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The behavior of the lI.t terms of a system of two metastable helium atoms is investigated for small 
internuclear distances R. It is shown that the system does not form a stable molecule, since the total 
energy curve intersects a whole band of terms in the vicinity of the minimum; consequently, in addition to 
the previously known autoionization channel, a new channel of inelastic collisions of the second kind 
becomes open at small distances. 

PACS numbers: 31.50., 34.20.K 

The present paper is a continuation of [lJ, in which 
the ground term X1~g of the doubly charged ion of the 
helium quasimolecule He~+ was obtained. It was shown 
that this term has a minimum at the internuclear dis
tance R = 0.71 A. Because of the strong Coulomb repul
sion of the nuclei, the bottom of the wall is 6.34 eV above 
the value of the energy of two isolated He+ ions. Calcula
tion shows that the potential well contains several (four) 
quasidiscrete vibrational levels. The lifetimes of the 
levels to decay due to the tunnel effect amount to the 
following, according to the estimates of I)J: for the 
ground vibrational level, 10-16 sec, for the upper level
the fourth-1O- 12 sec. The dissociation energy of the 
quasimolecule is equal to 1.69 eV. 

Thus, in the decay of the quasimolecule He;+ into two 
He+ ions, an energy of about 8 eV is released. This 
means that this system could be a good accumulator of 
energy. However, since the quasimolecule is electrically 
charged, it is not possible to accumulate such a gas in 
Significant quantities. Therefore, the question arises as 
to whether this property of the He:;;+ quasimolecule is 
preserved if it is completely neutralized to some other 
state by the addition of two electrons. In other words, 
could two helium atoms in any electron state form a 
quasi-stable system with a large (on a chemical scale) 
decay energy? 

It is well known that two helium atom!! in the ground 
state have one purely repulsive term. [2,3J Some of the 
energy terms, which correspond at infinity to a helium 
atom in the ground state and a helium atom in an excited 
state, lead to the formation of a quasistable He: mole
cule, with a maximal decay energy from a fraction of an 
electron volt to one electron volt. [4-11J 

The next terms energetically are the quasimolecular 
terms corresponding at infinity to two metastable helium 
atoms. There are literature papers on the calculation of 
the energy terms of such a system. [12, 13J There the 
terms were calculated at medium and large internuclear 
distances (R > 4ao) in connection with investigation of 
the Penning effect for the collision of two metastable 
helium atoms. 

At small distances (R < 4ao), some of the terms (this 
will be discussed in detail below) should have a second 
minimum. We are interested in the location of these 
minima relative to the energy of the isolated atoms. 
Such a problem is usually solved by the variational 
method with the use of a multiparameter wave function. 

In the present study, we consider a simplified model 
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in view of the large number of electrons. It is assumed 
in this model that the inner electrons of the quasimole
cule form a "rigid" system with the electron shell of 
He~" while the outer electrons move in the averaged 
field of the nuclei and the inner electrons. The total en
ergy of the electrons is composed of the electron energy 
of the quasimolecule He:;' and the energy of the outer 
electrons, which is determined by the variational me
thod. Anticipating somewhat, we shall show that the ac
curacy of the given model is entirely sufficient for 
unique solution of the problem posed. 

We now consider the behavior of the energy terms of 
the system of two metastable helium atoms as the con
stituent atoms approach one another. If two singlet 
helium atoms (ls, 2s, 1So) approach each other, then a 
single term l~g is obtained. The quasimolecule electron 
shell corre sponding to this state has the symmetry 
(lag )2(2ag)2. In the limiting union of the nuclei, this term 
transforms into the ground term 1S0 of the Be atom 
(ls2, 2S2) (we consider adiabatic terms). If one of the 
atoms is in the triplet spin state of He (ls, 2s, 3S1), then 
the number of ~+ terms is doubled, and they differ in 
parity. In the limiting union o~ the nuclei, these terms 
transform into excited states of the beryllium atom. If 
both metastable helium atoms are in triplet spin states, 
we then have three terms: 5~g' 3~M and l~+g-with 
respective total spins s = 2, 1, O. The first two of these 
terms give excited states of the beryllium atom, and the 
last transforms into the ground state 1S0. 

Thus, of the six terms, the two terms l~g obtained on 
the union of two Singlet and two triplet helium atoms 
give the ground term of the beryllium atom in the limit 
of the combined nuclei. The differences in the values of 
these terms at R = 00 and R = 0 are greater than the 
analogous difference for the term 1~~ of the quasi
molecule He;+; therefore the total energies correspond
ing to these terms should have minima at small dis
tances. As for the remaining four terms, they evidently 
do not lead to the appearance of minima on the total
energy curves, since in the limit of the combined nuclei 
they give excited states of the beryllium atom. Thus, 
only the two terms l~g of all the terms considered can 
have quasidiscrete viBrational levels. 

To determine these terms, we write the Schrodinger 
equation for the four electrons in an axially symmetric 
Coulomb field of the two fixed nuclei a and b with charges 
Za = Zb = 2: 

(H(1, 2)+H(3, 4)+V)'V=glI,,(R)'V. (1) 

Copyright © 1976 American Institute of Physics 33 



Here 
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rai, rak, Ibi, and rbk are the distances of the ith and kth 
electrons from t~e respective nuclei a and b, tC'He 2(R) 
= EHe2(R) = 4/R IS the electron energy, and R is the 
distance between the nuclei (here and below we use 
atomic units). 

We shall seek a solution of Eq. (1) in the form 

'¥=(lJ.(1, 2)F(3, 4), (2) 

where <I>(I, 2) is the wave function of the electrons of the 
quasimolecule Her. 

Substituting (2) in (1), multiplying on the left by 
<I>*(I, 2), and integrating over the coordinates of the 
electrons 1, 2, we obtain for F(3, 4), 

(H(3, 4)+v(3, 4))F(3, 4)~(!;(R)F(3, 4). (3) 

Here v(3, 4) = (<I>(1, 2)/V/<I>(1, 2), and tC'(R) = tC'He 2(R) 

- tC' He2+ (R) is the energy of the electrons 3 and 4. In (2), 
we have not taken into account the permutational symme
try between electrons of different shells; therefore, in 
place of the two terms 1~g we obtain a Single term. 

We represent the wave function <I>(1, 2) in the form of 
the product of hydrogen Is-functions in the field of nuclei 
a and b with charges Za = Zb = 2: 

11>(1,2)='1',(1)'1',(2). (4) 

We then obtain the following equation for F(3, 4): 

( ~, Il, 1 1 1 
-------v,(3)---v.(3)---v.(4) 

2 2 Ta3 rb3 1"a" 

_~_v.(4)+_1_) F(3,4)=$(R)F(3, 4), 
Tb4 Tn 

(5) 

where 

v.(i) =exp(-4r.;) (2+1Ir.;) , v,,(i) =exp(-4rb;) (2+1lrbi). (6) 

(In (4), we did not carry out symmetrization between 
electrons 1 and 2 and, by the same token, we did not con
sider exponentially small terms in Eq. (5).) 

We solve Eq. (5) by the variational method. We con
struct the wave function F(3, 4) out of hydrogen 2s-wave 
functions with effective charge Z, which we shall vary: 

F(3, 4) =[2(1+s') ]-'1'('1'.(1)'1'.(2) +'1'.(2) ¢,,(1), 

s=(1jl.I 1jl.). 

The calculations were performed on a computer. For 
given R in the range 1 :5 Z:5 2.5, a set of values of 
tC'(Z, R) was computed with a step 6Z = 0.01, and the 
minimum was selected from this set. The exchange in
teraction integral of the electrons was computed numer
ically. 

The calculations showed that the model used above for 
the energy of the upper 2s-electron of the helium atom 
gives a value EHe = -4.11 eV with an effective charge 
Z = 1.19. For comparison, the experimental values of 
the energy of this same electron in the Singlet and triplet 
states are Esing = -3 97 eV and Etrip = -4 76 eV He· He·' 
respectively. For the energy of two outer electrons of 
the beryllium atom, our calculation gives EBe = 
-28.24 eV (effective charge 2.30) and the experimental 
value is equal to E~~ = -27.53 eV. In the latter case, 
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Behavior of the Il:g term-
curve l-of two metastable helium 0.10 

atoms as a function of the inter-
nuclear distance R in the region 0.05 

z 

R .;;; 4a()o Curves 2 and 3 are re
spectively the Il:g and 2l:g terms 
of the systems He( I S2) + He( Is, 0 I---THI!--:~-+--!:,-
2s) and He(ls2) + He+(Is). 

our calculation gives a value somewhat lower than the 
experimental value. This is due to the fact that in the 
limit of the united nuclei, averaging of the field takes 
place with hydrogen Is-functions with charge Z = 2. The 
latter in turn leads to a slower drop in the potentials (6) 
and a stronger "compression" of the outer 2s-electrons 
toward the nucleus. As the nuclear separation increases, 
this error is rapidly reduced. The remaining error is 
determined entirely by the approximation which leads to 
a single term in place of the two terms 1~g. This ap
proximation leads in the final analysis to a greatly re
duced error, since we are interested in the position of 
the minimum relative to the energy of the isolated atoms, 
and not the location of the term as a whole. 

As the energy of the inner electrons, we use the 
values of the electron energy of the quasimolecule Hei+ 
obtained in [14]. The curve of the total energy is shown 
in the figure. The energy of the noninteracting atoms is 
chosen as the- zero point. As is seen from the figure, the 
curve for R = 1.25ao has a minimum, and that for 
R = 2.3ao a maximum. The minimum is located 1.01 eV 
below the energy of the noninteracting atoms. The height 
of the repulsive "hump" is 1.93 eV. 

Thus, in spite of the strong Coulomb repulsion of the 
nuclei, the addition of two 2s-electrons to the quasi
molecule Her leads to a shift in the position of the mini
mum from the region of positive energies to the region of 
negative energies (relative to the noninteracting atoms). 

We now investigate the question: can the well lead to 
the formation of a stable molecule? For this, we com
pare the calculated curve with the energy terms of the 
system He(ls2) + He+(ls) and determine the internuclear 
distances R at which intersection of the terms takes 
place. This system has two terms: 2~g and ~~, the first 
of which is purely repulSive, while the second ensures 
the existence of a stable Heli molecule. The terms con
sidered intersect the term I~g at the distances 
R "" 1.6ao and R "" 0.7ao, respectively [15,16], from which 
it follows that at internuclear distances R > 1.6ao the 
term 1~g acquires a "width" due to the possibility of 
autoionization transition to the term ~+ of the system 
He2 (the autoionization transition to the'lerm 2~~ is con
siderably less probable, since it requires a change in 
the parity of the outgoing particle). 

In addition to these terms, the term 1~+ intersects in 
the region of the minimum with a whole bfnd of terms 
that correspond at infinity to two helium atoms, one of 
which is single-electron-excited. en1] Due to these 
transitions, a predissociation of the system takes place 
with a decay time of the order of the time of nuclear 
motion. (yVe note that all the considered terms intersect 
the term 1~+ in the region where they are almost ver
tical; therefore, the shift of the term 1~~ by the 'amount 
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of the error has almost no effect on the pOint of inter
section.) 

Thus, analysis of the terms shows that two metastable 
helium atoms do not form a stable system (or, conse
quently, a quasi stab Ie one either), since the aforemen
tioned channel of inelastic collisions of the second kind 
is opened up in the collision of the atoms at small dis
tances: 

He(ls, ~s) +He(1s, 2s)-+He(ls') +He(ls, ni) +!!.E 

with a large energy release liE ~ 20 eV. 

1 T. M. Kereselidze and O. B. Firsov, Zh. Eksp. Teor. 
Fiz. 65, 98 (1973) [Sov. Phys.-JETP 38, 49 (1974)]. 

2 P. E. Phillipson, Phys. Rev. 125, 1981 (1962). 
3 D. J. Klein, C. E. Rodriguez and J. C. Browne, J, 
Chem. Phys. 47, 486 (1967). 

4 R• A. Buckingham and A. Dalgarno, Proc. Roy. Soc. 
(London) A213, 327 (1952), 

5 G. H. Brigman, S. A. Brient and F. A. Matsen, J. Chem. 
Phys. 34, 958 (1961). 

35 SOy. Phys.·JETP, Vol. 42, No.1 

6 R. D. Poshysta and F. A. Matsen, Phys. Rev. 132, 307 
(1963). 

7y. C. Browne, Phys. Rev. 138, 9 (1965). 
By. C. Browne, J. Chem. Phys. 42, 2826 (1965). 
9 A. L. Smith, J. Chem. Phys. 49, 4817 (1968). 

10 H• J. Kolker and H. H. Michels, J. Chem. Phys. 50, 
1762 (1969). 

11 L. Lenamon, J. C. Browne and R. E. Olson, Phys. Rev. 
A8, 2380 (1973). 

12 D. J. Klein, J. Chem. Phys. 50, 5151 (1969). 
13 B. J. Garrison, W. H. Miller and H. F. Schaefer, 

J. Chem. Phys. 59, 3193 (1973». 
14 H. Conroy and B. L. Bruner, J •. Chem. Phys. 47, 926 

(1967). . 
15 B. K. Gupta and F. A. Matsen, J. Chem. Phys. 47, 4861 

(1967). 
16 P. N. Reagan, J. C. Browne and F. A. Matsen, Phys, 

Rev. 132, 304 (1963). 

Translated by R. T. Beyer 
7 

T. M. Kereselidze 35 


