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Preface

When I was a graduate student, I studied plasma physics. My thesis for D.Sc.
was concerned with transport properties of plasmas. This study needed infor-
mation of elementary collision processes in the plasma. Since the plasma consi-
dered was a fully ionized, hydrogen plasma, collisions were only the Coulomb
scattering among plasma particles (i.e., electrons and protons). Therefore, no
atomic physics was involved in the study. After my graduation, I started a
theoretical study of atomic collisions. Among a variety of collision processes, I
was particularly interested in electron—molecule collisions. Molecules are much
more complicated than atoms. A detailed study of electron—molecule collisions
was somewhat behind the study of electron—atom collisions. At first, my study
of atomic collisions had no relation to plasma physics. Eventually, however,
I realized that the electron—molecule collision is a fundamental elementary
process in gaseous discharges. In fact, scientists engaged in the research of
gaseous discharges, or more generally weakly ionized plasmas, are very much
interested in electron—molecule collisions. I began to contact those scientists.
Then came an era of plasma processing. In the 1990s, a weakly ionized
plasma found a wide range of applications. Requests of information of
electron—molecule collisions and related subjects have arisen from industry.
Personally, I have been asked to give a talk of atomic collisions to the com-
munity of application fields. They often want to have a text book on atomic
collisions they can refer to. The present book is my answer to the request.
Many text books on plasma physics include sections for atomic collision
processes, but usually they give only a general feature of the processes. On
the other hand, many text books are available on the atomic and molecular
collisions. Usually, however, they are too much detailed to be referred for
application problems. This book has been written from the stand points of
atomic physics. Nothing is mentioned about plasma physics. But the examples
shown have been selected with an intension to the application in molecular
plasmas. The description of atomic physics is as much compact as possible.
But, if anyone wants to know more details, he/she is directed to a proper
reference. In this sense, this book serves as a guide to atomic physics that is
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necessary to understand the molecular processes in plasmas. From the side of
applications, the items sought after are cross-section data. Considering that
situation, this book would also serve as a guide for cross-section data on
molecular processes.

During the preparation of this book, many scientific colleagues in the world
provided the results of their theoretical and experimental research on atomic
collisions. I am very much grateful, particularly, to Professor H. Tanaka of the
Sophia University, Tokyo. He not only made available the detailed results of
the experiments of his group, but also kindly offered me technical help for the
preparation of the manuscript.

Tokyo, March 2007 Yukikazu Itikawa
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Introduction

Plasma is an ionized gas which contains equal amounts of positive and neg-
ative charges. Positive charges are carried by positive ions. Negative charges
are usually supplied by electrons, but in some cases negative ions have a
contribution. Plasmas are broadly classified into two classes. One is a high-
temperature, fully ionized plasma. The other is a low-temperature, weakly
ionized one. This book is concerned with a molecular plasma, i.e., a plasma
containing neutral molecules. In most cases, a molecular plasma belongs to
the class of low-temperature, weakly ionized plasmas. But, although belonging
to the class, plasmas composed only of atoms (e.g., rare gases) are not dealt
with in this book. Some of the high-temperature, fully ionized plasmas have
a supply of molecules from outside and partly become a molecular plasma.
For example, a plasma in a fusion device has a very hot core region, but also
contains a large amount of molecules in its boundary region (see Sect.2.4).

This book deals with molecular processes in the molecular plasmas.
A molecular process literally means an elementary collision process involving
molecules. In this book, however, it means a collision between charged parti-
cles (i.e., ions and electrons) and molecules. Electron collisions with molecular
ions are also discussed in this book. Collisions involving only neutral molecules
are primarily a subject of chemistry and less concerned with plasmas.

One of the typical examples of molecular plasmas is the ionosphere on
the Earth and other planets. In the ionosphere, atoms and molecules are ion-
ized mainly by the UV or X-ray photons from the Sun. Most regions of the
Universe are in a state of plasmas. A stellar atmosphere, for example, is a kind
of high-temperature plasmas, but molecules are often found there. Interstellar
space is filled with very-low density matter. In the space, a clump of matter is
found and called an interstellar cloud. Those clouds contain a variety of mole-
cules. They also have ions and electrons. In that sense, the interstellar clouds
are molecular plasmas. Although their fraction is very small, the charged par-
ticles play an important role in the interstellar cloud. Many of the laboratory
plasmas are low-temperature, weakly ionized ones and generated from a mole-
cular gas. In recent years, plasmas are utilized for a wide range of industrial
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purposes. Many of these plasmas are molecular. Fluorocarbon molecules, for
instance, are used for plasma etching of microelectronics. Hydrocarbon mole-
cules are the main ingredient of the plasma for the deposition of carbon lay-
ers. Atmospheric plasmas (i.e., plasmas generated from atmospheric gases)
are widely used for pollution control or surface modification.

Molecular processes play fundamental roles in the plasmas. The produc-
tion of positive ions (and free electrons) is of primary importance in generating
and maintaining plasmas. An electron-impact ionization of molecules is the
main process for that. In laboratory plasmas, electrons are accelerated by an
applied electric field. On the other hand, those electrons lose their energy
through collisions with plasma particles (mainly with molecules). As a result
of balance of these two processes (i.e., acceleration and deceleration), the elec-
trons have a stationary distribution of their energies. The resulting electron
energy distribution function (EEDF) determines the transport properties of
electrons and the rates of various electron—collision processes. In some cases
(e.g., in the ionosphere), ions are produced by photoionization processes. The
photoelectrons produced usually have a finite kinetic energy. Upon collisions
with plasma particles, the photoelectrons degrade their energy to reach a ther-
mal distribution of energies. The last, but not the least, important role of the
molecular processes is the production of active species. Those products are
ions, excited atoms and molecules, radicals, reactive atoms such as O and F,
and high-energy photons. Some of the products even have a significant amount
of kinetic energy (i.e., being “hot”). These species are the source of actions of
practical importance.

The aim of this book is to list up all possible processes of collisions between
charged particles (i.e., ions and electrons) and neutral molecules (and molecu-
lar ions). A brief description with figures of examples is given for each process.
The descriptions are not too much detailed, but are intended to give an overall
picture of the process. An emphasis is placed on the features which are tended
unnoticed when the processes are considered for applications. Keeping in mind
those collisions in a molecular plasma, discussions are concentrated on low-
energy collisions. Collision energies considered are mostly in the range from
thermal energy at room temperature (=0.026eV) to 100eV for electrons and
to 10eV for ions. For the understanding of the collision processes, the basic
ideas and the fundamental quantities in the physics of atomic collisions are
presented. Furthermore, specific features of molecular targets are summarized
and a simple theory of electron—molecule collisions is given.

The plan of this book is as follows. Chapter 2 presents four exam-
ples of molecular plasmas: Earth’s ionosphere (Sect.2.1), interstellar clouds
(Sect. 2.2), gaseous discharges (mainly for plasma processing) (Sect.2.3), and
edge plasmas in fusion devices (Sect.2.4). Chapters 3 and 4 give the funda-
mental ideas and quantities in the physics of atomic collisions and, in par-
ticular, a brief theory of electron—molecule collisions. These are the minimum
essence of the atomic collision physics, necessary for understanding the molec-
ular processes described in the following chapters. Chapter 5 is devoted to the
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electron—molecule collision processes. Seven different processes are stated sep-
arately. Four related subjects (i.e., the total scattering, momentum-transfer,
emission, and stopping cross-sections) are also described in additional sec-
tions. Most of the collision processes described in this chapter are those
for the target molecules in their ground state. In the practical applications,
the information is needed about the collisions involving targets in excited
states. Those information are scarcely available. The situation is summarized
in the last section of Chap. 5. Next chapter (Chap. 6) deals with ion collisions
with molecules. The ion—-molecule collisions are much more complicated than
the electron-molecule ones. Besides the same processes as in the electron—
molecule collisions, charge changing processes and rearrangement of atomic
components are possible in the ion—molecule collisions. The description of
the ion—molecule collisions are broadly divided into three parts: momentum-
transfer processes (Sect.6.2), inelastic collisions with no change of collision
system (Sect.6.3), and rearrangements, including charge changing processes
(Sect.6.4). Chapter 7 briefly reviews the electron collisions with molecular
ions. This process is not necessarily major in molecular plasmas, but has
a special feature as a collision of two charged particles. After the descrip-
tion of the general feature of the electron collisions with molecular ions,
recombination processes are separately described in Sect.7.2. To make this
book more informative, useful tables and a guide for cross-section data are
attached as appendices. Appendix A gives tables showing magnitudes of typi-
cal macroscopic quantities derived from cross-sections. Appendix B tabulates
molecular parameters needed to understand the cross-section data. A simple
theory of cross-section calculation is the Born approximation. It is not nec-
essarily accurate, but very useful to analyze the physics under the collision
process. Appendix C presents how to use the Born approximation, particu-
larly for the electron-impact excitation of rotational and vibrational states of a
molecule. For the demonstration of the variety of electron—molecule collisions,
Appendix D graphically shows sets of cross-sections for four simple molecules
(Ha, N2, Ho0, and COy). The last three appendices (Appendices E, F, and G)
are a guide to readers who want to find cross-section data. It is not a complete
guide, but gives a clue when they search necessary data.

A few important collision processes in molecular plasmas or related phe-
nomena are out of the scope of this book. In a weakly ionized plasma, colli-
sions among neutral particles (i.e., molecule-molecule collisions) may have as
much a significance as the collisions involving charged particles. In particular,
collisions of active neutral species (particularly, radicals and excited mole-
cules) with other molecules often play a decisive role for plasma activity in
applications. Those neutral-neutral collisions are too complicated to summa-
rize in a chapter or two and hence totally excluded from this book. Another
processes not mentioned here are the elementary processes on the surface of
the apparatus or electrodes. The surface processes are sensitively dependent
on the condition of the surface. It is difficult to state those processes without
specifying the surface conditions.
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In this book, many examples of cross-sections are shown graphically or
tabulated. These examples are primarily presented to show the general fea-
ture of the respective processes. Although they have been carefully selected
as reliable data, they are not necessarily the best (i.e., the most accurate)
values for applications. In other words, this book is not a compilation of cross-
section data. This would, however, serve as a guide to find and understand
the cross-section data.
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Plasmas Involving Molecules

2.1 Ionosphere

A part of the atmosphere of the Earth and other planets is ionized by solar
radiation and precipitating particles from outside. The part of rather high
density of electrons is called an ionosphere. This is a typical example of mole-
cular plasmas in nature. Here we consider the ionosphere on the Earth. For the
ionospheres on the other planets, as well as details of the Earth’s ionosphere,
see the text book of Schunk and Nagy [144].

The Earth’s ionosphere is located at the height of 60—1,000 km. The struc-
ture of the ionosphere is different for the day side and night side (more
precisely, depending on the local time). It is severely affected by the solar
activity. Figure 2.1 shows one example of ionic composition and electron den-
sity of the day side ionosphere at the minimum of solar activity [85]. This
is a composite picture based on a few rocket and satellite measurements in
1963 and 1964. The absolute value of ion number density is normalized to
the electron number density measured separately. Typical value of the elec-
tron density is ~10° cm~2 at 100 km and ~10% cm™3 at 200 km. These values
are compared with the density of atmosphere: ~10¥cm™3 at 100km and
~10% ¢cm~3 at 200km. In the region of ionosphere, the Earth’s atmosphere
is composed mainly of N3, O2, and O. Above about 200 km, atomic oxygen
dominates over the molecular components.

In the day side region at the height of about 100 km, the ionospheric plasma
is maintained in the following manner:

(1) Ionization by solar radiation, particularly by the radiation of short
wavelength
Solar radiation + No — N3 + e(ph)

Solar radiation + Oz — O3 + e(ph)



