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The cross-section for double ionization of magnesium atoms by helium atoms,
He+ + Mg-lHe+Mg+ + + e, is numerically calculated in the range of energies \05 < V < \08 em/sec within the
framework of the impact-parameter method. For low relative motion speeds V < 5 X \06 em/sec, an analytic
equation is obtained for the ionization cross-section, which is equal to the product of the capture cross
section and reaction probability with zero impact parameter. Some conclusions are drawn regarding the
double ionization cross section of other atoms by helium ions.
PACS numbers: 34.50.Hc

1. The double ionization process for an atom colliding with a helium ion
(1)

is energetically possible if the ionization potential of
helium is greater than the sum of the two ionization potentials of the atom A, This relation holds for many
elements (Mg, Mn, Fe, ••• ), so that the process may
play an important role in the formation of doubly charged
ions in a discharge. [IJ Reactions of the type (1) have
undergone little experimental study. The double ionization cross section of magnesium has been previously[1J
measured at thermal velocities. A number of studies[2 J
have dealt with the measurement of charge-exchange
cross sections with excitation,
(2)

The process (1) is a limiting case for the process (2).
Theoretical calculations of actual reactions belonging
to the type of (1) have not previously been carried out,
and only general statements regarding the calculation of
the autoionization width of this process are available. [3J
2. Ionization of an atom A in the process (1) is due
to the transfer of an electron from A to the helium ion,
so that the disintegration probability of the autoionization state formed as the helium ion approaches A falls
rapidly with increasing interatomic distance. Consequently a calculation of a reaction of the type of (1) requires knowledge of the behavior of the terms and ionization rate within short interatomic distances. This
constitutes a basic complication of the theory, so that
separate calculations are necessary in each concrete
case.

Let us consider double ionization of magnesium. The
ionization potential of helium exceeds the sum of the
two magnesium potentials by only AE =O. 072 atomic
units, while the polarizability of the magnesium atomHJ
a 1 =130 (calculated using the Hartree-Fock method) is
significantly greater than the polarizability of a helium
atom[5J a 2 =1. 39, so that the terms of the He- -Mg system rapidly drops and intersects the term of the HeMg-· system already at great distances. Thus the He- Mg state ceases to be an autoionization state and does
not disintegrate at short distances. The distance of
approach at which diSintegration ceases is determined
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from the equation
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The ionization rate of the autoionization state is given by the equation
(4)

where >J! I and >J! f are the wave functions of the initial and
final states of the system, He! is the electronic Hamiltonian, and E(R) is the total electronic energy (an atomic system of units is used), An exact calculation of
r(R) requires knowledge of the two-electron wave functions in a field of two nuclei, so that r(R) cannot be exactly calculated at the present time. The matrix element (4) is defined by the region near the helium nucleus, since the final state is the strongly-bound state
of the helium atom, so that
f(R)=A(R) exp (-21R).

(5)

Here y =(21)1/2 where I is the first ionization potential
of the magnesium atom. If we do not take into account
the narrow near-threshold region, which does not substantially contribute to the disintegration probability,
we may assume that A(R) is a slowly varying function in
comparison with an exponential function, Further, A(R)
is assumed constant and its value is selected such that
the calculated cross sections coincide with the experimental cross section[1J at thermal velocities O"ex» = 1, 6
± 0.5 (10- 15 cm2 ).
3. The reaction cross section as a function of velocity is given by
a(E)=

JP(p,E)2npdp.

(6)

Here pep, E) is the ionization probability as a function
of the impact parameter[6J
P
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Here PI is the greater of the distance of shortest approach and the distance at which disintegration ceases,
and V is the relative motion velocity, The ionization
rate (5) rapidly decreases with distance, and disinteCopyright © 1977 American Institute of Physics
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gration ceases at a comparatively great distance, so
that the probability of the reaction (1) is P(p)« 1 for
all impact parameters, even for thermal velocities.
One consequence of this result is that the capture cross
section at thermal velocities is significantly greater
(very nearly by a factor of 20) than the reaction cross
section. Therefore, the exponential in Eq. (7) can be
expanded,
00
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4. For low energies V« 5X 106 cm/sec, when the
capture radius[7] is given by

D.8

FIG. 2. Energy distribution
function of ionized electrons
at low velocities V« 5 x 10 6
em/sec.
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with given energy is emitted is uniquely connected with
the distance of approach. The electron-emission probability is proportional to r(R) and is inversely proportional to the particle velocity, which is determined by
the polarization potential, and is inversely proportional
to the change of energy of the emitted electrons,

(4ctt/fl Y') '''">Ro-il'Y,

we can obtain an analytic expression for the dependence
of reaction cross section on velocity. The distance of
shortest approach on trajectories with impact parameters greater than Pcap exceeds Pcap.[2, so that the contribution of these trajectories to the reaction cross section is negligible. On trajectories corresponding to
capture, PI =Ro in Eq. (8), and the third term in the
radicand is nElgligible in comparison with the second
term. We theteby find that the reaction cross section
at low velocities is equal to the capture cross section
multiplied by the reaction probability at zero impact
parameter,

. (0:, )'h P(O)=--Ro'exp(-2'YR.).
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Figure 1 compares the numerical integration and Eq. (9).
The physical meaning of this result is that at low initial helium-ion energies, the energy of this ion is significantly greater than its initial energy as it moves in
the polarization potential near the point at which the
autoionization channel is closed, so that disintegration
at impact parameters less than the capture radius is
independent of the initial energy.
The distribution function of the released electrons
can be obtained at low energies. As stated before, disintegrat.ion at low energies is independent of the impact
parameter, so that the probability j(E) that an electron
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FIG. 1. Cross section double
ionization of magnesium by a
helium ion. Curve 1 was numerically calculated using Eqs.
(6) and (8) while curve 2 was
analytically calculated for low
velocities using Eq. (9); •
from previous experiment. [1]

V, ern/sec.
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Figure 1 shows results of a numerical calculation of
the cross section as a function of velocity using Eqs.
(6) and (8). The constant A turns out to equal 0.37.
The cross section falls rapidly with increasing velocity.

Peap =

f ( E) , relative units
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(10)
Here R is considered as a function of the energy with
which the electron is emitted, and is defined by the
equation E =L::.U(r). Figure 2 shows j(E) calculated
from Eq. (10) using Eqs. (3) and (5). It is seen that
electrons in the range up to 0.06 atomic units are emitted for the most part. It would be of interest to obtain
the experimental distribution function at low velocities.
5. In conclusion, we should note that the features of
double-ionization of magnesium, associated with the
fact that disintegration ceases at distances R between
approximately 5 and 10 atomic units, are also characteristic for many other atoms (Ge, Mn, Fe, Si, ••• )
that can participate in the process (1). We can conclude
that the cross section of the reaction (1) will fall rapidly as the sum of the two ionization potentials of the atom
A approaches the ionization potential of helium, since
the He+ -A state will rapidly become non-autoionized.
This leads, for example, to the following relations for
the cross sections of double ionization of different
atoms by helium ions:
a (Mg) >a(Mn) >a(Ge) >a(Fc) >0 (Si).

I thank M. I. Chibisov for a useful discussion of the
results.
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