
Journal of Physics B: Atomic and Molecular Physics

Positron annihilation in the positronium negative
ion
To cite this article: Y K Ho 1983 J. Phys. B: Atom. Mol. Phys. 16 1503

 

View the article online for updates and enhancements.

You may also like
Optical spectroscopy of atomic and
molecular positronium
A P Mills

-

Positronium portal into hidden sector: a
new experiment to search for mirror dark
matter
P Crivelli, A Belov, U Gendotti et al.

-

Feasibility study of the positronium
imaging with the J-PET tomograph
P Moskal, D Kisielewska, C Curceanu et
al.

-

This content was downloaded from IP address 18.119.107.96 on 03/05/2024 at 04:59

https://doi.org/10.1088/0022-3700/16/8/022
https://iopscience.iop.org/article/10.1088/1742-6596/488/1/012001
https://iopscience.iop.org/article/10.1088/1742-6596/488/1/012001
https://iopscience.iop.org/article/10.1088/1748-0221/5/08/P08001
https://iopscience.iop.org/article/10.1088/1748-0221/5/08/P08001
https://iopscience.iop.org/article/10.1088/1748-0221/5/08/P08001
https://iopscience.iop.org/article/10.1088/1361-6560/aafe20
https://iopscience.iop.org/article/10.1088/1361-6560/aafe20


J. Phys. B: At. Mol. Phys. 16 (1983) 1503-1509. Printed in Great Britain 

Positron annihilation in the positronium negative ion 

Y K H o  
Department of Physics and Astronomy, Louisiana State University, Baton Rouge, 
Louisiana, 70803, USA 

Received 15 September 1982, in final form 23 December 1982 

Abstract. A theoretical study of positronium negative ions is carried out in this paper. 
Hylleraas-type wavefunctions are employed to describe the system and an improved 
ground-state energy is reported. In addition, the two-photon annihilation rate and the 
lifetime against two-photon annihilation are also calculated, as well as the two-photon 
angular correlation function. 

1. Introduction 

A positronium negative ion (Ps-) is a bound three-particle system consisting of two 
electrons and one positron which interact via Coulomb forces. The calculation of the 
binding energy of this system has a long history (see Ho 1979) that can be traced 
back to the early work of Wheeler (1946). Recently this system has been observed 
for the first time in the laboratory by Mills (1981a). The production of these 
positronium negative ions opens up many possible research areas for experimentalists 
for some years to come, and in turn may stimulate more theoretical investigations. 
In many aspects the positronium negative ions have properties similar to those of 
hydrogen negative ions, H-, a system which has been intensively studied by both 
theorists and experimentalists. For example, these two systems both have only one 
bound state, and some S-wave autoionising states in Ps- have been predicted by Ho 
(1979), and can be shown, by changing the mass of the positively charged particles, 
to be in one to one correspondence to the known H- counterparts. The question of 
the existence of a 2pZ3Pe metastable state in Ps- has been investigated by Mills 
(1981b) and by Bhatia and Drachman (1981). 

In many respects these two systems differ only in the mass of the positively charged 
particles. There are, however, many properties which are unique in Ps- and have no 
counterparts in H-. These properties involve the annihilation of the positrons in the 
positronium negative ions. Since the positron will annihilate with one of the two 
electrons, the lifetime and the two-photon annihilation rate are of obvious interest. 
Other areas of interest are the two-photon angular correlation function; three- and 
one-photon annihilation rates, etc, to name just a few. On the practical side the use 
of positrons to study properties of solids has been proven to be a useful tool, and the 
research on positronium chemistry has begun to attract more attention in recent years 
(see a review by Schrader 1979). In astrophysical applications positronium annihilation 
has been observed in solar flares (Crannell et a1 1976); in the centre of our galaxy, 
the Milky Way (Leventhal et a1 1978); and in gamma ray bursts (Cline 1980). (Also 
see reviews by Drachman 1982 and Massey 1982.) The role that the positronium 
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negative ions play in astrophysics and space physics has been suggested by Sivaram 
and Krishan (1982). Another interesting theoretical aspect of the positronium negative 
ion is that it is a three-body atomic system. Historically, a three-body system represents 
the simplest non-trivial problem that has fascinated theorists for years in different 
branches of physics. In atomic physics one of the latest theoretical discoveries is the 
underlying symmetry of the doubly excited resonances in H- and in helium. The 
striking similarity between the doubly excited spectrum of a two-electron atom and 
that of a linear triatomic molecule (XYX) have been investigated by Kellman and 
Herrick (1980). In positronium negative ions, the study of the doubly excited reson- 
ances has just begun (Ho 1979). Whether such highly symmetrical spectra will also 
be found in Ps- is an open and interesting question. 

In this work we have carried out a study of the ground ' S e  state of Ps-. We will 
report a variational energy which has the lowest value in the literature to date. In 
addition, once the wavefunctions have been obtained, they will be applied to calculate 
the two-photon annihilation rate and the lifetime of Ps-. Furthermore, the two-photon 
angular correlation function will also be calculated. 

2. Hamiltonian and wavefunctions 

The Hamiltonian of the positronium negative ion is 

H = T + V  (1) 

where T and V are the kinetic energy and potential energy operators, respectively, and 

where 1, 2 and p denote the electrons 1, 2 and the positron respectively. The mass 
for particle i is mi; and rji represents the distance between particles i and j .  Atomic 
units are used in this work, with energy expressed in rydbergs. Hylleraas-type 
wavefunctions of the form 

are employed to represent the system, where ( k  + I + m )  G w, where w is a positive 
integer. The calculation can be simplified by expressing the kinetic operator in terms 
of distance coordinates, and equation (2) becomes 



Positron annihilation 1505 

with 

3. Results and discussions 

Up to N = 125 terms (w = 9) are used in this work. The ground-state energy is 
optimised for a given w,  with w having values of w = 3, 4, 5 ,  6, 7, 8, and 9, which 
correspond to N = 13, 22, 34, 50, 70, 95, and 125 respectively. Results are reported 
in table 1 together with the optimised non-linear parameter (Y of the wavefunction. 
The energy of E = -0.524 009 79 Ryd, obtained by the use of a 125 term wavefunc- 
tion, represents the lowest energy of Ps- in the literature to date. To test the qualities 
of the wavefunctions, we have calculated the electron-electron and electron-positron 
cusp values. For a system interacting through Coulomb forces, the average value of 
the cusp condition between particles i and j is given by (Chong and Schrader 1969) 

and the exact value for vij is 

vij = qiqjkij (7) 

where qi is the charge for the particle i and kij is the reduced mass for particles i and 
j .  The exact values for electron-electron and electron-positron conditions are hence 
+ O S  and -0.5 respectively. The cusp values calculated by using the energy minimised 
wavefunctions are shown in table 1. It is seen that the cusp results are very close to 
the exact values. These cusp results are consistent with those obtained by Bhatia and 
Drachman (1982). The results shown in table 1 also demonstrate the lack of any 
bound theorem for the cusp values. 

One of the experimentally interesting parameters is the two-photon annihilation 
rate, r, given in units of ns-' (see Fraser 1968, for example) 

where n is the number of electrons in the system. In the present case, of course, n 
has a value of two. The lifetime of Ps- against two-photon annihilation is 

= i/r. (9) 

Again, once the energy-minimised wavefunctions are obtained, they can be used to 
calculate r by the use of equation (8). The results are shown in table 1. It is seen 
that the results for r are quite stable when the wavefunctions are sufficiently large. 
It also demonstrates the lack of a bound property for r. With the 125 term wave- 
function, we obtain a value for the two-photon annihilation rate 

r = 2.0908 ns-'. 

This corresponds to a lifetime against two-photon annihilation of 

T = 0.478 ns. 
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It is seen that the results obtained in this paper are very close to the spin average 
annihilation rate and lifetime for a positronium atom. An explanation was provided 
by Drachman (1982); since a positronium negative ion is a loosely bound system (a 
positronium atom plus something), annihilations will mostly involve the electron in 
the positronium atom. Even very elaborate wavefunctions, such as those employed 
in the present calculation, improve the results by only a small amount. It should also 
be mentioned that Ferrante (1968), with a six-parameter wavefunction, obtained 
results for the and 7 values of 1.99 ns-' and 0.502 ns respectively. The present 
results hence represent an improvement of about 5 %  over previous data in the 
literature. 

In addition to the lifetimes and annihilation rates, another experimentally interest- 
ing parameter for the positronium negative ion is the two-photon angular correlation 
function P(f?) .  In most of the angular correlation measurements only one component 
of the momentum distribution is measured. The angle between the two photons, 
measured in the laboratory frame, has a value of 7~ - 8. The relation between 8 and 
q3,  the third component of the momentum, is q 3 = m c 0 ,  or 8 = 7 . 3 ~ l O - ~ q , .  The 
one-dimensional angular correlation function will have a form (see Drachman and 
Temkin 1972 and Humberston and Wallace 1972, for example) 

r *  r m  

where 
12 I *  

The final results for the angular correlation function are obtained by using the 
125 term wavefunction and are plotted in figure 1, with the maximum normalised to 
unity. The full width at the half maximum, denoted by 2A, is 1.3994 x rad. This 
represents a factor of approximately six smaller than the counterpart in, say, e+-He 
zero-energy scattering (Humberston 1979). (A positron does not bind to the ground 
state of a helium atom.) Other values of 2A for smaller expansion lengths are also 
shown'in table 1. The smaller width of the angular correlation function for Ps- is 
due to the following. Since the Ps- ion is a loosely bound system, the momentum 
distribution of the Ps atom in Ps- is smaller than the more tightly bound atomic 
counterparts. The angular correlation function for Ps- is hence smaller. Furthermore, 
when the positron annihilates with one of the electrons in Ps- to become two photons, 
a portion of the momentum of the two photons will be absorbed by the remaining 
electron because the mass of the electron is small. This would also contribute to the 
small width for the angular correlation function. It should be mentioned that the 
two-photon angular correlation function was claimed to be calculated by Ferrante 
(1968). However, the result obtained by Ferrante was not the one-dimensional angular 
correlation function. Therefore, no comparison with the present findings is possible. 

In table 1, we also report the average distance between the two electrons (r12) and 
between the positron and an electron (rip) etc. The results for these parameters 
calculated by the 125 term wavefunction are 8.5476 and 5.4891 a. for (r12) and (rip) 
respectively. These results do indicate that in order to form such an ion, a large free 
space is required. The present findings are qualitatively consistent with those obtained 
by Ferrante (1968) with a simpler wavefunction. 
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Figure 1. Two-photon angular correlation function in the positronium negative ions. 

In summary we have carried out a calculation of some parameters for the 
positronium negative ion. These include the ground-state energy, the two-photon 
annihilation rate and lifetime, as well as the two-photon angular correlation. The 
results reported in this work are believed to be quite accurate, and should be useful 
for future experimental references. 
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calculation of 2.0908 ns-'. From the theoretical side, A K Bhatia and R J Drachman have obtained the 
ground-state energy and two-photon annihilation rate of -0.524 010 112 7 Ryd and 2.0928 ns-l, respec- 
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