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The interaction potential between hydrogen and antihydrogen is obtained by a variation-
al calculation. A potential maximum is found, but its peak is below the dissociation lim-
it. A classical calculation shows that the cross section for total annihilation decreases
monotonically from 31a,’ at 0.01 eV to 4a,’ at 20 eV.

Interest in the atomic interactions involving an-
timatter has been aroused by the analysis of bub-
ble-chamber reactions and by recent cosmologi-
cal speculation concerning the possible presence
of equal amounts of koinomatter and antimatter
in the universe. Various authors!™® have pointed
out that the rate of proton-antiproton annihilation
in a system containing atoms or antiatoms may
be considerably larger than in a system with just
baryons and leptons. We will show that the study
of the interactions between atoms and antiatoms
presents some exacting and fascinating problems
for the quantum chemist.

Consider a collision between neutral hydrogen
and antihydrogen atoms. As the distance R be-
tween the proton and antiproton is reduced from
“infinity,” the binding energy of the electron and
positron is reduced. As R -0, the interaction of
each lepton with the two baryons is that of a di-
pole with decreasing moment. Since a dipole of
arbitrarily small moment cannot bind an electron
or positron, the system is unstable at small sep-
arations and both leptons will be emitted. There
are critical separations Ry and R, below which
it is energetically more favorable for the leptons
to leave the baryons, either as positronium (R
<Rp,) or as a free pair (R<R,). Because of the
binding energy of positronium, R, is greater
than R .

For slow collisions a simple adiabatic model

can be constructed. If, during the collision, the
baryon separation becomes less than Ry, the
leptons will be emitted as positronium. Since the
binding energy of the lepton pair is now 6.8 eV,
in the contrast to the 27.2 eV initially, the nu-
clear kinetic energy must be reduced by at least
20.4 eV. Hence if the initial kinetic energy is
less than 20.4 eV, a bound state of protium will
be formed. If the leptons escape while R is close
to Rp, they will leave with little kinetic energy
and the protium will be formed in one of the high-
est states consistent with energy conservation.
This means a principal quantum number of 24 or
23. The levels of different ! and m will be popu-
lated with roughly equal probability. After for-
mation, the protium will lose energy by radiation
or further collisions until annihilation occurs
from a level with small » and [/ values. In this
model R plays no role since by the time the nu-
clear separation reaches R, both leptons will
have left. In the absence of further collisions the
positronium will also suffer annihilation shortly
after its formation.

The annihilation cross section then depends on-
ly on the probability that R will become smaller
than Rpg at some time during the collision. Mor-
gan and Hughes' estimated this probability with
the assumption that the H-H interaction is com-
pletely attractive. However, Puget? has shown
that there may be a potential barrier since the
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TABLE I, Energy of the H-H system with the nuclei
at a fixed separation R,

R H-H interaction energy e - e binding energy
(a.u.) (a.u.) (a.u.)

0.975 -0.277201 0,001560
1.0 -0.,257076 0.007076
1.5 - 0.055216 0.138549
2.0 -0.010219 0.260219
2.5 -0.,001244 0.351244
3.0 —0,000040 0,416 707
3.05 -0.000033 0.,422165
3.10 ~0,000031 0.427451
3.15 -0,000039 0.432 579
3.5 —0.000165 0.464 451
4.0 —0.000301 0.500 301
5.0 —0.,000280 0.550280
6.0 —0.000154 0.583487
10.0 -0,000008 0.750008

overlap of the lepton charge clouds leads to a re-
pulsive interaction, in contrast to the attractive
interaction produced for H-H. Using simple wave
functions, Puget obtained a barrier of height 0.8
eV near 1.8gq,. Such a barrier would clearly re-
duce the annihilation cross section significantly.
We have therefore calculated the H-H interac-
tion by the variational method using a trial wave
function with up to 75 configurations. Each con-
figuration is made up from a product of orbitals,

V (R) (a.u.)

R (a.u.)
FIG. 1. Interaction energy between H and H.
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TABLE II. The H-H interaction energy at R=3.1 a.u.

No, of terms Interaction energy

in the wave function (a.u.)
25 +0.000 700
47 +0.000 097
60 +0,000034
75 -0.000031

which are either Slater orbitals based on one of
the nuclei or standard elliptical orbitals® based
on both nuclei. The nonlinear orbital parameters,
one for each Slater orbital and two for each ellip-
tical orbital, were optimized to give the lowest
energy with a wave function of 21 or 25 terms.
The results of the 75-term calculation are shown
in Table I and Fig. 1. At large R the potentials
shows the attractive Van der Waals interaction,
and at small R the p-p Coulomb interaction pro-
duces a strong attraction. Between these regions
there is a peak at 3.089 a.u., as determined by a
cubic spline curve fitted through the points in Ta-
ble I. The height of the peak is 3.1x107° a.u.
(0.85 meV) below the dissociation limit. The
binding energy of the lepton pair reduces to al-
most zero at 0.975 a.u., suggesting that Rp,
~0.96 a.u. The rate of convergence of the calcu-
lation can be judged from Table II. It should be
noted that in the 60-term calculation the energy
at 3.1 a.u. was slightly higher than the dissocia-
tion limit. Thus, it was necessary to go to the
75-term function in order to demonstrate that the
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FIG. 2. Cross section for the formation, with subse-
quent annihilation, of protium and positronium in H-H
collisions,
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potential maximum does not represent a barrier
to zero-energy collisions with zero angular mo-
mentum.

The cross section for the formation of positro-
nium and protium pairs, calculated using the adia-
batic model together with classical trajectories,
is shown in Fig. 2. The cross section decreases
monotonically from 31a,* at 0.01 eV to 4a,? at 20
eV. These results should be accurate over the
higher energies in this range, but quantum ef-
fects on the nuclear motion may influence the re-
sults at low energies.

The maximum in the H-H potential is probably
a feature common to all interaction potentials be-
tween neutral atoms and antiatoms. This sug-
gests the possibility that for some pairs the po-
tential at the maximum might be greater than the
dissociation energy, thus providing a potential
barrier which could keep matter and antimatter
apart. This could perhaps give some support to
the recent speculation® that ball lightning is
caused by the congregation of large amounts of
antimatter in the atmosphere. Preliminary stud-
ies on He-H, with 7-term wave functions, reveal
a small barrier which will probably disappear in

more accurate calculations. QOur results for sys-
tems in which one or other atom is charged show
no potential barriers.

We are very grateful to the National Aeronau-
tics and Space Administration Goddard Space Cen-
ter for providing the computational facilities for
this calculation, to Dr. D. L. Morgan for intro-
ducing us to the problem, and to Dr. D. L. Mor-
gan and Dr. J. Bredekamp for running our pro-
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We report the respective electronic energies [—~5.658 £0.024 and — 6.369 +0.033 keV]
and electron emission lifetimes [0.91 £0.04 and 0.66 +0.04 nsec] of the longest-lived au-
toionizing quartet states of lithiumlike C14* and Ar!®* ions, firmly establishing the ener-
gy and lifetime scaling with Z. We discuss observable relativistic corrections to non-
relativistic variational energy calculations. Production of metastable states belonging
to lower charge states is discussed, and it is concluded that many excited heavy ions

should exhibit them.

Sufficient numbers of metastable CI'** and Ar!®*
ions have been created by passage of chlorine
and argon beams through 15-ug/cm? carbon foils
to render possible the measurement of the total
electronic energies and autoionization lifetimes
of the lowest, longest-lived, nonradiative quartet
states [(152s2p)*P;,,°] of these three-electron
ions. 41-MeV chlorine beams from the Oak

Ridge tandem accelerator and 87- and 60-MeV
argon beams from the Oak Ridge isochronous cy-
clotron were used for these experiments. In
each case a few tenths of 1% of the emergent
three-electron beam fraction has been found to
exist in the lowest quartet state having highest
angular momentum (J =3); it is then probable
that = 1% of the three-electron beam fraction is

1229



