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Recombination of electrons with an anisotropic velocity distribution:
Continuation of recombination cotinuum to series lines
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For ions in recombination with electrons with directional motion, the recombination

continuum to a / = 0 state is TC polarized, and this polarization characteristic should

continue across the ionization threshold down to the series lines. A Monte Carlo

calculation has been performed for electron collisions on a classical atom in excited states.

No evidence is found to support the above conclusion.

Introduction

Yoneda et al. [ l ] report a polarization measurement of a fluorine plasma produced by

short pulse laser irradiation. A salient feature in their result is that the series lines of the

heliumlike ion spectra show a typical pattern of a recombining plasma. The presence of the

recombination continuum continuing from the series lines is in accordance with this

observation. Another point to be noted is that, according to their assumption that the

hydrogenlike Lyman lines are unpolarized, the recombination continuum is polarized with
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Density of states of a hydrogen atom in

plasma. [2]
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the polarization degree of 15 - 25 %. When we look at the spectra carefully, we recognize

that the characteristics of the recombination continuum, i.e., the intensity per unit energy

interval and the polarization degree, continue smoothly across the ionization limit down to

the higher members of the series lines.

In this report we discuss the continuation from the recombination continuum to the

series lines, first for plasmas with electrons having the Maxwellian velocity distribution and

second for a plasma with an anisotropic distribution.

Maxwellian velocity distribution

The solid line in Fig. 1 shows the density of states (number of states per unit energy

interval) of a hydrogen atom embedded in a plasma of finite electron density. [2] The

density continues smoothly from the discrete states having negative energies to the

continuum states with positive energies. We take a group of atoms in a plasma with a

certain electron density, and we fill the state density with electrons with the Boltzmann

distribution. Then, we will have a Boltzmann distribution of populations for the discrete

states, a Maxwellian distribution for the continuum states, and the Saha-Boltzmann

relationship between the discrete and conitnuum states (with a modification due to the finite

density effect). This group of atoms emits radiation with a characteristic spectrum. An
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Fig. 2. Series lines and recombination

continuum from a helium afterglow

plasma. [3]
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Fig. 3. The Boltzmann plot of

the populations in discrete and

continuum states. [3]

example of this kind of spectra is shown in Fig. 2; [3] this is for neutral helium in an

afterglow of a pulsed discharge. The continuation property of intensities is clearly seen.

Figure 3 shows a Boltzmann plot of the populations in the discrete states and in the

continuum states. It may be understood that the straight line shows the Boltzmann

distribution of the electrons with which we filled the state density as mentioned above.

These spectral lines and continuum are, of course, unpolarized.
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Anisotropic velocity distribution

As an extreme case of anisotropic velocity distributions of electrons, we take a group

of electrons travelling only in the z-direction; the direction may be positive or negative and

there may be a distribution of speeds: i.e., the one dimensional distribution. We remember

the wavefunction of atoms, hydrogen for example, in quantum mechanics. A wavefunction

consists of the radial function and the angular function, and the latter is given by a spherical

harmonics. It is noted that the latter is common for the discrete states and the continuum

states. Our electrons having the directional velocities are interpreted as mt=Q electrons,

where rrn stands for the projection of the orbital angular momentum / of this electron with

respect of the proton onto the quantization axis, i.e., z-axis.

We now consider radiative recombination of these electrons into the ground state.

For the purpose of simplicity we neglect the presence of the electron spin: the total angular

momentum J is equal to the orbital angular momentum. This is equivalent to consider

transitions to the heliumlike ground state having J = 0.

Figure 4 shows the Kastler diagram for a transition from the J = 1 level to the J = 0

The transition without a change in the angular momentum emits the K polarizedlevel.
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Fig. 4. The Kastler diagram for transition
7= 1 -» 7 = 0 .
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Fig. 5

Kastler diagram for the resonance-series

lines and recombination continuum. n=1

light and the transitions with a change by a unit angular momentum emit the a polarized

light. Figure 5 shows a three dimensional Kastler diagram for the series lines and the

recombination continuum. It is obvious that the recombination continuum for our electrons

is n polarized. From the continuation of various properties across the ionization limit, we

may expect that this polarization property continues down to the higher members of the
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resonance series lines. This expectation may be supported by the fact that the shape of the

radial wavefunction of the discrete states gradually changes with n, the principal quantum

number of the level, and it continues to the continuum Coulomb wavefunction. If we

assume this, we come to the conclusion that, for high-lying excited state, only the mi=0

magnetic sublevels should be populated, while other sublevels are unpopulated under our

anisotropic condition.

Population mechanism of the rydberg levels

We return to the plasma with the Mawell distribution electrons. We are considering

the recombining plasma. Figure 6 shows the schematic picture of the flows of electrons in
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Fig. 6

Dominant flows of electrons in the

energy level diagram of hydrogen in

recombining plasma. [4]

the energy level diagram of hydrogen atoms in the plasma. For high-lying levels the

population is controlled by the collisional transitions, deexcitation and excitation, between

the adjacent levels. It should be noted that three-body recombination to and ionization from

an excited level, which connect directrly this level with the conninuum electrons, never play

any important role. These processes ensure the Saha-Boltzmann populations of these levels

as a whole.

The above observation suggests that, in our anisotropic case, the population

distribution in the plane of the three dimensional Kastler diagram is determined by electron

collisions, and the directional collisions would lead to the peaked distribution on the mi=0

line.

Monte Carlo calcuation
In order to examine whether the above conclusion is correct or not, we perform a

Monte Carlo calculation of the electron collisions with excited atoms in the classical picture.

Our objective is two-fold: 1. To see whether, by the directionl collisions, there is any

tendency for the populations to move to the central line on a plane for rydberg states in Fig.

5. 2. Ionization may take place in some cases of collisions. When we reverse the direction
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of time, this process is three-body recombination. Thus, from the examination of the

ionizing collision process, we may be able to obtain some idea concerning the three-body

recombination of the electrons having an anisotropic velocity distribution.

We take as an example a hydrogen atom with n = 10, and shoot this atom with an

electron with the speed of 0.2 au from the minus z-direction. This situation corresponds to

the collision system with the excess energy of 0.41 eV. We follow the trajectories of both

the electrons with time, where the proton is fixed at the origin. Since we treat the system

classically, the angular momentum of the atomic orbit is expressed by the Bohr-Sommerfeld

azimuthal quantum number k in place of /. We perform a calculation for various impact
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The final energy of electron 1 which

was the atomic electron in excited

state before collision.

parameters and various relative phases of the electrons over 105 times. Figure 7 shows the

excitation and ionization cross section per unit energy interval for the initial atom state with

k = 6 and mi = 3. The negative energy part shows excitation, and the positive part

ionization. It is seen that the cross section per energy interval continues smoothly from
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Fig. 8. The final state distribution by directional collisions.
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excitation to ionization. It is noted that the conventional ionization cross section

corresponds to the integration of the cross section for electron 1 over the positive energies.

Figure 8 shows the cross section for inelastice and elastic collisions, here we have

quantized the classical final states into the states having the integer quantum numbers. The

cross section value is expressed with the volume of the sphere placed on each point. No

tendency is seen for the populations to move towards the central region.

Figure 9 shows the distribution of the relative angle of the directions of the two

electrons in the case of ionization. If there were no angular correlation, the curve should be

on the dotted line. In this figure the angular distribution for the case of excess energy of

0.06 eV is also shown. It may be noted that two electrons travelling in the same direction
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Fig. 9

Relative angle of outgoing electrons

after ionizing collisions.

cannot make three-body recombination.

It may be noted that our present assumption of a classical orbit for the atomic electron

is a rather poor approximation to the real quantum wavefunction. If we perform more

realistic calculation the above conclusions may be modified to a certain extent.
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