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Reactions of the H + H, type are considered, where the proton can be substituted by any
other positive singly charged particle. The electron energy levels of the two states of the
H; system intersect when the nuclei from an equilateral triangle. When a hydrogen atom
is removed to infinity one of the states corresponds to a hydrogen molecule and the other
to a triplet state of two hydrogen atoms. In the case of interaction the atom and molecule
interaction potential is of the order of 1 eV. The electron transition cross section in colli-
sions between the atom and molecule is o = 0pVv where o, is of the order of an atomic
dimension and v is the relative collision velocity in atomic units. The atomic transition
results in a sharp redistribution of the energy between the nuclei. This is especially im-
portant in the substitution reaction between muonium and a hydrogen molecule.

IN the description of chemical reactions it is
usually assumed that the reaction depends on the
character of motion of the nuclei in the field pro-
duced by the interaction between molecules (13,
The electron distribution is taken into account
when determining the molecule interaction poten-
tial. It is assumed in this case that upon collision
of the molecules there are no transitions between
the electron states. However, the electron energy
levels, which depend in a complicated manner on
the distances between nuclei, can intersect for cer-
tain nuclear configurations. If such configurations
or configurations close to them are produced by
the nuclei upon collision of the molecules, then an
electron transition occurs and this is appreciably
reflected in the course of the chemical reaction.
We shall consider the influence of an electronic
transition on the simplest type of reaction, that
between the hydrogen atom and the hydrogen mole-
cule (in which reaction the proton can be replaced
by a deuteron or by a positive muon).

The general properties of a system consisting
of three hydrogen atoms were investigated in sev-
eral works[?2-4]. The potential of the interaction
between the atom and the molecule of hydrogen
was calculated by perturbation theory under the
assumption that the ratio of the Coulomb and ex-
change parts of the interaction energy remains con-
stant when the distance between nuclei changes (s,
This method gives a rough idea of the variation of
the interaction potential only at large distances
between the atom and the molecule. Some proper-
ties of the interaction potential at medium dis-
tances can be obtained from general considera-
tions.

The ¥ functions of the eigenstates of the sys-
tem in the one-electron approximation can be writ-
ten in the form of a linear combination of Slater
determinants [¢7;
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Here y4(i), yp(i), and Po(i) are the coordinate
wave functions of the i-th electron, which is situ-
ated near the given nucleus; 7, and n_ are the
spin functions of the electron with corresponding
sign of the spin projection on the preferred direc-
tion. We shall assume that the distance between
the nuclei a and b is conserved.

In the investigation of the electron energy lev-
els, the nuclei serve as Coulomb centers.

Assume that the nuclei form an ‘‘isosceles tri-
angle’’ with nucleus c¢ at the vertex. Then the
plane passing through the altitude of the triangle
and perpendicular to it is the symmetry plane of
the system. For the system obtained when three
hydrogen atoms are reduced to the ground state,
reflection relative to the symmetry plane yields

‘pa d \pbv \pb and ‘\‘p(lv q‘c g ‘pc-

Whence we find that upon reflection
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D — D, Dy — D, Dy o — Dy,

Therefore there is an even eigenfunction, which
conserves its sign upon reflection: C;(®;—®,),
and two odd eigenfunctions: Cy(® + &) + C3P3
and C3(¢I>1 + (I)Z) - Cg@g.

When the nucleus ¢ moves away to infinity, the
even state corresponds to the hydrogen molecule
ab, while the odd ones go over into the triplet state
of the atoms a and b. For finite distances between
nuclei, the odd states have a nodal surface (||2=0)
as the symmetry plane. Therefore the electrons in
the odd state are distributed in a larger region and
have a smaller binding energy than in the even
state. If the nuclei form an equilateral triangle, a
new symmetry property appears. The operator of
rotating the system through 120° about the center
of the triangle commutes with the Hamiltonian, so
that the eigenfunctions can be resolved in terms
of the eigenvalues of this operator. Upon rotation
Pg = Ye» Yp — ¥g, and Po — Pp. By virtue of
symmetry, ¥a, ¥b, and P are identical functions.
Therefore upon rotation ®; — &,, ®; — &3, and
4)3 - ‘1)1.

In determining the eigenfunctions of the rotation
operator & we make use of the fact that as a re-
sult of three rotations the system returns to the
initial state. Therefore o® = 1 and the eigen-
values of the operator & are 1, exp (2inr/3), and
exp (—2in/3). The corresponding eigenfunctions
are ¥ =a;®, + 3%y + agP3 and are determined
from

a¥ = a,®, + a,®; + a,®, = a (¢, D, + a,D, + a;D,).
They have the form
Yy = Cp (D, + Dy + D),

¥, = Cp [P, + @, exp (2in/3) + Dz exp (— 2in/3)],
IP[[[ = CH I(Dl —+ (DZ exp (— 2l3'[/3) -+ CD3 exp (2131/3)],

Ci and Cjp are normalization constants. Since
¥i1 = \I/ﬁl, we get

Ey = CYLHY D = (VinH¥r”,
= E (H —Hamiltonian of the electrons),

Wy = Oy (D, — D) — exp (— 2im/3) (D, — Dy)],

that is, ¥y and ¥ correspond to combinations
of even functions. ¥y is an odd function relative
to reflection about any symmetry plane. There-
fore Ej > Ey1 = Eqqy, that is, for a given nuclear
configuration the energy level of the ground state
is crossed. It is easy to show that the energy-
difference surface has near the point of intersec-
tion the form of a cone and that the eigenfunctions
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of the Hamiltonian near the intersection point are
(q1 + P111)/2 and (¥ — Yqyp)/2.

Let us calculate the probability of the electron
transition upon collision between a hydrogen atom
(or some other similar atom) and a hydrogen
molecule. We shall assume that the nuclei a and
b remain stationary during the time of collision,
corresponding to a large velocity of the incident
particle compared with the velocity of the oscilla-
tion of the nuclei in the molecule. The probability
of an electron transition with a single passage
through the pseudointersection point is determined
by the Landau-Zener formula

W = exp [— 2nA%v, | Fp,|l,

where A —minimum energy difference corre-
sponding to motion along a given trajectory, and
Fy = 6(E1 —Eqr)/6R. (We use a system of atomic
units h = megy = €® = 1). We shall assume that the
points of intersection of the levels are readily at-
tained and that the energy-difference cone has a
circular base near the points of intersection, that
is, AE =B |R-Ry|, where R, is the point of in-
tersection. Then (Fyy =p8)

W = exp (— 2nfp?/v cosp),

where p is the impact parameter and 6 the angle
between the direction of the trajectory and the line
of intersection of the energy levels in the transition

region.
The cross section of the transition is
/2 o 1
o =2\ 1(9) dp-2§ dp { Wd cose,
0 0 0

n/2
I () = 4R, S V1 —sin%q sin? ¢ da,

0
where I(¢ ) is the length of the projection of the
circle where the terms cross on the plane perpen-
dicular to the direction of the beam, Rj, = RgpV 3/2
is its radius, and Ry, is the distance between the
nuclei in the molecule. We have

7:‘/2 o
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where K —elliptic integral. Since

+00 1
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—00 0

we have o = 2.49RyV v/B . The value of B is
smaller than unity. We ultimately obtain

oc=0,)/v (6p=3.02/%),
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where o, is of the order of the atomic value.

It is important to know at what collision ener-
gies an electron transition is possible, that is,
what is the potential of interaction of the atom and
the molecule that corresponds to the nuclear con-
figuration at which the electron terms cross. Since
the interaction potential cannot be calculated, we
estimate it by means of perturbation theory. We
assume that the energy of the three-atom system
is an additive function of the interaction energies
of the atoms and that the electron distribution near
each atom is the same as in the hydrogen atom.
Under these assumptions, the interaction energy
(with the energy of the isolated molecule and of
the hydrogen atom taken as zero) in all three
states is €ty —D, where D is the hydrogen mole-
cule dissociation energy and €ty is the repulsion
energy of the two hydrogen atoms in the triplet
state. In states whose energy levels cross, the
interaction constant can be even smaller. On the
basis of the data obtained in [3], we have for the
hydrogen molecule €t —D =~ 1 eV. Thus, the
electronic transition is significant at collision
energies larger than 1 eV.

If the collision between the atom and molecule
in question is accompanied by an electron transi-
tion and the atom c goes to infinity, then the atoms
a and b remain in the triplet state, which leads to
a disintegration of the molecule. Thus, an elec-
tronic transition is accompanied by a sharp re-
distribution of the energy between the nuclei, and
possibly makes an appreciable contribution to the
dissociation cross section. The redistribution of
the energy in an electronic transition is particu-
larly important in collisions between muonium
(hydrogen atom whose nucleus is a positive muon)
and a hydrogen molecule. Upon collision with a
hydrogen molecule, the positive muon, being a light
particle (with mass 208), cannot transfer a notice-
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able part of its energy to the protons, so that the
substitution reaction with formation of u-hydrogen
molecule as a result of the transition of heavy par-
ticles has low probability. If collision is accom-
panied by electronic transition and the energy of
the incident muonium is smaller than €ty + Diyp
~ 11 eV, the muonium cannot leave the field of
attraction of the hydrogen atoms. In the new state,
corresponding to a different atomic interaction po-
tential, the distance between the atoms of the hy-
drogen increases. Following the inverse electronic
transition, the probability of emission of the hydro-
gen atom and of the formation of a u-hydrogen
molecule is close to unity.

In conclusion we note that the described elec-
tronic transition mechanism appears in the case
of a chemical reaction between any atom and a di-
atomic molecule made up of the same atoms.

The author is grateful to O. B. Firsov for a dis-
cussion of the work.
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