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Investigation of the electron
capture process in semiclassical
plasma
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Abstract. In this work, the process of electron capture in partially ionized plasma is considered. Electron-
-atom interaction was described by the effective interaction potential, which takes into account the screening
effect at large distances and the diffraction effect at the small distances. The results of numerical calculations of
the electron capture radius, differential cross-section for different values of the coupling and density param-
eters are presented. The differential cross-section was obtained on the basis of perturbation theory and also by
solving of the equation of motion of the projectile electron.
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Introduction

Investigation of the interaction between particles
and plasma properties is of great interest in many
areas of physics such as atomic and plasma phys-
ics. Also, it is important for the development of
the plasma technologies. One of the elementary
processes in plasma is the electron capture process
due to electron and atom collision. The process of
the electron capture by an atom was investigated in
many studies [1-6]. As an example, one can mention
a paper, where an influence of electron-exchange and
plasma screening on the electron capture process in
degenerate semiconductor quantum plasmas was
investigated. The charge capture radius and charge
capture cross-section were obtained on the basis of
the Shukla-Eliasson effective potential between the
electron and ion.

In present paper, electron capture by the hydro-
gen atom was considered. The neutral hydrogen
atom can be transformed into the negative hydrogen
ion due to polarization electron capture. The elec-
tron capture by hydrogen atom plays an important
role in partially ionized plasmas. It is known that the
negative hydrogen ion participates in the reaction H-
+ H — H, + e, it is the one of the main channel for
forming H, molecule. Negative ion beam, pulled out
of the hydrogen plasma, is used for cleaning of metal
surfaces and creation of the stream of hydrogen
atoms in high-energy accelerators and fusion devices.

In work [5], the electron capture cross-section
was analyzed on the basis of perturbation theory,
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but authors did not present the analysis of results for
different values of plasma parameters. In our study,
we calculated the electron capture cross-section on
the basis of equations of the electron motion in the
field of an atom, and perturbation theory at differ-
ent values of plasma parameters for a comparative
analysis. Indeed, a hyperbolic orbit trajectory is
to be used and a comparison with this approach will
be a subject of future work.

In the present work, we used the interaction po-
tential between the electron and the atom in partially
ionized hydrogen plasmas, which was described in
works [7-9]. This effective potential, taking into
account the quantum-mechanical effects of diffrac-
tion of particles and plasma screening effects, has
finite values at the distance close to zero. It has the
following form:
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wavelength, r, = VkpgT/(4nne?) is the Debye length,
kg denotes the Boltzmann constant, p,, = m.m,/(m.
+ m,) = m, is the reduced mass of the atom and
electron pair, a is the polarizabihty of the atom. For
hydrogen atom, it equals to 4.5az, as = h% (m.e?),
is the Bohr radius.

For a description of the properties of a partially
ionized plasma, it is convenient to use dimensionless
parameters characterizing plasma state at certain
densities and temperatures. One of such parameters
is the coupling parameter:
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where T is plasma temperature, a = [3/(4nn)]"?
is average distance between particles. The density
parameter 1, = a/ag.
Applying these coupling and density parameters,
the effective potential (1) in dimensionless form

looks like this:
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where R = r/ag is interparticle distance in units of
the Bohr radius.

Theory and applied methods

The Bohr-Lindhard method has been applied to
obtain the electron capture radius, capture time, and
electron capture probability. In the Bohr-Lindhard
method [2], it has been known that the electron cap-
ture happens when the distance between the atom
and moving electron is smaller than the electron
capture radius r.,. This electron capture radius is
determined by equating the kinetic energy of mov-
ing electron and the interaction energy between the
electron and the atom.
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where v, is the velocity of moving electron, Yamv,? is
the kinetic energy of moving electron. The interac-
tion energy provided by the polarization interaction
should be greater than the kinetic energy of the mov-
ing electron in the frame of the hydrogen atom. The
dimensionless form of Eq. (3) is given by
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where v, = v,/vy, va is the thermal velocity of
electron, R, = rwp/as is the dimensionless capture
radius.

The time of the capture was determined as the
time, when electron moves within circle with capture
radius. It was found from the ratio of the traversed
path of the electron to the velocity of the electron.

22 -0

forb<r

%) leap = v “
0 forb>r

cap

It should be noted that the electron is captured,
if the impact parameter b is less than the capture
radius b < r,. The impact parameter b is the vertical
distance between the centers of the moving electron
and the atom.

The electron capture probability is defined by the
ratio of the collision time to the electron orbital time:

(6) P, (bv,)=2 j dt

Using the electron capture probability, the elec-
tron capture cross-section was calculated on the
basis of the following expression:

(7) Gop = 21| dBP,, (b,v,)

where t = a,/v, is the electron orbital time, a, =
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n’ag/Z is the n-th Bohr radius of the hydrogenic
atom, Z is atomic number of the atom, v, = Zoc/n
is the electron velocity of the n-th Bohr orbit.

In this work, the pair collision of impacting
electron with atom was considered. The influence of
other plasma particles is taken into account by the
effective potential (1). The equations of motion of
the electron in the field of the motionless hydrogen
atom were numerically solved. The system has the
general form:

(8) F(t+At) = F(t) + V(t)At +w
9) WA =(0)+ (Ft+ a0+ F(t))at
2m
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Here, r, v and m. are the coordinates, velocity,
and mass of the electron, F = —grad ®,,(r) is the
force acting on the electron in the field of the atom.
Initial conditions are determined by the impact pa-
rameter b and the initial velocities v, = vy, v, = 0.

Results

Figure 1 shows the dependence of the electron cap-
ture radius on the velocity of the moving electron. It
can be seen that with an increase in velocity the cap-
ture radius decreases. When the density parameter
decreases, the electron capture radius decreases too.

Capture radii for different coupling parameters
are shown in Fig. 2. A change of the capture radius
with an increase in the coupling parameter is ex-
plained by the behavior of the effective potential,
that is, in dense plasma the effect of diffraction
is significant at small distances, and the effect of
screening at large distances.

Figures 3 and 4 show the differential cross-
-section of electron capture obtained on the basis of
the perturbation theory (Egs. (5)—(7)). These figures
represent the dependence of the electron capture
cross-section on the impact parameter for various
values of the coupling parameter and density param-
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Fig. 1. The electron capture radius as function of the
velocity of the moving electron for different values of
the density parameter.
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Fig. 2. The electron capture radius as function of the
velocity of the moving electron for different values of
the coupling parameter.
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Fig. 3. The differential cross-section computed for different
values of the coupling parameter.
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Fig. 4. The differential cross-section computed for different
values of the density parameter.

eter. As one can see, the differential cross-section
significantly increases with grow of the temperature,
and decreases in more dense plasma.

Figure 5 represents the trajectories of the impact
electron near atom obtained for the different impact
parameters and initial velocity v, = 1 by solving
the equations of motion (Egs. (8), (9)). One can
see that the atom attracts electron due to polariza-
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Fig. 5. The trajectories of the electron near the atom
calculated by the equation of motion, G = 0.2, r, = 3,
vi=1,v,=1
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Fig. 6. Comparison of the electron capture times on the
basis of the perturbation theory and simulation.

tion interaction and trajectories of the electrons are
not straight or simple hyperbolic, they may even
be screwed.

A comparison of the electron capture times
and differential cross-sections, as obtained by the
perturbation theory and by solving the equation of
motion, is presented in Figs. 6 and 7.

A trajectory of the moving electron in a frame-
work of the perturbation theory is a straight one.
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Fig. 7. Comparison of the differential cross-sections
obtained on the basis of the perturbation theory and
simulation.
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Fig. 8. The differential cross-sections obtained on the basis
of simulation for different coupling parameters.

The trajectory of the moving electron, as obtained
by solving the equation of motion, is not a straight
line. Therefore, the differential cross-section is not
equal to zero at impact parameters b > R,,. In this
case the electron can be captured by an atom even
at impact parameters b > R.,,, if its trajectory goes
into the sphere with radius R.,. The peak of the
differential cross-section in Fig. 7 corresponds to
the peak of the capture time in Fig. 6. Besides this,
electron spends more time in this sphere with an
increase in the impact parameter, e.g., capture time
increases. It is interesting result because it flatly
contradicts to behavior of a capture time on the
basis of the perturbation theory, as shown in Fig. 6.

Figure 8 represents the differential cross-section
of electron capture as a function of the impact pa-
rameter for various values of the coupling parameter.
This electron capture cross-section was obtained
by solving the equation of motion. In this figure,
one can see that the electron capture cross-section
increases with growing of the coupling parameter,
i.e., with a decrease in the temperature.

Conclusion

In this paper, the process of electron capture by the
hydrogen atom was investigated. The interaction
between the electron and the atom takes into ac-
count the screening effect at large distances and the
effect of diffraction at small distances.

The electron capture radius for different values
of the coupling parameters and density parameters
was calculated. The results showed that the electron
capture radius decreases with an increase in the
velocity of the electrons. Differential cross-section
was obtained on the basis of perturbation theory and
the equations of motion. Results were compared.
The differential cross-section obtained on the basis
of calculated trajectories does not equal to zero at
some values of the impact parameter b > r., and
grows with an increase in the coupling parameter.
These results provide useful information on electron
capture process in partially ionized plasma.
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