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A configuration interaction wavefunction is obtained for the pseudo-atom positronium 
hydride (consisting of one proton, one positron, and two electrons), using Slater orbitals 
centered on the proton as basis functions. A positive dissociation energy is calculated for the 
process PsH -~ Ps + tt .  Comparison is made with previous calculations of this energy, and its 
actual value is predicted to be 0.009 au. The two-quantum annihilation rate also is calculated. 

Mit am Proton zentrierten Slaterfunktionen wird fiir das Pseudoatom Positroniumhydrid 
(ans einem Proton, einem Positron und zwei Elektronen) eine Wellenfunktion mit Konfigura- 
tionsweehselwirkung aufgebaut. Ffir PsH ~ Ps + H errechnet sieh eine positive Dissozia- 
tionsenergie. Ihr Wert wird mit friiheren Bereohnnngen verg]iehen und zu 0,009 at. E. vorher- 
gesagt. Aueh die Geschwindigkeit der Zweiqnantenzerstrahlung wird berechnet. 

Sur base d'orbitales de Slater centr6es sur le proton est obtenue nne fonction d'onde, s 
interaction de configurations, pour le pseudo-atome d'hydride de positroninm (un proton, un 
positron et deux 61ectrons). Une 6nergie positive de dissociation se ealcule pour PsH -~ Ps + H. 
On compare aux caleuls pr6c6dents et pr6dit sa valeur ~ 0.009 unit6s atomiques. La vitesse de 
d6composition en deux quanta est aussi calcul6e. 

1. Introduction 

The possible exis tence of  s table  molecules in which a pos i t ron  is a t t a c h e d  to 
an  o rd ina ry  molecule  was first sugges ted  b y  W'~EELER [1]. A l though  semiquan t i t a -  
t i r e  calculat ions  ind ica t ed  t h a t  sys tems such as pos i t ron ium chloride p r o b a b l y  
could exis t  [2], the  first r igorous va r i a t iona l  p roof  of  the  s t ab i l i t y  of  a WH~ELE~ 
compound  was given b y  O~E for the  sys tem pos i t ron ium hydr ide ,  PsH,  compris ing 
a pro ton ,  a posi t ron,  and  two electrons [3]. 

The fo rma t ion  of  pos i t ron ium compounds  has been pos tu l a t ed  to  expla in  
anomalous  pos i t ron  decay  in  m a t t e r  [4]. Indeed ,  exper imen t s  have  been conduc ted  
which i m p l y  t h a t  useful in fo rmat ion  abou t  organic  compounds ,  such as ion iza t ion  
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potentials and dissociation energies, will be obtainable from study of positron 
decay in these compounds [5]. 

Although several accurate wave-mechanical eaieulations have been carried out 
on systems composed of positrons and electrons alone [6J, caieulations are rarer 
for systems containing positrons plus atomic nuclei [7], and it is these systems 
which are of more interest to the chemist [16]. (The simplest neutral system con- 
taining at least one "heavy"  particle is PsIt.) 

2. WaveInnctions and Energies 
This pseudo-atom has been studied by  ORE [3], and, more recently, by NEAMTAN, 

DAREWYC~, and OCZKOWS~:I [8]. These calculations both employ IIylleraas-type 
trial functions including interparticle distances explicitly. This type of function is 
not readily extensible to many-electron systems, so it is of interest to obtain a 
wavefunction for PsH built from atomic orbitals centered on the proton. 

We employ a linear combination of Slater determinants constructed from 
Slater-type orbitals of variationally-determined orbital exponents and principal 
quantum numbers [9], 

[(2~)2n+1/(2n) !]~/~ rn-~ e -~r Y lm (0, ~o) . (t) 

Such a one-center configuration interaction procedure has been applied with 
success to many molecules, for example, H 2 and CH 4 [9, 10]. 

To denote the three light particles, we let subscripts f, 2, and 3 refer to electron 
1, electron 2, and the positron, respectively. Since there are no more than two 
identical particles, the spins may  be "factored-out", and a trial function singlet 
with respect to the electrons may be written in the form 

9 
= ~ c~r (2) 

i = 1  

Here the individual ~b i are properly symmetrized orbital product configurations, 
constructed from atomic orbitals of the form of Eq. (f), namely, 

t 
r = ~ -  (ss' + 8'8)8", 

l t 

f i t  H !  t l  ~ a = ~ - ( s  p + p s  ) p  , 

1 
q~ = ~ i i  (8'"! + / s " ' ) / ,  

O 9 = ~ (d 'd ' s" ) ,  

r - r  + 8"8)8 '  , 

q~4 - -  ~ (ss + 

1 d s " ' ) d " ,  r = ~ (s"'d + 

1 
Cs - -r (p 'p 's")  , 

( 3 )  

where, for example, p p  means the spherically symmetric combination PxPx-~  
§ PyPy § PzPz, and all orbitals are centered on the proton; the first two orbitals 
in a product of three contain electrons ; the third, the positron. 

The nonrelativistie Hamfltonian for the problem, taking the mass of the 
proton to be infinite, is, in atomic units 

H = _ ~ v ~ _ ~ v ; _ l v ~  1 1 + ~ +  ~ ~ ~ (4) 
fl re r3 r12 ~13 r23 
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Table I. Matrix  Elements 

i ] Hi~(integral n) (~u) H~j(non-integral n) (au) So(integral n) Stj(non-integral n) 

1 1 -1.1917083 -1.1917507 t.8581807 1.847t553 

2 1 -0.8507441 -0.8220350 1.1135393 1.0901129 
2 -0.4823664 -0.5412482 1.3140130 1.3058620 

1 -1.1017199 -1.0777664 1.5369742 t.5149315 
2 -0.6459026 -0.6961063 1.3462538 1.3291741 
3 -0.8909969 -0.9641403 1.8581807 1.8471553 

t -0.9530887 -0.9408592 1.3462538 1.3291741 
2 -0.7365267 -0.7173764 1.08687t7 1.0709936 
3 -0.8507441 -0.8220350 1.1135393 1.0901129 
4 -0.8345161 -0.8341879 1.3140130 1.3058620 

1 -0.1630837 -0.1639303 0.0 0.0 
2 -0.1401937 -0.1410787 0.0 0.0 
3 -0.1622472 -0.1663348 0.0 0.0 
4 -0.1494370 -0.1479547 0.0 0.0 
5 -0.2550938 -0.2490016 1.0 t .0 

1 -0.0857632 -0.0855362 0.0 0.0 
2 -0.0724537 -0.0733005 0.0 0.0 
3 -0.0773649 -0.0796805 0.0 0.0 
4 -0.0850047 -0.0837978 0.0 0.O 
5 -0A381657 -0.1397018 0.0 0.0 
6 0.1879429 0.1996040 i .0  1.0 

1 -0.0549104 -0.0547868 0.0 0.0 
2 -0.0466157 -0.0470213 0.0 0.0 
3 -0.0472602 -0.0486821 0.0 0.0 
4 -0.0570376 -0.0561197 0.0 0.0 
5 -0.0866974 -0.0875560 0.0 0.0 
6 -0.1537353 -0.1554878 0.0 0.0 
7 0.8364747 0.8581837 1.0 t .0 

t 0.2224241 0.2259574 0.0 0.0 
2 0.1135123 0.1114773 0.0 0.0 
3 0.1839757 0.1853174 0.0 0.0 
4 0.1372348 0.1359242 0.0 0.0 
5 -0.0675220 -0.0664572 0.0 0.0 
6 0.0 0.0 0.0 0.0 
7 0.O 0.0 0.0 0.0 
8 0.6423166 0.6567456 1.0 1.0 

1 0.1152731 0.1173168 0.0 0.0 
2 0.0625589 0.0613392 0.0 0.0 
3 0.0953469 0.0962166 0.0 0.0 
4 0.0756328 0.0747909 0.0 0.0 
5 0.0 0.0 0.0 0.0 
6 -0.0244559 -0.0238468 0.0 0.0 
7 0.0 0.0 0.0 0.0 
8 0.2094675 0.2185144 0.0 0.0 
9 2.0356486 2.0476687 1.0 1.0 
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where ri is the distance between the pro ton  and particle i and rij the i] inter- 
particle distance. 

The integrals occuring in the matr ix  elements Hi] and Sij are evaluated by  
techniques similar to those described by  JoY and PA~R [9]. The matr ix  elements 
for the var ia t ional ly-opt imum functions are given in Tab. t and the corresponding 
linear coefficients Ci in Tab. 2. "Non-integral  n"  refers to the funct ion with all 
parameters  op t imum and "integrM n"  refers to  the funct ion with the principal 
quan tum numbers  the integers closest to  the variat ional ly-determined ones. 

Table 2. Wave/unct ions  

i Configuration Type C~(integral n) ~ C~(non-integraI n) b 

t ss 's" 0.222359 0.214241 
2 ss"s' -0.088950 -0.105456 
3 ss's" 0.209089 0.232915 
4 ss"s" 0.451214 0.455137 
5 s" 'pp"  0.285967 0,284142 
6 s"'dd" 0.122406 0,121062 
7 s"' / /  0.055065 0.054319 
8 p 'p ' s"  - 0.083681 - 0.084297 
9 d'd 's"  - 0.019253 - 0.0t 9233 
Energy (ee/ao) - 0.748792 - 0.750128 

a P a r a m e t e r  values,  (n, n/F) couples:  s(1,0.92t58), s'(1,1.4504), s"(3,3.0956), s"(1,1.0617),  
p(3,2.6988), p'(2,1.6177), p"(3,2.8981), d(4,2.9611), d'(3,1.7940),  d"(5,3.0865), ](6,3.t205). 

b Parameter values: 8(0.9710, 0.90433), s'(IA916, 1.5210), s"(2.8673, 3.1299), s"'(0.9661, 
1.0589), p(2.739, 2.6614), p'(2.326, 1.6229), p"(3.344, 2.8946), d(4.337, 2.9470), d'(3.418, 
1.7960), d"(4.782, 3.0646),/(6.071, 3.1005). 

The calculated energy of Psi{ is --0.750128 au with non-integral n, --0.748792 
au with integral n. Since the energy of  the hydrogen  atom, --0.5 au, plus the 
energy of the posi tronium atom, --0.25 au, is --0.75 au, the additional flexibility 
of  non-integral quan tum numbers  in this calculation makes the difference be- 
tween binding and not  binding. 

3. Comparison with other Calculations 

There appear  to be only two previous calculations on PsH,  OnE's original 
work [3] and the more recent investigation by  N~AMTAN et al. [8]. Using the 
present scheme for number ing the particles, we m a y  write ORE'S function, 

exp( - -  ~r 1 -- fir 2 -- yr2a ) + exp( - -  a r  2 - -  fir~ - -  y r l a ) ,  (5) 

and tha t  of NEAMTAN et al., 

exp( - -  a r  I - -  f ir  2 - -  yr~3 - -  drla ) + exp( -- ~r 2 --/~r 1 -- yrla -- dr2a ) . (6) 

These functions have the form 

se'l(2, 3) + s'4(t, 3), (7) 
and 

s s ' ] (2 ,  3) g(l, 3) + s ' s / ( l ,  3) g(2, 3) ,  (8) 

where s and s' denote Slater Is  functions centered on the proton,  and / and g are 
positron-electron correlating functions. The energy of both  functions is bet ter  
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than that  of Eq. (2): Eq. (5) gives an energy of -0.7525 au, while Eq. (6) gives 
--0.7584 au. 

I t  is probable that  the description of the electron-electron correlation given 
by Eqs. (7) and (8) is poorer than that  given by Eq. (2), since Eqs. (7) and (8) 
contain only the s s ' - t )Te  description for interelectronic motion (aside from the 
coupling of this motion through the positron). In  the "united atom limit", PsH 
becomes helium, and there the ss' description gives an energy of -2.8757 au [11], 

compared with the four-term configuration interaction energy of -2.8980 au [12] 

and the exact P~K]~Ir result --2.9037 au [13]. In  the more diffuse two-electron 
analogue, the hydride ion, the ss' energy is -0.51330 au [11], compared with the 
four-term configuration interaction result -0.52544 au [12] and the accurate 
-0.52775 au [14]. 

From these considerations it may be concluded that  the main deficiency in 
Eq. (2) is in the description of the electron-positron correlation. Eqs. (7) and (8) 

Table 3. Energy contributions by term type 

Term s Energy 
increment (au) 

_ _b 0.6833 
sss ~ 0.0066 
spp 0.0378 
sdd 0.0i26 
s// 0.0050 
sll d 0.002t 
pps 0.0105 
dds 0.0010 
Us e 0.0001 
Total (extrapolated) energy of PsH 0.7590 

The first two orbitals describe the angular behavior 
of the electron functions; the third, the positron. 

b Energy of the four functions of pure S-type in Eq. 
(2) of text. 

~ Estimated for further functions of type sss. 
d Estimated for terms of type sgg, shh, etc. 
e Estimated for terms of type//s, ggs, etc. 

have cusps where the outer electron and the positron coincide. I f  extended to a 
larger number of harmonics, Eq. (2) could approximate this behavior quiCe closely. 
Tab. 3 lists estimated energy contributions of the various harmonics in the true 
wavefunction. The actual total energy of PsH is probably very close to -0 .759 au. 

4.  A n n i h i l a t i o n  R a t e  

Conservation laws imply that  an annihilating positron-electron pair produces 
either two or three photons according as the spins of the Ps+e - pair are anti- 
parallel or parallel, respectively. Since experiments show that the half-life for 
three-photon emission is at least an order of magnitude larger than that  for two- 
photon emission, it may be considered, to a fairly good approximation, that  only 
the two-photon process can occur. (In fact, the experimental apparatus may be 
constructed so as to record only two-photon events.) 
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Accord ing  to FERRELL [15] and  NEAMTA~ et al. [8] the  ra te  y of decay  f rom 
PsH,  re la t ive  to  pos i t ron ium itself, Ps+e - ,  is 

where @PsI~ = JT*~(r l  -- r3) Tdv ldv2d% is the  p r o b a b i l i t y  of e lect ron I and  the  
pos i t ron  being a t  the  same pos i t ion  in space regardless  of  the  pos i t ion  of e lec t ron  
2, and  @Ps is the  p r o b a b i l i t y  of the  e lec t ron being a t  the  pos i t ion  of the  pos i t ron  
in Ps. The value  ofyps  is known  to be 8.0 nsee -1 [17]. The factor  ~ appears  because  
the  p r o b a b i l i t y  of an  e lec t ron-pos i t ron  pa i r  in  P s t I  being in  a singlet  s ta te  is -~; 
the  fac tor  2 appears  because  there  are two electrons.  

The presen t  ca lcula t ion gives for the  ra t io  of ra tes  0.78 for the  in teger  funct ion  
and  0.83 for the  non- in teger  funct ion.  The ca lcula t ion  of  NEA~TA~ et al. gives 
0.247, p r e s u m a b l y  closer to the  correct  value  because of the  be t t e r  descr ip t ion  of  
the  pos i t ron-e lec t ron  motion.  (Yet,  i m p r o v e m e n t  of the  descr ip t ion  of  electron- 
e lect ron corre la t ion  in the i r  funct ion would be expec ted  to  increase the  value  of  
the  rat io .)  
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