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Nonradiative versus radiative nuclear excitation in the positron-X-electron annihilation
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We have calculated the cross sections for both nonradiative and radiative processes in the nuclear
excitation during positron-K-electron annihilation. Also their relative contributions are compared
and discussed. The radiative process cannot explain the discrepancies between experiment and
theory.

I. INTRODUCTION

The first prediction of nuclear excitation during
positron-E-electron annihilation was made by Present and
Chen, ' who showed, on the basis of semiclassical argu-
ments, that the cross section for the process can be factor-
ized into a cross section for annihilation with emission of
a spherical wave converging on the nucleus, multiplied by
the probability of the nucleus being excited by the radia-
tion. They used the Born approximation, retaining only
the leading term in the aZ expansion, to calculate the
cross section for annihilation, and estimated the probabili-
ty of the nucleus being excited from photoexcitation data.
Assuming an E 1 transition, they estimated a cross section
of -3X10 cm for exciting the 1078 keV level in
'"In

Watanabe et al. followed the approach of Present
and Chen and calculated the cross section for positron-K-
electron annihilation into M1 and E2 spherical waves
converging on the nucleus. By combining these results
with experimental data for photoexcitation they estimated
a cross section for excitation of levels in " In, '"Cd, and

Lu. Their experimental results are many orders of
magnitude greater than the calculated values.
Grechukhin and Soldatov have also made estimates of
the cross sections for nuclear excitation of levels in " In
during positron-E-electron annihilation and their esti-
mates are also orders of magnitude below the experimen-
tal results.

In order to reduce the discrepancies between theory and
experiment, Raghavan and Mills suggested that a radia-
tive or inelastic process could make a significant contribu-
tion. In this model a photon could be emitted during the
process and this would relax the requirement of the non-
radiative process where only positrons with the correct ki-
netic energy could contribute to the resonant excitation of
the nuclear level. Many more positrons would be involved
in possible excitations, and they proposed that the radia-
tive process could account for the observed cross section.

However, Ljubicic et al. have shown that Raghavan
and Mills overestimated the magnitude of the radiative
process by many orders of magnitude and that the mecha-
nism for nuclear excitation during positron-K-shell an-

nihilation is still an open question. The analyses of
Raghavan and Mills and of I.jubicic et al. are only semi-
quantitative, and the purpose of this work is to make a
much more quantitative estimate of the nonradiative and
radiative processes, and in particular, to compare their
respective contributions.

II. ESTIMATE OF THE CROSS SECTIONS

A. Nonradiative process

%'e assume that nuclear excitation during positron-K-
electron annihilation is produced by a dynamical interac-
tion between the electron-positron current and the nuclear
electromagnetic transition current, described by the ex-
change of a virtual photon. The multipole expansion of
the photon propagator introduces the nuclear multipole
transition operators for transitions between the ground
state and the excited nuclear levels. These operators are
expected to enter in the respective y-ray emission proba-
bilities. The amplitude M for such a process is associated
with the Feynman diagram shown in Fig. 1 and can be
written as

M =2me5(a+ so —co')Idxdy%'z(x)D(x —y)J(y)%'0(x),

where the units and metric of Ref. 8 are used. In Eq. (1) E

and so are the total energies of the positron and electron,
respectively, and co' is the energy of the nucleus in the fi-
nal state. Here, %~ and 0'0 are the wave functions for the
positron (with a momentum p) and for the K electron,
respectively. J„represents the nuclear transition current

FICT. 1. The Feynman diagram for the nonradiative process.
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and D is a photon propagator.
We calculate M up to the leading term in the formal

aZ expansion by using the momentum representation in
Eq. (1) and we obtain

M=2e~n(aZ)
5(e+ sp —co')

q —(co') +2iaZco'

X U( —p)J(q)tt (0), (2)

FIG. 2. The Feynman diagrams for the radiative process.
where U and u are the spinors of the positron and electron,
respectively, and the nuclear momentum transfer q is
given in this approximation as

X[23" '+(1+ )B™], (4)

For nuclear levels with definite spin and parity the nu-
clear current Jz can be represented by electric or magnetic
multipole terms.

We assume the density of final nuclear states has the
form of a Lorentz-shaped function, centered at the energy
co, with a width I . These considerations lead us to ex-
press the nonradiative cross section for two K electrons,
unpolarized positrons, and unoriented nuclei in the form

2L —1
1a'e™=&6~+"Z'g ' ~

I ~2L+' (p' ~')'+(2aZ~)'

and for 2 electric transitions,

(E—co),
L

L+1

8"= [(2L +1)co Lp ], —
L+1 p2

where p=
~ p ~.

In the limit aZ~O the cross section of Eq. (4) repro-
duces the results of Present and Chen and Watanabe
et al.

with the energy constraint

~
E+ Ep —co

~

( I /2 .

In Eq. (4),

g = (2If + 1)/(2Ip+ 1),
where If and Ip are the respective spins of the excited and
ground state nucleus. I o is the ground state transition
width of the excited level.

Also for 2 magnetic transitions,

B. Radiative process

In this subsection we calculate the cross section for the
radiative (or inelastic) process proposed by Raghavan and
Mills. This higher order process involves the emission of
a real photon. Although other higher order inelastic pro-
cesses are possible, the one considered is the most prob-
able as it only has one interaction vertex more than the
nonradiative process. Feynman diagrams for the radiative
process are given in Fig. 2. The amplitude M„d corre-
sponding to these diagrams can be written as follows:

M„,d 2~e 5(E——+Ep co' k)—Jdx—dydz@~(x)[D(x —y)J(y)S(x, z)a (z)+a)(z)S(x,z)D(z —y)J(y)]%'p(z) .

Repeated symbols have the same meaning as in Eq. (1). The energy of the emitted photon is k, and the photon four-
potential a& is described by the momentum vector k and the polarization vector e; the propagator of the electron-
positron field is represented by S.

As in the calculation of M, the calculation of M„d is simplified by introducing the momentum representation. The
result is

6(E+ ep —co' —k )
M„,d 2e V7r(aZ) ——

3&2 v( —p)[J(q)(ij —l)ey+fey(&t 1)J(q)]u(0), —
(2k) q —co' '+i 2aZco'

where we have introduced the four-vectors

j=[—k, i(1 —k)],

t=[—q, i(1 —co)] .

From momentum conservation we have

(10)

q=p —k.
In Eq. (9)f is given by
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f=(
i p i

cos8 —e) (12)

in, for tw

dorad a Z 1 1

I, l

~ p ~ (q —co ) . +(2aZco)

where 8 is the angle between k and
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x I
—[(1+E)j j + (2p j —1)+co]So™+4kR'+ R' (pj )+2(1+jj )I'(p)

G,'-= —(.+ )[ (q, t +R™~,G ' = — g, t +Re™(t",J)]+k[R' (t" "—R'
j,p

' )]+(1+p "j )[I'(t) I'(t '—
+ 1+t j)[I'(p)—I'(p")]+[(1 E . ' — " —cop j+E)t.j kp "t —top "j ]S—"

+f [co(1 2 t ——p ) —(1+E)t t k]S',—™+4f' 1 p t I' —t~e — — o' +4 1 —p t I' t)+2f (1+t.t)I'(p)+f Ge™

ge m (i)

1 ptI t ' . ; I, (13)

For a 2 electric-t eL ' - ype transition we fou d
e e

e oun

So ——C'[(2L + 1)to Lq—
S', =C L(q2 &)

S' —C'S2 ——C' L(q o) )+(L —1)— pslng

l

p =[0,0, [ p f
cos8, i E],

,(1) 0t =[0, p ~

sin8,
~ p ~

cos8 k i(co—1—
t =0,—(2)

p ~

sm8, p ~

cos8 k, i(to —1—
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servation

n so i angle, and from energygy COIl-

R'(a, b) =—'C' [co (L +1)a.1+to (L —1) q(a q )(b q')

—2o~qL ( ho aq +a obq ) +2Lq aobol

I'(a) =qLC'[cuba — o
'

cuba q —qao],

q
2(L —1)

g~0 2L+1

and for a 2 magnetic-t eic- ype transition we found

Sm Cm

Sm

q
Rm(a b) i m= —,C [ab —(a q )(b )".q

m
2L

C = —2~gr q
0

where

o

.(1) (2)=j' '=[0,0,k, i(k —1)],
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