdn . (10)

Integrating over the transverse components of —’:t and taking kP=O, the
collinear angular correlation can be easily found, with the help of
Eq.10, to be
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§O)= g [7, 0/, (e BT, Em)e 4 (6,010 (€K (€' ).

) _E_Eni'm' dEdE'dndn'dzkt L (1)

To sinplify the above expression one makes the followng substituti-
ons:

u =v&n , (12a)

v = l-(E-n), (12b)
2

and perform the th integration in polar coordinates:

n(0) = JJm(ktu) Jm(ktu')¢e+(u,v)¢;+(u’,v’).

.Xe_(u,v)x;.(u',v')udu u'du'dv dv' k.dk, (13)
Using the identity,
1
J‘:kJm(kx)Jm(kr')dk =z §(x-z’), (14)

one can put Eg, (12), in nure compact form as fol lows:

N(0)= J¢e+(u,v)¢;+(u,v ' )xe_(u,v)x;_(u,v' Ydvdy ludu . (15)

52



4. APPLICATION TO F-CENTERS IN IONIC CRISTALS

This Section is devoted to the discussion of F-centers in the ionic
crystals. Some analyses have been done for the case of color centers

inalkali halides”?8??

. Among the two model potentials recently pro-
posed in the theoretical study of positron annihilation from F-cen-
ters, the hydrogenic model potential seems in better agreement with
experimentg. Therefore, we shall discuss the collinear angular cor-
relation for this particular model, in which the wave function is a
familiar one. Suppose that a positron, at the lowest cyclotron le-
vel, annihilates with the ground-state electron which is trapped in

the F-center. Then, N¥(0) in Eq. (15) takes the following expression:
v /2
el [ Eyenp(- &2 ARSI
N(0) = r f(ﬁc)exp( ¢ ).exp[ B(u +v%) ]
-exp[- 1§(242+ v'z)]dudvdu' 5 (16)

where B(=#% v BAE/V3 m) is the radius of the ground state electron
orbit, at the color center, and AE is taken from the maximum of the
F-band. The above integation, in Eq.(16), can be simplified by lett-
ing v=uz and v'= uz' , and performing the u-integration by using
the saddle-point approximation. After some analytic details, one ob-

tains
N(0) = ¢ &€ e//Tre . (17)

Here, C is a constant (indepen’dent of the external fieldH), and the
parameter E stands for eHBR2/2#C. The two y-rays, collinear angular
correlation, in the hydrogenic model potential of the F-center, in-
creases monotonically as €<1; namely; when the radius of the positron
orbit is tsmaltler: than that of the electron, and it falls of as €>1 .
The dependence of the collinear angular correlation, on the external
magnetic field will provide another criterion for the preference in
selecting the model potential. For instance, the Krumhansl = Schwartz

Potential can also be analyzed in a similar manner by resorting to

53



numerical computations, which, however, is beyond the scope of the

present paper.
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