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The possibility of determining the magnitude of the energy of interaction between the hydrogen-like
positronium atom and molecules (atoms) of the surrounding medium is considered on the basis of
spectroscopic data on the energy level shifts. The proposed method is also used to describe the
hyperfine structure level shifts in other atoms such as tritium, muonium etc. The magnitudes of
the interactions mentioned are determined by taking into account the available experimental data.
The method is used with the aim of verifying for describing the Stark effect of the hydrogen-atom

ground state.

CALCULATION of the interatomic (intermolecular)
interactions is of considerable interest, owing to the
lack of methods for their direct measurement.

However, even in the calculation of the interaction
between two simplest isolated atoms, it becomes neces-
sary to confine oneself to crude approximations. On the
other hand, the calculation of the interaction energy of
a system consisting of three atoms is one of the most
difficult problems. The mathematical difficulties en-
countered in attempts to solve the problem of interac-
tion of an individual atom with a system containing an
arbitrary number of molecules (atoms) and in the solid,
liquid, or gaseous state, are therefore obvious.

For example, the calculated binding energy of iso-
lated hydrogen atoms (H) and positonium (Ps) in the
(PsH) molecule is subject, as noted in{"*?, to a con-
siderable uncertainty. The question of the influence of
pressure and temperature on the binding energy of
such associated states is still unsolved.

Furthermore, a hypothesis has already been ad-
vanced concerning the possible formation of an inter-
mediate complex of atomic positronium surrounded by
the molecules of the medium, particularly the forma-
tion of an intermediate complex with an acceptor of the
PsAc type'®), and moreover the possibility of solvata-
tion of the Ps atom itself in an aqueous solution was
indicated!. However, the value of the binding energy
of the Ps atom with its surrounding molecules of the
medium in the intermediate complexes and in the
solvated states, if such states exist, still remains un-
known. The influence of temperature on the stability
of such bound states is unclear. At the same time, a
shift of the levels of the hyperfine structure of the Ps
atom in water there was observed in a number of in-
vestigations!®®), This phenomenon has not yet been
explained. In addition, a shift of the levels of the hy-
perfine structure of a positonium atom as a function
of the pressure of the surrounding gas was observed
inm, and likewise found no explanation.

The purpose of this communication is to point to the
possibility of determining the interaction between an
atom (to the specific, a positronium atom) and the
molecules of the medium surrounding it on the basis of

spectroscopic data on the shift of the energy levels of
the atom in the medium, and to obtain numerical values
for the indicated interactions. It is assumed here that
the Ps atom does not lose its main properties as the
result of such interactions (e.g., no ionization of the

Ps atom takes place).

Let us assume that the positronium atom is located
in some medium that is neutral to it. Since it is sub-
ject to an additional interaction of the molecules
(atoms) surrounding it, compared with vacuum, there
is superimposed on the electromagnetic interaction
between the electron and the positron of the Ps atom
also an interaction with the medium that is external
with respect to this atom; this is equivalent to the
presence of an effective field E. We shall assume the
quantity 8 &/8r to be constant at distances on the order
of the dimensions of the Ps atom itself. (This limita-
tion is not significant, and is introduced for the purpose
of simplification. Introduction of terms containing
89g/ar® can in principle increase the accuracy of the
derivations presented below.)

The Schrddinger equation for atomic positronium
under the aforementioned conditions can be written in
the form

(H—E)y=0, (1)
where
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Here 1 =1/27 and h is Planck’s constant,

1 0 a
=g (7 50):

e is the electron charge, r is the instantaneous dis-
tance between the electron and the positron of the Ps
atom, ¢ is a parameter that takes into account the
deformation of the electron cloud of the Ps atom by
the medium, 3a =(¥(1s)|r |y (1s)), 12a®
= (P(1s)| r?|¢ (1s)), ¥(1s) is the wave function of the
ground state of the isolated positronium atom, normal-
ized to unity, 2a is the radius of the first Bohr orbit
of the Ps atom, and m is the electron mass.

Substituting in (1a) 8&/8r = A and & = Ar + B,
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where A and B are constants, we get
h e?
—H=—A+—+4te(Ar*+ Br— 3aAr — 3aB)
m r

— LA (12 — 12a%). @)
The solution of Eq. (1) with allowance for (2) is sought
in a class of wave functions of the form

¥ = exp(—{r/2a). 3)
Substituting (3) in (2), we get
P|H|Y) e te? 2
TG g aa eaB ot 9atde 3eaB —t2aedy,  (4)

with (¥ |¢ ) = 8ma?{™3. Starting from the stationarity
condition (¢ |H |¢)/{ ¥ {¥), we obtain

@ L 34eB — 12a%A —0 (5)
2a 2a
and finally
6a2B 244’4
e (6)

In this case the wave function, normalized to unity,
of the Ps atom of the ground state of the deformed 1s
wave in the field of the medium takes the form

¥ =t (8ma?) eexp (— 2;_;) . (1)

The excess of energy of the triplet over the singlet for
the positronium atom for the indicated wave function
(7), is
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where hv, is the excess of the energy of the triplet
over the singlet in vacuum.

Since the level shift of the hyperfine structure of
the Ps atom in the medium is a consequence of the
process of the action exerted on the positronium atom
by all the internal fields of the medium, which differ
in structure and in character[”], we shall start with
the Gell-Mann-Feynman theory[”] and confine ourselves
in the calculation of the energy of the interaction be-
tween the Ps atom and the medium to the value of a
constant and uniform effective field & such that its
action on the Ps atom is equivalent to the vector sum
of the fields of the medium acting on the atomic posi-
tronium. In such a case, the term ¢{e&(r - 3a) in (la),
which describes the action of the medium, can be
transformed, by substituting the value of ¥ from (3) in
expression (2) and dividing by (¥ |¢), into

= —3ae&(1 — 7). 9)

Substituting (6) in (9) with allowance for the fact that
A =0 and B = &, we readily obtain an expression for
the interaction energy of the positronium atom with the
field &:

U= —3ae&(1 — ) = —18a°&2 (10)

Using spectroscopic data on the level shift of the hy-
perfine structure of the atomic positronium in the
medium and expression (8) where A =0, we obtain the
value of the effective field &. Substituting the obtained
expression & in (10), we obtain the value of the inter-
action energy between the Ps atom and the medium
surrounding it.
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Carrying out such a procedure for the case of find-
ing the Ps atom in water, we have U; = -4.1x 107"
erg and Uz = -1.7x 107*® erg respectively for hv,
=7.30 x 10 eV and hv, = 6.32x 10™* eV from the data
ofl*); U3 == 5.3 x 107" erg for hvs =5.00 X 10 eV in
accordance with the data of[S], and finally, according
tol®°) U, =-1.8x 102 erg for hv, = 3x 107 eV.

For the excess energy of the triplet over the singlet
of the positronium atom in vacuum we assume in the
foregoing calculations and subsequently the value hy,
=8.34 x 107" eV.

Although the foregoing numerical values were ob-
tained on the basis of experimental quantities that devi-
ate somewhat from one another, nonetheless they con-
firm the hypothesis that there exists a bound state (or
bound states) of atomic positronium in water at room
temperatures.

Let us approximate the expressions given above for
the case of atomic positronium located in a real
gaseous medium. Under the concrete conditions realized
inm, we can neglect the proper volume occupied by the
gas molecules, compared with the volume in which they
are situated. In this case 3&/dr = 0, and expression
(8) is written in the form

(11)

Carrying out concrete calculations on the basis of the
available data on the level shift of the hyperfine struc-
ture of atomic positronium!”); in accord with (11), we
can verify that |6a®?&/e| < 1, and in addition, on the
basis of (10) we can verify that |U| < kT at T =300°K.
When this is taken into account, expression (11) is
easily transformed, owing to the smallness of the
second term, into

v=wo(1 — 6a2& [ ).

v=vo(1 — 18a2& | e). (12)

Let us apply expression (12) to the data of!™, so as
to derive an expression for the level shift of the hyper-
fine structure of atomic positronium as a function of
the pressure of the surrounding gas. The potential
energy of the interaction between the positronium
atoms and argon is taken in the ‘‘6--12’’ Lennard-

Jones form!®;
12 6
v=s[(z) = (%)

Here 0 and € are constants defined in greater de-
tail inm; R is the average distance between atoms.
For not too high pressures it is possible to neglect,
with very slight error, the first term of expression
(13). Combining (10) and (13) under these conditions,
we readily obtain

(13)
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9a” (14)

When |U| < kT, the gas pressure is P = 3kT/47R>.
Generally speaking, the criterion that should be used
here is not the energy of interaction between the posi-
tronium atom and the argon atoms, but the energy of
the interaction between the argon atoms. However,
since the atomic positronium is assumed to be a free
radical["], we can expect for the energy of interaction
between the inert-gas atoms only a lower value of in-
teraction than between the positronium atom and the
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argon atoms, and consequently we can expect only a
strengthening of the inequality |U| < kT at T = 300°K.

The foregoing argument is not unique. We can
verify by direct calculation on the basis of!®! that,
independently of the reasoning advanced here and in[“],
the inequality |U| << kT holds at T = 300°K for the
interaction energy between the inert-gas atoms at not
too high pressures. Starting from (14), we obtain

&=+D'P, (15)

where D’ = 3kT/4mc’. Substituting the value of & from

(15) in (12), we get

v = vo(1 = DP), (16)

where D =18a®D'/e.

The linear relation obtained in (16) between the level
shift of the hyperfine structure of atomic positronium
and the pressure is a reflection of the linear depend-
ence resulting from the data of the precision experi-
ment inl™,

Since the expression for D contains the parameters
of the Lennard-Jones potential, it follows that by using
the experimental value of D it is possible to obtain,
subject to some additional condition, the parameters
€ and o for atomic positronium in gaseous argon.

Following a procedure analogous to that described
for finding the interaction energy between the Ps atom
and water, we find for the case when positronium is in
gaseous argon at room temperature, on the basis of the
data ofm, that the atomic positronium can associate
with argon, but the energy of their interaction at
T =2x% 10° Torr is U =-8.3 x 10™® erg, i.e., much
less than the thermal energy.

The foregoing reasoning and calculation method can
be extended in trivial fashion to include also other
hydrogenlike atoms: muonium, deuterium, hydrogen,
etc., leading to agreement with the data obtained by
precision experiments{***%],

As a check, let us apply the foregoing method to the
study of the behavior of the ground state of the hydro-
gen atom in a homogeneous external electric field &.
In analogy with (1) and (la), we write the Schrodinger
equation in the form

(H — E)yp=0, (17)

2

2m

—H= A+§2—+T;e$(r—1.5a). (17a)
The notation is the same here as in (1) and (1a), and

in addition, 1.5a =(¥(ls)|r |¢(1s)), where ¥(ls) is the
wave function of the ground state of the isolated hydro-
gen atom, normalized to unity. The solution of Eq. (17)
with allowance for (17a) is sought in a class of func-
tions of the type

b= exp(—tr/a). (18)

Taking (18) into account, we get
plH|W) e Lt
Gl 2a 4 heefd—0
where (¢ |¥) = 7na’¢™3. With allowance for the station-
arity of expression (19), we readily obtain

(19)

t=1—15a2& /e (20)

with
(21)

The values of the dipole moment of the polarizability
of the hydrogen atom of the ground state are respec-
tively 2.252°# and 4.5a°. The obtained values are in
full agreement with the available experimental datal®!,
and also with Stark-effect calculations by perturbation
theory.

I am grateful to V. I. Gol’danskii, F. I. Fedorov, and
V. P. Shantarovich for their critical remarks.

U= —1,5ae& (1 — §) = —2,25a%%2.
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