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A simple theory for establishing the stability or instability of positron-atomic systems against dis-
sociation is presented. The theory consists of assuming that Morse-potential parameters for proton-
ic diatoms are transferrable to the corresponding positronic molecules, and making appropriate
reduced-mass modifications in the calculation of binding energies. The surprisingly good reliability
of the method is established by appealing to the well-known positronium affinities of atomic hydro-
gen and fluorine. Positronium (Ps) binding is found for about half of the 42 atoms tested. In addi-
tion, instability is indicated for all nine positron-atom systems tested, and stability is indicated for
seven of eight negatively charged systems tested; e.g., PsO~.

1. INTRODUCTION

The low-energy interactions of positrons with atoms
and molecules is a rapidly developing field, and in partic-
ular the chemistry of the positron and positronium is
currently being investigated by -many active workers
around the world.! Further growth in this interesting area
is hampered because we do not know whether most of the
positron-atom complexes with which we deal experimen-
tally are stable with respect to dissociation. Most of the
very sparse evidence on this question has come from
quantum-mechanical calculations; experimental work has
contributed much less to our knowledge of bound states.
Clearly the question of chemical stability is central, and
must be dealt with if progress in this area is to continue.

Accurate quantum-mechanical calculations are expen-
sive and thus limited in applicability to only the simpler
systems, so there seems to be a need for reliable empirical
methods for estimating binding energies. In this paper we
present such a method and its results, and we compare our
results to other evidence. All the systems we consider
here are annihilatively unstable, of course, but annihila-
tion lifetimes are ~ 1 nsec which is very long compared to
atomic times (e.g., the time required for the electron in a
Bohr hydrogen atom to complete an orbit).

II. THEORY

One of the first thoughts one has when considering pos-
itron or positronium (Ps) binding to an atom is, “Can we
use existing information on the interaction of a proton or
a hydrogen atom with the atom of interest?” Potential-
energy curves for the Ht- 4 and H- 4 interactions are ac-
curately known from molecular spectroscopy for many
atoms A. The e -4 potential-energy curve is exactly the
same as that of H*-A4 in the adiabatic approximation.
The principal error in using the H*- 4 potential for e -4
comes from positron-nuclear distances close to but larger
than the position of the potential minimum, where the

positron is highly accelerated. For Ps-4 and H-A there

are additional differences because the adiabatic potentials
are not the same. The static potential seen by a test
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charge is identically zero for Ps but not for H, and the di-
pole polarizability of Ps is eight times that of H. In the
van der Waals region, the static potential of H is negligi-
ble, so the only significant difference is that dispersion
forces for H- A are less than those of Ps-A4. As the dis-
tances grow smaller, the electron and positron in Ps be-
come increasingly differentiated by the growing exchange
interaction. It seems to us that as the atoms Ps and H be-
come more distorted to growing valence effects, and the
electrons in Ps and in H become more involved in the
electronic environment of the developing diatomic mole-
cule, the difference between Ps-A and H-A will decline.
Calculations? show that the probability density of the pos-
itron is significant in both regions. The point we want to
make is: The (unknown) e t-A potential is higher than
the H™*- 4 potential near its minimum, and the (unknown)
Ps- A potential is probably higher than the H-A4 potential
near its minimum and certainly lower in the van der
Waals region. Thus the e*-A potential is overestimated,
and errors in using the H- 4 potential for positronium cal-
culations will tend to cancel. In the simple application of
this idea carried out here, we deliberately overestimate the
Ps- A potential in the van der Waals region, which tends
to underestimate binding energies. Therefore, if our cal-
culations indicate binding for e *-4 or Ps-4, it seems to
be reasonable evidence that binding actually takes place.
Clearly our argument is more compelling for e*-4 in-
teractions than for Ps- 4 interactions.

For the et-A and H-A interactions, we adopt the
Morse potential .

V(r)=D(1—e P77y (1)

r is the proton-nuclear distance, D is the minimum energy
of the potential curve compared to the energy of separated
atoms at rest, 7, is the position of the minimum and S is
related to the force constant. The energy levels for this
potential were worked out many years ago in the case of
no rotational excitation,? for which it was found that

Eopy=0,0+%)—0.x,0+7). )

v is the vibrational quantum number which has non-
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negative integral values up to a maximum of
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u being the reduced mass of the vibrating atoms. To the
extent that the true H- 4 potential follows Eq. (1), D is the
same as Dy, given by

;

M =
do.x, ’

which can be used as a consistency test of our method.

The parameters DY, w,, and w,x, are tabulated with
sufficient precision for 37 diatomic hydrides by Huber
and Herzberg* to be useable for our purpose, and recent
molecular beam results on H noble-gas interactions’ en-
able us to extend our investigations to a total of 42 cases.
D is calculated from D by adding to it the zero-point en-
ergy Ego. If the et-4 or H-4 potential is exactly
Morselike, then, neglecting the enhanced van der Waals
interaction of Ps compared to H and the greater spread of
electronic charge of Ps compared to H and making the
adiabatic approximation, we can compute the et-4 or
Ps- A interaction by solving the same Schridinger equa-
tion solved by Morse but with an appropriate modifica-
tion of the numerical value of the reduced mass. This
amounts to (using tildes to denote quantities which per-
tain to et-A4 or PsA4) s-type positronium energy levels
given by ‘

(5)

Eop=8,(0+5)—8.%0++), ©)
where

B, =0,V ,u/,ii

(7
BeXe=0cX¢ =
Positron or positronium affinities are then given by
DY=D—E,, . (8)

In order for the system e*A4 or PsA to be chemically
stable, the affinity must be positive, as must

e V-t ©

2w,.x,

Umax =

III. RESULTS FOR NEUTRAL SPECIES

Our results are summarized in Table I. There, under
the symbol of each element, are three data entries. The
middle of these refers to the stability of Ps4. If a bound
state exists, the dissociation product of lowest energy is
invariably Ps + 4. In order for another arrangement to
be more stable, either the electron affinity of A4 would
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have to be greater than the ionization potential of posi-
tronium (6.8 eV), or the ionization potential of 4 would
have to be less than the electron affinity of Ps (0.327
eV).3=1% Since no atoms satisfy either condition, the
middle entry under each atomic symbol in Table I has to
do with the positronium affinity of A. The entry is ei-
ther: the positronium affinity in eV [calculated from Eq.
(8) with the reduced mass zi being that of Ps and A], the
word “no” which means binding is indicated by our calcu-
lations not to take place, or a dash indicating that suffi-
cient data to do a calculation is not available. In each
case where binding is indicated by our calculations, Tp,,
is less than unity, which means that excited bound s states
do not exist. We have not applied our method to non-s
states.

For hydrogen we obtain a positronium affinity of 0.63
eV, which is less than the very accurate value 1.021 eV.!6
This confirms our expectation, stated above, that our cal-
culations are conservative. For fluorine we obtain a posi-
tronium affinity of 0.98 eV. A calculation of PsF in the
restricted Hartree-Fock approximation? and estimates of
the error due to the neglect of the correlated motion of
leptons in PsF yield likely lower and upper bounds on this
quantity of 1.83 eV (Ref. 2) and 1.91 eV,!” and Schrader’s
calculated value is 1.86 eV.!® Again, the present calcula-
tions are seen to be conservative. For the other halogens,
upper bounds for the positronium affinities are not avail-
able due to the absence of certain necessary theoretical
data,!” but likely lower bounds of 1.11, 0.55, and —0.19
eV, for Cl, Br, and I, respectively, have been reported.?
The present result for these atoms, 0.54, 0.25, and 0.00
eV, again show our method to be conservative, with iodine
as a possible exception. Experimentally, positronium
halides have been observed in aqueous environments!%20
and as graphite intercalated compounds.?"?> The order of
binding energies found here and in other calculations®'® is
confirmed for the graphite intercalated compounds, and
for aqueous systems?® when the hydration energies of the
halide ions are considered.?*%

This exhausts possibilities for calibrating our method,
since no other reliable information on positronium bind-
ing energies exists. That is to say, existing calculations on
Ps-A systems are either inconclusive,?~3 too approxi-
mate to be useful,> 3% or incorrect;*¢~*? and experimental
results to date do not contribute to our knowledge of bind-
ing in other positron-atomic systems. We believe that, in
the case of hydrogen and the halogens, confirming evi-
dence from experiment and from other calculations dis-
cussed above establishes the present method as a reason-
ably reliable indicator of positronium binding.

From Table I we see that for the first-row atoms, posi-
tronium binding is indicated for ;Li, 5B, (C, 3O, and (F.
Negative results were found for ,Be and ;N. For neon
and the other noble gases, we have extracted the needed
spectroscopic constants for Ps4 from the experimental
work of Toennies, Welz, and Wolf on 4H.> The results
are uniformly negative: None of these atoms are indicat-
ed by our calculations to bind positronium.

All the alkali-metal atoms for which the required spec-
tral data is available show positronium binding as do all
the group-IB metals ,0Cu, 47Ag, and ,5Au. In contrast,
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TABLE I. Calculated binding energies for positronic complexes with atoms and atomic ions.?
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*The three data under the chemical symbol for each atom A are binding energies for: e*A (top value), Ps4 (middle value), and
Ps A~ (bottom value). Dashes signify that no information is available. Binding energies are given in eV. All data is from Ref. 4 un-

less otherwise indicated.

®D and Dy, [Eq. (5)] for H 4 differ by less than 3%, indicating that the true H- 4 potential is accurately given by Eq. (1). This implies
a high degree of consistency in our use of Egs. (7) for the system Ps 4.

°D and D, differ by more than 3% and less than 30%. See note b.

4D and Dy, differ by more than 30% and less than 70%. See note b.

D, Eq. (8), is negative.
Bmaxs EQ. (9), is negative.

20ur method does not apply to the stability of e 4 because the ionization potential of A is between 6.8 and 13.6 eV.

hwe and w.x, from Ref. 6; dissociation energy from Ref. 7.

fco, and w.x. from Ref. 6; dissociation energy from Ref. 8.
Jw, and dissociation energy from Ref. 9 and w,.x, from Ref. 10.
kSpectral constants from Ref. 11.

'Our method does not apply to the stability of Ps 4 ~ because the electron affinity of 4 is between 0.327 and 0.754 eV.

™MSpectral parameters for AH™ are given in Ref. 12.

"Spectral parameters are calculated by the present authors from the van der Waals potentials deduced from molecular beam results.’

none of the alkaline-earth atoms (except possibly ssBa)
show binding nor does the group-IIB metal ;3Zn. The
group-II1B metals are indicated to be consistent binders of
positronium. Several other transition metals and two
lanthanides also show binding. The second-row nonmet-
als 1451, 15P, 1¢S, and ;;Cl all show positronium binding in
our method, although the calculated binding energy for P
is small and uncertain. Altogether, our method indicates
positronium binding to be fairly general and very
widespread in the periodic chart. Of the 42 atoms for
which the necessary spectral constants for the diatomic
hydrides are available,** at least 16 and possibly as many
as 30 pass our tests for being capable of binding positroni-
um. Twelve give unambiguously negative results, and of
these, four are alkaline earths and five are noble gases.

IV. RESULTS FOR POSITIVE SPECIES

In order for our method to be applicable to the stability
of the species e * 4, the lowest-energy dissociation product
of AH* and e * 4 must correspond. However, if the ioni-
zation of the atom A4 is between 6.8 (that of Ps) and 13.6
eV (that of H), then the dissociation products do not cor-
respond

AH* 5> A+ +H
(10)
etA—A+et . ‘
In this case our method does not apply, and we can learn

nothing from it about the stability of et 4. Forty-nine
atoms are known to be in this category. We consider the
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hydrogen atom itself to be a member of this category be-
cause its ionization potential makes it an ambiguous case.
Nevertheless some other authors*’ recently used a method
similar to our own on the system e TH.

Of the remaining atoms, sufficient data exists for only
nine to do calculations with our method. Two of these are
the lighter alkali metals and Al for which e * 4 dissociates
into A1 + Ps. @ in Egs. (6)—(9) is therefore taken to be
that of Ps and A4 *, and our calculations have to do with
the positronium affinity of 4+. The remaining six atoms
are all light nonmetals or noble gases and have as the
lowest energy of the separated atoms A+e*. In these
cases fI is'that of 4 and e +, and the calculations have to
do with the positron affinity of 4. In all cases, binding is
unambiguously indicated not to take place.

;Li* and {;Na™ are indicated by our calculations to be
unable to bind Ps because both have negative values of
Tmax. G00d quantum-mechanical calculations o KH™ ex-
ist** but they are not quite good enough for our purposes.
We need an accurate value of w,.x,, which is proportional
to the curvature of the potential curve at its minimum.
The value of this sensitive parameter is easily extractable
from results given by Olson et al.,* but when we do this
for their results for NaH™*, we find sérious disagreement
with the more accurate results.® For this reason, we do
not consider that sufficiently accurate parameters for
KHT are available.

The nonmetals ;N, 3O, and ¢F fail to bind e* for the
same reason: Dy, is negative. This is also true of ,He
and ;oNe. ;gAr fails to bind et in our approximation be-
cause D{ is negative. Our results for ;N, ,He, and j(Ne
agree with those of Golden and Epstein,* who showed
that these three atoms fail to satisfy a necessary condition
for binding positrons.

V. RESULTS FOR NEGATIVE SPECIES

The species AH™ and PsA4~ will have comparable

lowest-energy dissociation products only if the electron af-
finity of A4 does not lie between that of Ps and H, namely
0.327 (Refs. 13—15) and 0.754 eV.* If the electron affini-
ty of A is below that range, then we are dealing with the
affinity of A4 for Ps—; if above, then, the positronium af-
finity of 4 ~. Using the electron affinities compiled by
Smirnov,*® we find that 16 atoms have electron affinities
within this range, and hence our method does not apply.
The 16 include all the alkali metals and all the group-1I1.4
elements except boron.

Adequate spectral parameters exist for AH™ for eight
other atoms A. Most of these are from the high quality
quantum-mechanical calculations of Rosmus and
Meyer.!? Experimental values listed by Rosmus and
Meyer are used in preference to the calculated values, ex-
cept for w, for (<SH™ for which the listed experimental
value is uncertain. Otherwise, results of the coupled elec-
tron pair approximation are used. Using the appropriate
reduced mass in our calculations, we find stability of
Ps A~ in all cases except PsN~. The lowest-energy disso-
ciation products are A-+Ps~ for A=,Be, B, ;N, and
12Mg; and A~ + Ps for A=¢C, 30, 1451, and 4¢S.

VI. CONCLUSIONS, CRITIQUE,
AND SUGGESTIONS FOR FUTURE WORK

Over half of the 42 atoms tested by our method show
positronium binding. These include the alkali metals, the
“coinage” metals, the group-III4 metals, and most of the
nonmetals. The principal counterexamples are the noble
gases, ;N, the four lightest alkaline earths, and 3pZn.
Positronium is uniformly unsuccessful in forming stable
van der Waals complexes. Our calculations indicate that
the three lightest noble gases fail to bind et as do all the
other five atoms tested, which are the lighter alkali metals
and the most electronegative first row nonmetals. The
stability of the negatively charged species PsA4 ~ is indi-
cated for all the eight atoms tested except N.

In view of the crudity of our method and the very large
mass corrections required, it must be said that our con-
clusions are quite tentative. This work is intended to pro-
vide rough predictions and a guide to trends and relation-
ships in the periodic chart regarding e *-, Ps-, and Ps™-
atom interactions, rather than accurate predictions for
any individual atom. In particular, our negative results
for the existence of bound states of positronium with the
noble gases should not be viewed as definite proof that
they do not exist. As noted in Sec. II, our method de- -
pends upon a cancellation of errors in the valence and van
der Waals regions. For H—noble-gas complexes, there is
no valence region comparable to those in other hydrogen-
containing diatomic molecules, so we are very likely un-
derestimating the strength of the Ps—noble-gas interaction
over the whole of its attractive region. Bound states of
PsKr and PsXe have been conjectured to account for
anomolous positronium yields for positrons slowing down
in gaseous Kr and Xe.*’

Implicit in the approach described here is our choice of
the CMN (center of mass of the nuclei) coordinate sys-
tem.*® This choice introduces into the vibronic problem
for Ps-A systems angular momentum terms which couple
different states except (in our case) for = electronic states.
We are ignoring these in the present work and they may
be significant.

A more realistic diatomic potential function than the
simple Morse potential (1) might be used in the future.
The Morse potential is incorrect at short range because it
does not correctly give the internuclear Coulomb repul-
sion, and also at long range because it does not correctly
reflect the dispersion forces.

The nonadiabatic corrections for the positronic species
can be estimated from electronic wave functions for the
corresponding protonic species.*” This represents a very
much larger calculation than we report in the present
work. Much larger still would be a calculation in which

- the electronic wave functions themselves are modified to

account for nonadiabatic effects.
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