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Abstract

Electron Impact Ionization and Dissociation Probed by
Laser-Induced Fluorescence

by

Nina Abramzon

Thesis Advisor : Professor Kurt Becker

A combination of electron scattering and laser-induced fluorescence (LIF)
techniques has been employed in the direct experimental determination of the absolute
N*(X2%,) ionization cross section as a function of electron energy from threshold to 200
eV. Electron impact on N, produces N," ground-state ions which are detected by
pumping the ( X’Z,— B2Z,") (0,0) vibrational transition at 391 nm with a tunable dye
laser and detecting the subsequent LIF of the (B*Z,'— X’Z,") (0,1) vibrational transition
at 428 nm. LIF spectra obtained at different electron energies yield the relative N2* (X)
cross section which is put on an absolute scale by independent calibration to the well-
known “benchmark” cross section for the production of He atoms in the 2s °S state by
electron impact at 20.4 €V on He in the 1s 'S ground state. Our results are compared with
the recent measurement by Doering and Yang (J. Geophysical Research, 102, 9683
(1997)) obtained from electron-electron coincidence (e,2€) experiments at 100 eV and
with a recent estimate by Van Zyl and Pendelton (J. Geophysical Research, 100,

23755(1995)).
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Chapter 1. Introduction

1.1 Historical Background

When electrons collide with molecules, a variety of processes may take place.
These processes can be divided into two general categories, processes in which the
electron transfers a portion of its kinetic energy to the excitation of an internal degree of
freedom of the molecule (inelastic collisions), e.g. vibrational and/or rotational states
may be excited with or without change of the electronic state, and processes in which
no energy is transferred to the molecule (elastic collisions). This thesis deals with a
particular category of inelastic electron-molecule collision processes, molecular
ionization. Ionization refers to a process in which the incident electron removes one (or
more) of the bound molecular electrons in the collision process and leaves a positively
charged ion behind. In addition, the remaining ion may be left in an electronically excited
state and may also be vibrationally and/or rotationally excited.

The first inelastic electron collision measurements were carried out by Lenard (1902)
only five years after the discovery of the electron by Thomson ( 1897). Early studies
included the investigation of energy losses suffered by an electron swarm in a gas by
Franck and Hertz (1914), the measurement of the angular distribution of inelastically
scattered electrons by Dymond (1927) and by Mohr and Nicoll (1932), the introduction

of a technique for the measurement of total cross-sections for scattering of electrons by
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atoms using beams by Ramsauer and co-workers (1921a, 1921b), and the development
of the swarm technique for quantitative measurements of the total cross-section for
electron scattering by atoms by Townsend and co-workers (1922) . The interpretation
of the results obtained in the experiments of Franck and Hertz and Ramsauer and co-
workers provided an experimental verification of some of the early predictions of
quantum mechanics, e.g. the existence of discrete energy levels of atoms and molecules
and the quantum mechanical nature of electron scattering. The possibility of spin
exchange in electron-impact excitation , as pointed out by Oppenheimer (1928), made
possible the study of electronic states which are not accessible by optically allowed,
diéole excitation from the ground state. A comprehensive review of these early electron
collision studies can be found in many reviews, e.g. in the book by Massey et al. (1969).
The early experiments had many limitations such as insufficient energy resolution in the
electron beam, inefficient electron detection efficiency, and inferior vacuum techniques.
Technological devélopments in the 1950s marked the beginning of a new age of electron
collision studies. The introduction of the cylindrical energy analyzer by Marmet and
Karwin (1960), the use of hemispherical energy analyzers by Lassettre and co-workers
(Skerbele and Lassettre, 1964) and Simpson and co-workers (Simpson, 1964; Kuyatt
and Simpson, 1967), the utilization of electron multipliers as signal detectors, and
general progress in vacuum techniques and electronics opened up new avenues for the
study of electron collision processes . The application of coincidence techniques and
laser excitation techniques to electron collision studies and the utilization of spin-
selected electron beams and target beams enabled the experimentalist to approach the

“perfect scattering experiment” in which all quantum numbers associated with the system
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before and after the collision process are specified and no averaging over unresolved
states is required ( Bederson 1969, Trajmar et al. 1984) . The advent of tunable dye
lasers provided a major stimulus to the study of molecular collision processes. The high
spectral purity and high light intensity in a very narrow wavelength interval provided by
such lasers allowed the preparation of state-selected projectiles and targets and the state-
selected detection of collision products. These are particularly useful attributes in
collisions involving molecules which have a large number of narrowly spaced quantum

states.

1.2 Motivation for the Present Work

Electron impact ionization and dissociation processes are phenomena of considerable
practical as well as basic interest (Mirk and Dunn 1985). The ionization and
dissociation of molecules following electron impact are among the most basic collisional
interactions between electrons and molecules. As far as applications are concerned,
ionization and dissociation processes are important in astrophysics, planetary
atmospheres (e.g. the plasma torus around Jupiter and its satellites), gas discharges and
plasmas, radiation chemistry, mass spectrometry, and chemical analysis. In plasma-
assisted material processing, the precise control of the characteristics of the process and
the properties of the processed materials require a knowledge of the equilibrium (steady
state) number density of various reactive neutral and ionic species in the plasma.
Therefore, there is a critical need for cross section data for electron impact induced

processes relevant to the creation and destruction of these species ( Becker 1994). In
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addition, experimental data on ionization and dissociation are vital to advance the theory
of electron collisions, since they provide tests of assumptions and approximation on
which these calculations are based. Not only are data required for stable atoms and
molecules, but also for transient species, Le. radicals. The detection of excited-state
atomic or molecular fragments produced by electron-impact induced dissociation or
ionization can use the radiation that is subsequently emitted by these species. However,
in order to assess the importance of a particular dissociation channel relative to all other
dissociation channels of a molecule, the production of ground-state fragments must also
be taken into account. The detection and measurement of neutral ground-state species is
crucial to the complete understanding of electron impact dissociation processes. The
importance of experimental data for electron impact ionization and dissociation and, in
particular, the dissociation into ground-state fragments and the ionization into state-
selected ions provided the motivation for us to study the electron impact ionization and
dissociation of certain molecules by using laser-induced fluorescence (LIF) to detect a
specific product of an electron-impact ionization/dissociation process. The experiments
are carried out in an apparatus which employs three intersecting beams , electron beam,
laser beam and target gas beam (triple-beam apparatus). This triple beam apparatus for
the study of electron-impact processes, in which the products are in their ground state,
was designed as part of previous thesis project (Siegel 1996). The conceptual idea of
this experiment is to measure cross sections for the production of electron-impact
produced molecular fragments in their ground electronic state by using laser induced

fluorescence to measure the population densities of these species. The first process that
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was studied was the electron-impact ionization of N, leading to the formation of N,"

ions in their electronic ground state
N, +e > N3 (X?23)+2¢ . (1.2.1)

We are able to study the above reaction (1.2.1) because the N,'(X °Z;) product ions
can be detected by LIF. The N," (X ?%,) production can be distinguished from all
other ground-state electron-impact produced species such as Np, N and N* by its
unique and well-known absorption spectrum (Lofthus et al. 1977). The N;"( X— B)
transition has a wavelength which makes it easily accessible to tunable dye-lasers. In
addition, the excited molecules emit before they leave the interaction region, i.e. their
lifetime is sufficiently short.

LIF techniques applied to measurements of ground state species produced by electron-
impact on a molecule under single collision condition have been carried out by other
groups. McCconkey and co-workers (using a supersonic gas beam and a pulsed electron
beam) (Darrach 1990, Zetner et al. 1988) estimated the cross section for electron-
impact ionization of N; (Darrach 1990) and studied the rotational distribution of
N;'(X) ions (Zetner et al. 1988). We use an effusive gas beam and a continuous
electron beam in an effort to measure the cross section for the same process. The use of
an effusive gas beam and a continuous electron beam simplifies the timing sequence of
the experiment and reduces the systematic uncertainties of such a measurement.
However, the fluorescence produced by the LIF process is the same as the fluorescence

produced continuously in the process
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N2+e - N3 (B?S)+2¢ . (1.22)

and both fluorescence signals are produced simultaneously. Therefore, the LIF signal is

more difficult to isolate in our experiment.

As part of a previous thesis project (Siegel 1996), preliminary data for the above
process have been obtained. The preliminary data suffered mainly from a poor signal-to-
noise ratio. The main objectives of the present thesis project are i) significant
improvements in the signal-to noise ratio, ii) a measurement of the relative cross section
for the formation of N,'(X) ions, and iii) the independent absolute calibration of the

relative cross section data.
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Chapter 2. Background

Basic Concepts:

Laser induced fluorescence (LIF) is a technique in which an atom, ion or molecule
absorbs a resonant photon provided by a laser and spontaneously re-e.aits a photon of
the same or a different wavelength after a characteristic time, the lifetime of the excited

state of the atom, ion or molecule.

Some Concepts from the Theory of the Spectra of Diatomic Molecules:

Classification of Molecular Electronic States

The fact that the masses of the atomic nuclei in a molecule are very large compared
with the masses of the electrons plays an important part in the theory of molecular
spectra. Because of this difference in the respective masses, the velocity of the nuclei in
the molecule can usually be neglected compared with the velocities of the electrons. This
is the basis of the Born Oppenheimer approximation which assumes that the electrons
move relative to the nuclei which are fixed in space. The Hamiltonian for such a system

of nuclei and electrons has the form
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H=- h ZVZ VA ZZAe +ZZAZB€ +Ze
2mi M 4; ra 4B Rus i>jry
(kinetic (kinetic (electron-  (proton - (electron - (2.1.1)
energy of energy of proton proton electron

the electrons)  the nuclei) attraction) repulsion) repulsion)

In order to solve the Schrédinger equation with this Hamiltonian in an effort to find the
energy levels of the molecule, one assumes that the wave function is separable into a

nuclear part and an electronic part (Born Oppenheimer approximation) as follows:
W rctecsiar (7> R) = W (73 R) Zy(R) (2.12)

The Born-Oppenheimer approximation assumes that the set of nuclear coordinates R is
constant, that is the nuclei are stationary. The molecular potential is a sum of all
Coulomb potentials in which the electrons move and interact with one another. If we
use the above product wave function in the Schrodinger equation for the molecule, we

find that it can be separated into two equations, one for ¥, and one for y, :

H.W. ={—2";2 le‘e +Ze}‘l’, E.(RJ¥(RY) (2.1.3-23)

RA rll > ri

ZAZBez
&8R4~ R4

H~Z~={"Z B E.R)+X }‘Z~=Emﬂ!~ (2.1.3-b)

Aa2M4
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A solution of the first equation yields the electronic energy levels of the molecule.
Unlike the energy levels of atoms which are uniquely labeled by quantum numbers, the
molecular energy levels are still a function of the separation between the various nuclei in
the molecule. In the simple case of diatomic molecule AB, the electronic energy levels
depend on the internuclear distance Ras. Whereas atomic energy levels are classified
corresponding to the total orbital angular momentum L of all (valence) electrons, such a
classification is not possible for molecules. In diatomic molecules, the electric field has
axial symmetry about the internuclear axis. The projection of the orbital angular
momentum on this axis is conserved ( ie. a constant of the motion) and we can classify
the electronic energy levels of the molecule according to the value of this projection.
The angular momenta of the electrons in a diatomic molecule are L, (total electronic
orbital angular momentum of atom A) and Lg (total electronic orbital angular
momentum of atom B) and their sum is L=L,+ Lz and the component of this sum
along the internuclear axis of the molecule is A. A can have values ranging from
0,1,2,... La+Lg . The symbols used to denote states with different values of A are

analogous to those used in atoms, i.e. :

A=0,1,2,3 cormesponding to Z, II, A, @ states

Each electronic state of a diatomic molecule is further characterized by the total spin

S=S,+Sg of all the electrons in the molecule. If S is not zero, there is a (2S+1) fold

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

degeneracy with respect to the direction of the total spin. This is called the multiplicity
of the term as in the case of an atom and is written as an superscript preceding the term.
For the classification of molecular electronic states, there are additional symmetry
properties of the electronic eigenfunctions that have to be considered. These symmetry
properties depend on the symmetry properties of the field in which the electrons move.
In a diatomic molecule, any plane through the internuclear axis is a plane of symmetry.
Therefore, the electronic eigenfunctions of a non-degenerate state (e.g. a £ state)
either remain unchanged or change sign when reflected at a plane passing through both
nuclel In the first case, the state is called a =" state and in the second case it is called a
X" state. If the two nuclei in the molecule have the same charge, the field in which the
electrons move has in addition a center of symmetry. The field remains unaltered by a
reflection of the atom at this center of symmetry ( the midpoint of the internuclear axis).
As a consequence of this symmetry, the electronic eigenfunctions remain either
unchanged or change sign when reflected relative to this center of symmetry. In the first
case, the state to which the eigenfunction belongs is called an even state, and in the
second case it is called an odd state. This symmetry property, even or odd, is indicated
by adding a subscript (g) or (u) to the term symbol. Thus, 2 ¥z donates a term with
A=0, S=1/2 and the electronic eigenfunction remains unchanged 1) upon reflection
through plane passing through both nuclei (+) and 2) upon reflection relative to the

center of symmetry (g).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

Selection rules

The selection rules which determine the electronic transitions in diatomic molecules are

as follows:

AA=0+1 (2-14-3)
AZ=0 2.14-b)
AQ =0,+1 (2.14-0)

Here A is the component of the sum of the orbital angular momenta along the
internuclear axis of the molecule, X is the component of the sum of the spins of all
electrons in the molecule along the internuclear axis, and Q is the quantum number of
the resultant electronic angular momentum along the internuclear axis, Q =|A +Z|. In
addition, (+) states combine only with (-) states while (g) states combine only with (u)
states.

The total energy E of the molecule may be approximately represented as a sum of the

electronic energy, the vibrational energy and the rotational energy, ie.,

E =E.+Eut FEmn (2.1.5)
In diatomic molecules, the vibration of nuclei takes place along the internuclear axis of
the molecules, while the rotation takes place about a line perpendicular to the axis of the

molecule. In a first approximation, the vibration of the two nuclei can be described by a

harmonic oscillator potential (to which an anharmonic term has to be added to
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adequately describe large amplitude vibrations). In this harmonic oscillator

approximation, the vibrational energy ( of the lower vibrational levels ) is given by

En'b=hW¢(V+%) (2.1.6)

where w, is the characteristic frequency of the vibration and v=0,1,2... is the
corresponding vibrational quantum number. If anharmonic terms in the potential are

taken into account, the expression for the vibrational energy becomes:
1 1.2
Ew=hwlv+3)~h wex(v+3) +.. 2.1.7)

where x, is the so-called anharmonic constant. There are no rigorous selection rules for
the quantum number v and hence each vibrational state of an electronic state can
combine with any vibrational state of another electronic state as long as the electronic
states satisfy the previously stated selection rules for electronic transitions.

The rotational energy is, in a first approximation, given by the energy levels of a

quantized rigid rotator

h2
811:2 I

B = J(I+1)=hBJ(J+1) (2.1.8)
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In this expression I is the moment of inertia of the molecule, J is the rotational angular
momentum quantum number (J=0,1,2,3....), and B is the rotational constant. Each
rotational state has ( 2J+1) sublevels associated with the quantum number

M (=-],...0...,J), which defines the projection of J onto an arbitrary space-fixed axis.
This degeneracy arises from the symmetry of the three dimensions in space and may be
removed by the application of an external field. Transitions are allowed between those
states for which the transition dipole integral (J, M ' u ,J M’ ) is non-zero. The

components of the dipole moment vector in terms of the spherical polar angles (0,¢)

are:

M, =4, sin@ cos¢ (2.1.9-a)
K, =, singd sing (2.1.9-b)
M, =H, cosg 2.19-¢)

where L is the permanent dipole moment of the molecule. Note that molecules without
permanent moments have no pure rotational spectrum. The transition dipole matrix
elements also vanish unless J=J+1 and M=M’ or M’+1. The selection rules are,

therefore, AJ =1 and AM =0, %1.
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Angular Momentum Coupling cases:

When we analyze the rotational level structure of molecules, we need to take into
account the coupling of the electronic angular momentum to the molecular rotation.
While strictly speaking none of the individual angular momenta are truly constants of
motion, there are several limiting coupling cases which describe fairly accurately the
angular momentum coupling for many molecules. These are known as Hund’s coupling
cases ( Herzberg 1950 ). Hund’s cases (a) and (b) are the most important of the five

coupling cases that can be distinguished (Herzberg 1950).

Hund’s case (2)

In this coupling scheme, the strongest interaction is the electronic interaction which
couples the electron spin (S) and the orbital angular momentum (L) separately to the
molecular (intermuclear) axis. The projection of L on the axis is designated by A and
the projection of S is labeled . Their sumis donated by Q, Q=A+X. Q
couples to the rotational angular momentum N of the nuclear motion to form the total
angular momentum J. The conserved quantities in this coupling scheme are J%, I,, and
Q . This coupling case is depicted in figure (2.1.1-a). The quantum number J can

assume the values Q+ N, where N =0,1,2... The rotational energy levels are given by

_h el 2|, 1.
[s i RJN B[J(JH)—Q ] (2.1.10)
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The total energy of the vibronic contribution to the energy has the form

Biu+)-02] +aq? =BIg+D+A-B)Q? - @.1.11)

where A is essentially the molecular spin-orbit coupling constant .

Hunds case b:

When A=0, but S0 in a diatomic molecule, Hund’s coupling case (b) depicted in figure
(2.1.1-b) generally applies. Here S does not couple to the internuclear axis and the
electron spin remains fixed in space while the molecule rotates. The angular momentum
component A and the rotational angular momentum N form K, which is the total
angular momentum apart from the spin. The total quantum number J can assume values
J=K+1/2 and J=K-1/2 . This splitting of the energy level with a fixed values of J due to

the coupling of the electronic spin to the rotational motion of the molecule is known as

p- doubling.
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Hund's Case A

Figure 2.1.1-a)

Hund's Case B

Figure (2.1.1-b)
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Theoretical Details Of Molecular Spectroscopy by LIF

As a starting point, we assume that a specific rotational -vibrational (ro-vibronic) level
Ex (v, &) of an excited electronic state of a diatomic molecule has been selectively
populated by optical pumping from the ground state. The excited molecules undergo
spontaneous transitions to a lower level E,, (vn”, Jo””) with a mean lifetime of

=1 (where Ay is the spontaneous transition probability and the sum extends

rk—ZAbu

over all states m of lower energy to which the excited state can decay according to the

applicable selection rule). If we denote the population density in the excited state by

Nk (v, ), the intensity L of the fluorescence with frequency y,,= £t = Em , En i
given by
In* N¢ Amh Vi - (2.1.12)

The spontaneous transition probability 4, is proportional to the square of the matrix

element

» 2
AW, 7 ¥, drad] @.113)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

where the integration extends over all nuclear and electronic coordinates. The total
wave function can be separated into a product of electronic, vibrational , and rotational

wave functions

Y =ViVis W > (2.1.14)

if the Born-Oppenheimer approximation holds. The total transition probability is then

proportional to the product of three factors

Am=<IMLIMA | ML > (2.1.15)

The first factor represents the electronic matrix element which depends on the coupling
of the two electronic states. The second factor is the so-called Franck-Condon factor
which couples the two vibrational levels. The underling assumption is that the electronic
transition occurs in a time that is short compared to the vibrational period. Therefore,
the position of the nuclei and their velocity does not change during the electronic
transition. The third factor is the so called Honl-London factor which represents the
intensity distribution of the rotational lines under the assumption of negligible interaction
of the rotational and electronic motion. Only those transitions for which all three factors
are non-zero have a non-vanishing fluorescence intensity. The Hénl-London factors are
always zero unless AJ =Ji — J,"=0, 1. If a single upper level (vi’, Ji’) has been

selectively excited, each vibrational band vi.’—v,” consists of at most three sub-bands :
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a Pband (- J’=-1),aQband (I - J’=0), and anR band (J° - J’=+1). For
diatomic homonuclear molecules, additional symmetry selection rules further reduce the
number of possible transitions. For Z, —»; transitions, only P and R bands are
allowed .

In the present thesis, we use LIF to probe the rotational population in the N, ( X°Z,")
ground state produced by electron impact ionization of J/, . Specifically, the laser is
tuned to pump the ( X°Z,— B?Z,") (v’=0, v’=0) vibrational band and the resulting
absorption is measured by monitoring the subsequent (B’ Z, — X°Z,") (V=0 , v’=1)
spontaneous emission as shown schematically in figure (2.1.2) (the rotational spacings

are not to scale)

B*z v =0 —]=r

v =1 —

ng v =0 _ J"
Figure (2.1.2)
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Rotational Structure of the N,"(B%%,"— X?5,") Band System:

The (B’Z,'~> X’E,") band system of N;* is rather accurately described by Hund’s
coupling case (b) (Herzberg 1950). Except for the splitting due to the coupling of the
electronic spin to the rotational motion of the molecule ( p - doubling ) and the intensity
alteration of successive lines in the rotationally resolved spectrum (rotational lines) due
to the extra symmetry of the eigenfunctions of homonuclear diatomic molecules (see
below), the rotational structure of the N,'(B*Z,'— X*Z;") band system shows the
simplest possible structure for transition involving two electronic states of a diatomic
molecule. The p-doubling causes a splitting of the lines of the R and P branches, which
appear as single lines for 'X¢>'T transition, into two components. This splitting is very

. small (<0.01 A) for small rotational quantum numbers (J”” <10) (Bouchoux et aL.
1976). Since the bandwidth of our laser is approximately 0.01A and the intensity of the
lines of the P branch has a maximum for J” =7 (corresponding to room temperature),
it is very unlikely that the p- doubling will be observed in the present experiment. As a
consequence, the rotational siructure of the N,"(B*Z,"— X?%,") spectrum can be treated
similar to a 'E <> ' transition, i.e. we can assume single R and P branches .

The intensity alteration of successive lines of the rotationally resolved spectrum
mentioned above is a phenomenon which effects only homonuclear molecules, such N;".
It is the result of the symmetry of the molecule under the exchange of its nuclei. This
results in a special symmetry property of the eigenfunctions and leads to a selection rule
which governs the intensity. All eigenfunctions of a homonuclear diatomic molecule are

either symmetric or antisymmetric with respect to the exchange of the individual nuclei.
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This results in the general ( and very powerful) selection rule that prohibits symmetric
levels from combining with anti symmetric levels under any kind of interaction. The
intensity of successive lines of the rotational spectrum then follows from the fact that
these lines originate successively from symmetric and anti-symmetric levels. Symmetric
and anti-symmetric levels carry different statistical weights for homonuclear diatomic
molecules. In the case of N the result is a ratio of 2:1 for symmetric to anti-symmetric
lines. For the °T ground state of N;', levels with an even value of J are symmetric,
levels with an odd value of J are anti-symmetric This results in the observed 2:1

intensity ratio of even to odd levels (see figure 2.1.3) (Siegel 1996).
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The Polarization of the Laser Induced Fluorescence

In the current experiment, where the incident electron beam is unpolarized the value of
the polarization of the electron impact induced fluorescence is zero ( Fano el al. 1973).
However, the fixed polarization of the laser leads to polarized fluorescence, even under
conditions of isotropic distribution of angular momentum vectors. The polarization of
the laser induced fluorescence results from the dependence of the electrical dipole
transition matrix element on the orientation of the angular momentum vector of the
molecule in the initial state m. Specifically for linearly polarized light the absorption

probability is proportional to (£-2 )* where £ is the polarization axis of the laser and
A is the transition dipole moment of the m — k transition (4 = —e (m|Flk) ). The
direction of Z has a fixed relationship relative to the orientation of the angular

momentum vector J , which depends on the magnitude J of the initial state m and on the
AJinvolved in the m —» Kk transition (Case et al. 1978). Therefore, the transition
probability of the molecule in an initial state m depends on the orientation of the angular
momentum vector with respect to the polarization of the laser. Figure (2.1.4) shows the
variation of the observed intensity as a function of J due to the variation of the
polarization. The observed intensity is shown for two different experimental
configurations, observation parallel and perpendicular to the polarization axis of the
laser (Green et al. 1983). As shown, the variation is large for J<2, but is small for large
J. Therefore, in the present experiment the error caused by the intensity variation due to
the polarization effect will not be significant when extracting populations from the LIF

measurements .
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Classification of collisions:

A number of different processes may result from the encounter of an electron with a gas
atom or molecule. These may be distinguished as elastic, inelastic, superelastic, or
radiative. In an elastic collision, no energy exchange takes place between the internal
motion of the atom and the electron. In an inelastic collision, some kinetic energy is
transferred from the electron to the internal motion of the target. Further classification
of collision processes may be carried out by distinguishing the state of internal motion
that is excited. First of all, a broad distinction may be made between ionization and non-
ionizing collisions, depending on whether or not sufficient energy is transferred to lead to
the ejection of one or more electrons from the target. Non-ionizing inelastic collisions
will result in the excitation of distinct target states, so that the specification of the excited
state provides further classification. Ionizing collisions may be analyzed further in terms
of the number of electrons ejected from the target and the energy of the ejected
electrons. Superelastic collisions in which the outgoing electron is more energetic than
the incoming electron can only occur between an electron and an excited target. The
electron gains energy from the internal motion of the target. Collisions which result in
the subsequent emission of electromagnetic radiation are sometimes separated from

other inelastic collisions and referred to as radiative collisions.
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The definition of the collision cross section

Consider a parallel beam of electrons of uniform velocity passing through a gas
consisting of solid spherical targets each having a cross sectional area of o [cm®] . If
there are N such targets/cm’, the probability that an electron will undergo a collision
when moving a small distance 8x [cm] through the gas is given by the product Nodx .
The magnitude of the beam current lost after traversing a distance 6x from an initial

point P is given by

SI=Nol,dx .2.1)

where I, denotes the beam current at P. If P is at a distance x from the origin x=0,

integration yields

=T e"°* 2.2.2)

where I, is the beam current at x=0. The above definition yields the total effective cross
section for all types of collisions between the electron and the target. No distinction has
yet been made between elastic collisions and the various kinds of inelastic, superelastic ,
or radiative collisions. In order to do this, we may assign probabilities Po(Vv), Pa(V), etc.,
which represent the probability (cross section) that a collision of an electron of velocity v
with a target atom or molecule is elastic or inelastic, involving excitation of the nth state

of the atom or molecule, etc. These quantities can be expected to vary with the electron
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velocity. The cross section Po(V) & is then defined as the effective cross section for

elastic collisions of electrons of velocity v with the target concerned, Py(v) o is the
effective cross section for inelastic collisions involving excitation of the nth target state,

etc. We then have (Massey et al. 1969)

¢ =P,V M+X P Vo (V)
(2.2.3)

=Go+ X On

Here we have written 0o, Ga, e€tc., respectively, for the individual cross sections .

The Electronic Structure and Ionization Mechanism of N,

The electron configurations of the X’%," ground state of N; and the X°Z," ground

state and the BT, excited state of N," are as follows (Lofthus et al. 1977)

N2(X'%3): (O"gls)z(O’u 15)2 (O‘gzs)2 (()',,ZS)2 (z.2 p)4 (o2 p)2 (2.2.4-23)
N2 (X220): (0615) (015) (6525 (6u25) (.2P) (542P) (2.2.4-b)
N2 (B2E0): (0 15) (615) (6429 (0.25) (22P)  (052P) 2.2.5-c)

The N, (X?Z;") ground state results from removal of one &,;2p outer valence electron
and the N," (B?Z,") excited state results from the removal of one o.2s inner valence

electron from the ground state configuration of N, (Fons et al. 1994). The
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N, (B%Z.'— X°Z,") emission is due to the G,2p — 0.2s electronic transition. There is
a difference between the ionization mechanism leading to the formation of N;" (X°Z,")
ions compared to N,* (B*Z,") ions. N;" (B°Z,") from N; (X) are formed by electron
impact via a pure dipole interaction; i.e. the final X,"state is connected to the initial £,
state via a dipole allowed transition. This is not the case for the production of N;"
(X?Z;") ions, since the final stateis a £, stateand £, states do not combine with
other I, states in the dipole approximation ( Herzberg, 1950). A X, <> =, dipole
transition with AJ = 1 violates the rigorous selection rule that symmetric states does not
combine with anti-symmetric states. However , there is contrary evidence that points to
the production of N, (X%Z,") ions through interactions that are dipole in character. This
evidence comes from partial photoionization (hv + Nz — N;" (various final states) + e +
kinetic energy) experiments in which cross section for the production of the various final
states of the N ion were determined (Brion et al. 1981). These experiments revealed
that N>'(X’Z,") ions are produced with a probability as large or larger than the N;"
(B’=,") ions . Additional evidence comes from an estimate of the cross section for the
process N+ e — No'(X?Z,") +2 ¢ at high incident electron energies. It has been
suggested (Zetner et al. 1988) that the production of N;'(X’Z,") ions proceeds through
an excited complex that consists ofa 'Z," or 'Il, ionic core plus an ejected electron
which rapidly autoionizes to the final 22; state of the Ny" ion. In this model, the ejected
electron carries away the odd parity necessary to preserve the overall dipole character of

the 2, <> X,  transition .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

Estimate of the N(X'E.") + e~ = No* (X3, ") + 2e~ cross section.

The cross section for the production of N;" ions in the ground state N;'(X*Z,") by
electron impact on N can be estimated crudely from previously measured cross sections.
Specifically, we have o [ N2'(X’Z,)] = o [ N;" (total)] - o[ N;" (excited state)]
where o [ N, (total)] and o[ N;" (excited state)] are the cross sections for the
production of ) ions into all final states and into a specific excited state, respectively.
Itikawa et al. (1986) summarized cross sections for electron impact ionization of N
and there have been recent measurements of the total and partial N, ionization cross
sections by Krishnakumar and Srivastava (1990) who compared their data with all
previous measurements. They state that their cross section for N," production is
accurate to within +8% . The only excited ionic states of N, with appreciable cross
sections are the A’T1, and B%S," states. More highly excited states of N>' exist, e.g.
the C2T," and A’I1, states, but since emissions from those states is very weak, it is safe
to say that they do not contribute significantly to the total N,* production (Fons et al.
1994). N,'(A) state excitation measurements have resulted in conflicting results as
discussed by Piper et al. (1986) with discrepancies of more then a factor of 2. This is
probably due to the long lifetime of this state (~10 ps), which makes it (1) difficult to
collect all emitted photons from its optical decay and (ii) makes an optical
photoemission experiments susceptible to collisional quenching . If we accept the “best
guess” of Piper et al. (1986) for the N;'(A) cross section, we obtain the N>'(X),

N2'(A), and N, (B) cross sections shown in figure (2.2.1) (Siegel 1996).
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Table (2.2.1) summarizes the “best guess™ values of the cross sections for electron

impact ionization of N; at 100eV
N,' final state Cross Section [10"%cm?] Reference
N (total) 208 +17 (+8%) Srivastava et al.(1990)
N2(4) 115+23 (£20%)° Piper et al (1986)
N>(B) 28+3 (£10%) Borst and Zipf (1970)
N3 (X) 65+43 (366%) Subtraction

(Table 2.2.1)

* If we use a more realistic error estimate of the N,'(A) cross section of

+60x 107'® cm?(+60%) , the error of the N>*(X) cross section increases to

65180 x 107 cm? at 100 eV. It is obvious that the large uncertainty of the N>'(A)
cross section makes it impossible to estimate the N;'(X) cross section with any

reasonable level of confidence.
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Chapter 3. The Experimental Setup

3.1 Qverview

The core of the experimental set-up consists of three beams (electron beam, laser
beam, molecular gas beam) which intersect inside a high vacuum chamber. The electron
beam is produced by an electrostatic 160° electron monochromator. The gas beam
(which intersects the electron beam at right angles) is an effusive beam emanating from a
multi - capillary nozzle. The laser beam (which counter propagates the electron beam) is
produced by an excimer - pumped dye laser. Optical detection is made in the direction
perpendicular to both the electron beam and the gas beam. The entire triple-beam set-up
is housed in a stainless - steel vacuum chamber which is pumped by a turbo - molecular
pump station. Gated photon detection techniques are employed to record the LIF
signal.

A schematic diagram of the experimental arrangemernt is shown in figure (3.1.1).

Each component of the experimental set-up will be discussed separately in the following
sub-sections. Since a detailed description of the original apparatus has been given in a
previous thesis (Siegel 1996), the experimental description here will be limited to those

components that have been developed or significantly improved as part of this thesis.
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3.2 The Vacuum System

The triple-beam apparatus is housed in a cylindrical stainless steel vacuum chamber
which has a diameter of 6” and a height of 18”. A schematic diagram (top view) of the
vacuum chamber is shown in figure (3.2.1). Attached to the vacuum chamber are four
ports (90° apart) in a horizontal plane . Three ports are utilized as (1) entrance port for
the laser beam, (2) exit port for the laser beam, and (3) port for the optical detection.
There is an additional port for the ionization gauge to monitor the pressure in the
vacuum chamber. Viton O-rings are used throughout to seal the flanges. The gas beam
nozzle, the electron monochromator, and the Farady cup, which is used to collect and
measure the electron beam current, are mounted on a circular stage that is attached to
the top flange of the vacuum chamber via a vertical shaft and a bellows assembly that
allows a fine height adjustment of the crossed beam set-up. A Balzers model TSH332
turbomolecular pump station is used to evacuate the chamber. It consists of a
turbomolecular pump (model TPH 330) backed by a rotary vane mechanical pump
(model DUO 016B). The pumping station has a nominal pumping speed of 300 1/s for
N, which it sufficient to achieve a base pressure (without the target gas) of
approximately 2x107 Torr. The injection of the gas into the apparatus is controlled by a
leak valve (Granville Phillips model 203) and the pressure in the gas line is monitored
with a capacitance monometer ( MKS model 122AA). With a pushing pressure
(pressure behind the nozzle) of 0.5 Torr, the operating pressure inside the vacuum

chamber is approximately 2x10° Torr.
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Schematic of The Vacuum Chamber
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3.3 The Gas Beam
The target gas is admitted into the interaction region through a multicapillary array

which consists of a 5x9 array of 45 individual nozzles (figure 3.3.1).
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N 0.443” -

(11.07mm)

Figure (3.3.1)

Each nozzle is 0.150” (3.8mm) long and has a diameter of 0.020” (0.5mm). The
separation between two adjacent nozzles is 0.032” (0.8mm).

The multicapillary array is positioned approximately 8 mm above the electron beam
axis with the long axis of the array parallel to the electron beam axis. The number
density of the gas molecules in the interaction region is determined by two factors:

1. the gas throughput , i.e. the total rate of gas flow through the array, and

2. the beam shape, i.e. the distribution of the gas density as a function of the polar angle
with respect to the axis of individual nozzle. In order to make a quantitative estimate of
the number density of N> molecules in the interaction region, calculations were made

(Siegel 1996) utilizing a model described by Giordmane and Wang 1960. Figure (3.3.2a)
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and figure (3.3.2b) (Siegel 1996) show the result of this calculation. The curves refer to
the flow of N; molecules through the multicapillary nozzle described above. They were
obtained by summing the contributions from each single nozzle over all 45 nozzles in the
multicapillary array. Each figure gives the number density of N> molecules in units of ng,
the number density behind the nozzle, at three different heights below the array. The
structure in the curves labeled “4 mm below nozzle” results from contributions from
individual channels, which are still distinctly recognizable at this height, but are smeared
out at heights of 8 mm and 16 mm below the nozzle. At a distance of 8 mm from the
nozzle, approximately 50% of the total beam intensity lies within a rectangular region
of the size of the multicapillary array. The target gas number density behind the nozzle no
is given by the usual ideal gas law . With T=300° and with a pressure behind the nozzle of
100 mTorr an average number density of target gas molecules of approximately
1.5x10'*/cm’ in the interaction region (8 mm downstream from the array) is obtained.
Under normal operating conditions pushing pressures up to 2 Torr were used resulting in
target gas number densities of up to a few times 10" molecules/cm’ in the interaction
region. We note that for pushing pressures exceeding 1 Torr molecular flow conditions

will no longer prevail and the conclusions from the above model calculation may no

longer apply.
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3.4 The Electron Beam

The electron beam has the following characteristics: beam energy 5-400 eV, energy
spread 0.5 eV (FWHM), beam diameter in the interaction region 1-2 mm, beam current
up to 10 4 A at 50 eV for continuous operation. We also have the option to pulse the
electron beam with beam rise and fall times about 10 ns (see section 4.2).
The electron beam is produced by an electrostatic electron monochromator which

consists of :

1) aheated tungsten filament and a three element electron gun as the electron source

2) a commercially available electrostatic energy analyzer ( Comstock model AC-901)

3) a three-element Einzel lens to focus the electron beam into the interaction region.
A schematic diagram of the various elements of the electron beam system are shown in

figure (3.4.1).

The electron gun

A bare tungsten filament is heated to about 2000°K with a current between 2.2 A
and 2.5 A causing thermionic emission (Moor et al. 1983). The filament is placed
behind three stainless steel apertures (A1, A2, A3) separated by ceramic washers. These

electrodes are used for extraction and collimation of the electrons.
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The Energy Analyzer

The energy analyzer consists of two concentric 160° spherical sector surfaces. The
inner surface has a radius of 3.25 cm and is of convex shape and the outer surface has a
radius of 4.05 cm and is of concave shape. The two surfaces, machined from oxygen-
free copper, are accurately held in position about a common center and insulated from
each other by ruby balls located in holes. Two copper end plates at the entrance and exit
of the analyzer allow the placement of apertures (AP1,AP2) with different openings at
the focal point of the analyzer. The main reason for using an energy analyzer in our
experiment was to maximize the overlap between the electron beam and the laser beam
by making them collinear. For this reason, the analyzer was modified by drilling a2 3 mm
hole in the outer sector, thus allowing the laser to pass through. In addition, we
removed the input and output apertures which are normally used with the analyzer to
limit the spatial spread of the electron beam and which in conjunction with the pass
energy through the analyzer determine the energy resolution cf the electron beam. This
allowed us to increase the cross section of the electron beam, but reduced the energy
resolution considerably. The energy resolution of the electron beam (0.5 eV full width
half maximum - FWHM) in our mode of operation is entirely determined by the thermal
energy spread of the electrons emitted by the heated tungsten filament. The analyzer
without the apertures and with a high transmission energy (60V) acts merely as a bender

for the electron beam, thus allowing collinear electron and laser beams.
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The Einzel Lens

The Einzel lens is a three element lens system which is used to focus the electron beam
from the exit of the electrostatic energy analyzer into the interaction region. A final
grounded plate GP between the Einzel lens and the interaction region adds flexibility to
the operation of the electron monochromator by allowing us to operate the element EL3
of the Einzel lens at a potential other then ground.

Figure (3.4.2) shows the circuit diagram for the control electronic of the electron beam
system. The filament current supply floats on top of the electron energy supply. The
filament housing is held at the potential supplied by the electron energy supply. The
monochromator voltages A1, A2, A3/AP1/AP2, EL1, EL2, EL3, S1, and S2 float on
top of the filament housing voltage. The voltages of the spherical sectors S1 and S2
float on top of AP1/AP2 potential. The potential difference between S1 and S2, AV (S1,
S2) defines the transmission energy of the monochromator. The optimum voltages that

are applied to the different elements will be discussed in section (4.1).

Collection of the Electron Beam

A customary device for measuring electron beam fluxes is a Faraday cup, which in
its simplest version consists of a grounded collector electrode connected to an ammeter.
In general, however, more elaborate Faraday cup designs are used to prevent or
minimize the reflection of the electrons back into the interaction region and the
production of secondary electrons at the collector electrode. This is typically achieved by

using a long cylinder, open on one side and capped on the other side, instead
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of a simple flat electrode. Two or more additional cylinders are often used with one
mounted inside the other and with a slight bias voltage applied to it. Any charged
particles leaving the Faraday cup will give rise to an erroneous measurement of the beam
current. Any electrons of appreciable kinetic energy that are reflected into the
interaction region may give rise to secondary processes which may lead to erroneous
contributions to the measured signal. Two basic features are commonly employed to
prevent errors due to electrons ejected and reflected from the Faraday cup. First, an
entrance aperture is used that subtends only small angle at the base of the cup and
geometrically restrict the escape of particles. Secondly, suppression of secondary
electrons is achieved with proper electrical focusing and suitable geometry. Under the
best of circumstances, the errors inherent in measuring electron beam currents with a
Faraciay cup can be be substantially less than one percent ( Thomas 1970) .

In the present experiment, the electron beam was collected in a Faraday cup which
consisted of three electrically insulated elements which allowed the beam divergence as
well as the total beam current to be measured. The two outer cups are coaxial cylinders
with a § mm diameter hole in the back, to allow the laser beam to exit the cup, while the
third “cup” consists of a rectangular plate mounted off- axis parallel to the electron beam
axis inside the second cup and close to the exit hole. The outer Faraday cup was kept at
ground potential while the inner two cups were biased positively with respect to ground,
typically +9 V for the second cup and +45 V for the plate. With this arrangement, the
laser was allowed to exit the Faraday cup unobstructed, while the electron beam was
collected by the various elements of the Faraday cup. In addition, the bias voltages

served to minimize the scattering of electrons back into interaction region
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(backscattering). To minimize backscattering even further, the outer Faraday cup was
approximately three inches deep, which had the additional effect of preventing field
penetration into the interaction region. (see figure 3.4.3).

The electron analyzer and the Faraday cup were mounted on a circular stage attached
to the top flange of the vacuum chamber. The height of the stage could be varied.
Those components of the electron spectrometer which were exposed to electrons were
coated with Aerodag-G ( Acheson Colloids Company). Aerodag is a colloidal graphite
dissolved in isopropyl alcohol. A coating of Aerodag G reduces the yield of elastically
reflected electrons as well as the formation of secondary electrons and it produces
comparatively uniform surface potentials. The components of the electron spectrometer
which might be exposed to direct laser light or scattered laser light were coated with

Aerodag as well in order to absorb the some of laser light.
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3.5 Laser Beam System
The laser system consists of an Excimer laser (Lumonics Ex-520) which is used to pump
a dye laser (Lumonics HD-500) . The Xe, HCI , He, Ne gas required for the Ex-520
were obtained commercially (Spectra Gases) in the quantities and purities specified by

Lumonics. The dye for the HD-500 Excalite 392A, was obtained from Exciton .

The Excimer Laser

A detailed description of the excimer laser was already given in the previous thesis
(Siegel 1996) and only a brief discussion will be given here. The operating principle of an
excimer laser is as follows. An inert gas atom and a halogen gas atom form a short lived
complex, called an excimer, in a pulsed electrical discharge. The excimer is formed in
an excited state which dissociates upon decay, thus creating the needed population
inversion. The excimer molecules are contained in a discharge vessel where the lasing
takes place. A plane mirror at the back of the vessel and a quartz flat at the front of the
vessel, both aligned perpendicularly to the laser beam axis, form the resonant cavity.

The quartz flat, with a reflectivity of less than 5% , serves as the output coupler. The
output is pulsed with the pulse length determined by the lifetime of the excimer
complex.

The feed gases used in our laser were Xe and HCl, forming the XeCl excimer that lases

at 308 nm . Typical excimer laser output specification are given in table (3.5.1) below.
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Excimer laser out put specifications:

Excimer XeCl

Wavelength 308 nm

Pulse duration 8-10 s

Pulse energy 80-100 mJ

Repetition rate 20-100 HZ

Average power 4-10 Watts
Table (3.5.1)

The Dye Laser

A dye laser consists of an active medium, usually an organic dye molecule dissolved in an
appropriate solvent, which is placed in an optical cavity. The dye is activated (pumped)
by another laser. The pump process leads to a population inversion in which the
majority of the dye molecules are raised to an excited state. The active medium then
emits coherent light through stimulated emission. For the work carried out as part of the
present thesis we employed a new dye laser, a model HD-500 from Lumonics. In the
HD-500, a diffraction grating serves both as a reflector and as the dispersing element,
which restricts the laser gain to a narrow bandwidth. A beam expander is used to ensure
that the grating is filled which improves the spectral resolution of the laser beam.
Tunability is achieved by rotating the grating. The HD-500 is designed in an
oscillator/amplifier configuration to provide narrow linewidth and high conversion

efficiency. The oscillator employs a prism beam expander and a near-grazing incident
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grating to achieve high resolution while maintaining useful efficiency. The dye laser
system is comprised of the oscillator/amplifier dye beam optical path, a suitable set of
pump beam optics, a dye recirculation system, and a wavelength scan control unit with
remote keypad control .

A schematic diagram of the dye laser is shown in figure (3.5.1). The pump beam enters
from port 1 in our experiment. A portion of the pump beam is reflected from the mirror
M1 into the oscillator dye cell, while the remainder of the beam is directed by the mirrors
M2, M3 and M4 into the amplifier cell. The dye laser beam exits through port 2.

Typical dye laser output specification are given in table (3.5.2) below.

The Dye Laser Specifications
Direct tuning range XeCl pump: 320-950 nm
Tuning range using Excalite (392A) 373-397 nm
Repetition rate up to 500 pps
Line width 0.0015 om
Table (3.5.2)

The laser beam intensity is monitored by a laser pulse energy meter (LASER PROBE

RM-3700) We obtained a typical pulse energy of 3mlJ/pulse.
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Figure (3.5.1) schematic diagram of the SpectrumMaster lasers showing input ports
for the pump beam (ports 1 or 3), the pump beam path, possible pump beam exit
ports (ports 4 and 5), and the dye beam output port (port 2).
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Laser beam spectrum

Figure (3.5.2) shows a wavelength scan of the HD 500 dye laser. This scan was
obtained by using an optical spectrometer (SPEX model 500M , 0.5 meter
spectrometer) and a liquid Nz cooled PMT ( Hammamatsu model R1104). A minimum
resolution of 0.1 A (FWHM) was obtained with the narrowest slits (104 ) and by using
the spectrometer in second order. In the scan shown in figure (3.5.2), the
monochromator was kept at a fixed wavelength and the laser was scanned over a
wavelength range of 0.4 nm (44). The narrow peak structure around the maximum
makes it possible to determine the wavelength precisely. The measured 0.1 A (FWHM)
linewidth represents the minimum resolution of the spectrometer and not the true

linewidth of the laser, whichis 0.015A according to the manufacturer’s specification.

The wavelength control of the dye laser

Figure (3.5.3) provides a schematic diagram of the components of the wavelength scan
controller of the HD-500. The main electronics are located in a separate box and include
the power supply , the user interface I/O board, the CPU, the encoder board, and up to
three boards to drive stepper motors. The I/O board has connections to the keypad, a
built-in RS232 interface for the host computer option, and a trigger output to the pump
laser. The CPU board has a microprocessor to run the unit. The stepper drive cards
contain sophisticated electronics for a high resolution (500 steps/rev) stepper motor and
then group these “microsteps” into “ministeps™ for improved linearity of the motion.

The resultant resolution is 7 X 10 degrees per step, which corresponds to 20 steps per
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wnit linewidth . The scan unit has the capability to control up to three stepper motors.
We are using one motor for the wavelength drive. The scan unit can also be used as a
trigger for the excimer laser . For each trigger pulse the excimer laser will fire once.
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3.6 The Light Detection System

The light detection system was designed to maximize the collection and transport of
radiation originating in the interaction region to the photon detector while minimizing the
amount of scattered laser light that reaches the detector. The basic detection system
consists of 4 components (1) the optical system to collect as much of the light emitted
from the collision region as possible, (2) a filter or monochromator to separate the
spectral line of interest from all the other emissions, (3) a cooled photomultiplier tube for

the photon detection, and (4) a data acquisition system.

The light collection system

The light collection system consists of an aperture and a primary lens that are located
inside the vacuum chamber. A window serves as a vacuum-to-atmosphere seal and a
secondary lens outside the vacuum system completes the collection optics. Both lenses
are plano-convex. The primary lens has a focal length of 50 mm and a diameter of 40
mm and the secondary lens has focal length of 75 mm and a diameter of 50 mm. For
extended transmission into the UV, the lenses and the window are made from uncoated
synthetic silica ( Melles Griot ) All optical components located outside the vacuum
system including the detector are placed inside a telescopic aluminum tube to prevent

stray light from entering the light collection system.
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Spectral isolation is achieved by either i) an interference filter or i) a

monochromator.

i) the interference filter (Andover Corporation ) with a band pass of 10 nm FWHM and

a transmission 0of 40% is used to select a single vibrational band for detection, in the

present case the N,"(B’Z," — X?Z;") (0,1) band at 428 nm.

ii) A model H-20 Instruments S.A. monochromator can be used instead of the filter.

Some specification of the monochromator are given in table (3.6.1).

The monochromator is compact and provides high throughput at a reasonably good

spectral resolution. The monochromator is equipped with an aberration- corrected

holographic grating. This grating replaces three optical elements in traditional

monochromator designs, light collection, diffraction, and aberration-corrected focusing.

Monochromator Specification

Focal length
Aperture
Grating
Bandpass
Resolution
Stray light level

Size

200 mm.

/4.2

40x45 mm aberration corrected holographic grating.
2,4 or 8 nm with 0.5, 1 or 2 mm slits

0.4 nm with 0.1 mm slits

10” at 8 nm from 632.8 nm laser light.

339 mm x 84 mm.

Table (3.6.1)
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The monochromator is equipped with several sets of slit inserts and height-limiting
apertures are provided at the entrance and exit slits, We normally use 4 mm x 8 mm

slits to allow maximum signal throughput. The resolution obtained under those condition

is 16 nm (FWHM).

The photon detector

The photomultiplier tube (PMT) is a Hammamatsu R1104 photomultiplier tube. The
PMT is placed inside a thermoelectrically cooled housing which keeps it at a temperature
of -40° C. The PMT was chosen to have a high detection efficiency in the UV. The
quantum efficiency of the photocathode, i.e. the ratio of incident photons to ejected

photoelectrons, is 18.5% at 428 nm (Hamamatsu Corp., 1985 ).

Data acquisition

Time resolved fluorescence studies were made possible by the use of a Stanford
Research model SR400 gated photon counter which counts the pulses from the PMT
that arrive within specified time window, or gate. The Stanford Research model SR400
gated photon counter consists of an internal 200 MHZ clock and three independent
counting units, each consisting of an amplifier, a discriminator, a gate, and a counter.
The SR400 was programmed to open a gate at a predetermined time after receiving a
start pulse or alternatively each gate could be held open continuously (CW). The trigger
pulse can come from the internal clock or from an external source. The time between

the trigger pulse and the opening of the gate , the gate delay, was fixed or could be
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scanned. Additionally, the gate width could be varied . The minimum gate width is 5 ns
and the minimum gate delay is 25 ns. During a data run each scanned parameter was
incremented after a predetermined number of trigger pulses, the counting period, and a
data point consisted of the number of PMT pulses received during one counting period .
In the present experiment, the SR400 was programmed to open a gate after receiving a
trigger pulse from a photodiode which was used to monitor (a small part of) the dye

laser beam.
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Chapter 4. Experimental Procedure

The energy of the incident electron beam E (5-400 eV) is essentially determined by the
voltage difference AV between the filament tip (and filament housing) and ground
potential. The final element of the electron gun, the interaction region, and the outermost
Faraday cup are all held at ground potential, so that the interaction region is field free.
The transmission energy of the electrons through the monochromator/bender is
determined by the fact that a singly charged particle of energy K is transmitted between
two concentric spheres of radi r; and r, if the potential difference, AV, , between the

spheres satisfies the relation

AV,

K @4.1.1)

TrUr2 —r2/r1

For r;=4.05cm and r;=3.25cm we find K=2.254 AV,. This establishes the relation
between transmission energy K and potential difference AV, . The optimum voltages for
the various other elements of the electron gun, monochromator, and Einzel lens are
determined empirically by optimizing the electron beam current and the photon signal
that arises from the electron impact excited N;* (B—X) emission. In general, the energy

E of the electrons is not identical to the voltage difference applied between the tip of the
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filament and the grounded interaction region AV . Contact potentials, i.e. potential
differences between junctions of dissimilar metals due to a difference in the Fermi levels
of the materials (Eisberg and Resnick 1985) can account for a difference between E and
AV of typically a few electronvolts. Dielectric films (from pump oil and other
hydrocarbon contamination ) deposited on elements of the electron monochromator and
electrostatic lenses can accumulate electric charge following electron impact. This can
significantly alter the potentials “seen™ by the electron and may result in energy shifts of
10 eV or more (Gilbert et al. 1990). The energy shift caused by charged dielectric films
can change with time and with the magnitude of the electron beam current. The energy
shift (often generally referred to as “contact potential”) 8 can be determined
experimentally from the difference between the measured threshold for production of an
optical emission feature from a particular target and the known energy for this emission
determined from spectroscopic and thermochemical considerations . In the current
experiment, the electron impact ionization/excitation of N, to produce the N, emission
at 428 nm was used to determine the contact potential. Figure (4.1.1) shows the
measured onset region of the N," 428 nm emission cross section . The measured onset
in comparison with the well known minimum energy (19 eV) is used to calibrate the
electron energy. The onset in figure (4.1.1) is determined to be 32.3 eV from the
extrapolation of the photon yield curve. This yields a contact potential of 13.3 eV which
as mentioned above is probably largely due to insulating films on the various elements of

the electron beam system.
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Electron Impact Emission Cross Section of N y at 428 nm
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Pulsing of the electron beam was accomplished by applying a voltage to the lens
element EL; which is more negative then the voltage applied to the filament tip. A pulse
generator, HP model 214A, was used for that purpose which generated pulses with a fail
time of less then 10 ns. We used the wavelength scan control of the dye laser as the
master trigger for the excimer laser and the HP214A pulse generator. In order to test
the pulsed electron gun, we monitored the time-resolved fluorescence signal from the
electron-impact excited N3 molecules. The time resolved intensity shown in Figure
(4.2.1) was obtained using the SR400 gated photon counter with a 5 ns gate width that
was incremented every 5 ns. Each data point represents data accumulated for 5 s. The
time resolved fluorescence clearly shows 3 regions, electron beam on (region 1 and 3 )
and electron beam off (region 2). The fall time of the electron beam is 70 ns
(corresponding to the life time of the excited N3 molecules convoluted with the fall
time of the pulse generator). It is important that the fall time is below 0.5 pus which is the
time it takes the N3 molecules to leave the interaction region. In region 2, the electron
beam was turned off for about 300 ns which is about 5 times the radiative lifetime of

N3 (B) state. This will be discussed in more detail in section 5.1.
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Time Resolved Fluorescence Signal from the Electron Impact
Excited N 2* Molecules Using a Pulsed Electron Gun
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4.3 Qperation of the Laser System

In order to facilitate the detection of the LIF signal in our experiment , all
experimental parameters of the laser system have to be optimized. The pulse energy has
to be high, the scattered laser light has to be suppressed, and the control of the

wavelength of the laser has to be accurate and reproducible .

The dye laser incorporates a precision rotary tuning mechanism for control of the
output wavelength. This rotary stage is driven by a stepping motor, which, in turn, is
controlled by an electronic scan unit (SCU). The wavelength emitted by the dye laser is

governed by the equation:

ni = d(sin@+sin g) . 43.1)

Here A is the wavelength
d is the spacing of the grooves of the grating (usually 417 or 555 nm)
¢ is the angle of diffraction, and
@ is the angle of incidence (fixed near 86°)
n is the order of diffraction (usually first or second order )

Since for a given configuration, the spacing of the grooves, the angle of incidence, and

the order of diffraction are constant, the output wavelength is a simple sine function of
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the angle of diffraction of the light coming from the grating. The precision rotary stage
controls the angle of a tuning mirror, and a built-in microprocessor computes the
wavelength. We are using the dye laser in the so-called BRUST mode. Instead of the
wavelength changing linearly with time, the wavelength changes by fixed increments

between the START POSITION and the END POSITION.

2) Scattered Laser Light

The proper alignment of the dye laser beam through the vacuum is crucial, since even a
slightly misaligned laser causes significant scattered laser light which then “blinds” the
PMT (see discussion below) The laser pulse was guided into the vacuum chamber by a
system of three mirrors and several apertures (typically three). Initially, the output pulse
from the dye laser is vertically polarized, but because the mirror arrangement rotates the
plane of polarization, the laser pulse entering the vacuum chamber is linearly polarized
horizontally. Examination of the laser spot on a blank sheet of white paper as it emerges
from the vacuum chamber served an initial, visual test of the laser beam alignment. PMT
blinding is caused by a brief, intense burst of incident light on the cathode of the PMT,
which “overloads” the PMT. As a consequence, the PMT is unable to generate output
pulses for a subsequent period of time (recovery time). The most common cause of PMT
blinding is intense laser light scattered by any object inside the vacuum chamber. Even
when the scattered laser light is not intense enough to cause PMT blinding, it can still
obstruct the LIF signal by burying it in a large background. Therefore, it was essential to
measure and minimize the amount of scattered laser light per laser pulse and to

determine the time required for the scattered laser light signal to decay. We developed an
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experimental procedure that ensured that these two parameters were always minimized.
We will describe this procedure for two scenarios,
1) Laser pumping and LIF detection at different wavelengths.

2) Laser Pumping and LIF detection at the same wavelength .

Pumping and detecting at different wavelengths

Both entrance and exit windows for the laser beam are Brewster angle windows. Optical
baffles consisting of hollow pipes whose inner surfaces were coated with Aerodag guide
the laser light from the entrance window to the electron monochromator and from the
Faraday cup to the exit window. Figure (4.3.1) below illustrates the effect of PMT
blinding. The time-resolved laser pulse as seen by the PMT was obtained using the
SR400 with a 5 ns gate width that was incremented by 5 ns after every 100 laser pulses.
We take t=0 to be the time at which the SR400 receives a trigger pulse from the
photodiode. It takes the laser pulse 40 ns to arrive into the interaction region. This delay
is mostly due to electrical delay in the circuit. Two features are apparent in figure (4.3.1)
The first feature is a peak generated by the incident laser pulse.The second feature is a
tail whose magnitude and position indicates how long the PMT was blinded .We see in
figure (4.3.1) a period of time where no pulses were counted (from 60 ns to 70 ns). This
period of time, the “dead time” is the consequence of “PMT blinding”. After the PMT
“recovers”, 30 ns after the laser peak there are still 26 counts resulting from the scattered
laser light . The 26 counts represent the area under the intensity curve from 70 ns to 160
ns. Figure (4.3.2) illustrates a situation where no PMT blinding occurs. There is no
“dead time” and there are only 7 counts in the time interval from 70 ns to 150 ns (i.e. 30

s after the laser peak).
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PMT Blinding (Pumping and Detecting at Different Wavelengths)
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No PMT Blinding (Pumping and Detecting at Different Wavelengths)
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Pumping and detecting at the same wavelength

Blinding of the PMT is a much more serious issue when trying to probe and detect at
the same wavelength. Serious blinding of the PMT occurred under these circumstances,
even when using an empty vacuum chamber and using neutral density filters in the light
pass to attenuate the incident laser power. In order to solve this problem, we had to
make a number of modifications to the experiment.
First we replaced the 390 nm interference filter with a monochromator (Instrument SA
model H-20). The data in figures 4.3.3 and 4.3.4 show the scattered laser light signal
taken with a laser pulse energy 25 uJ and entrance and exit slits of 2 mm width and 8
mm height. Figure (4.3.3) is taken with an empty vacuum chamber while figure (4.3.4)
is taken with the electron monochromator / Faraday cup assembly inside the chamber.
With an empty vacuum chamber we detected 16 counts from scattered laser light 30 ns
after the laser peak ( i.e. in the time interval from 65 ns to 250 ns there are 16 counts
attributed to scattered laser light). With the electron monochromator / Farady cup
assembly inside we detected 30 counts from scattered laser light during the same time
interval. This is comparable with the excpected LIF signal and, therefore, constitutes an
unacceptably high level of scattered laser light. As a consequence, additional steps had
to be taken. We inserted a baffled light path along the direction of observation which
restricted the light collection to light directly from the interaction region. Figure (4.3.5)
shows the scattered laser light signal with the monochromator assembly in the vacuum
chamber using 60 pJ laser pulse energy and the same slit size as before
(figures 4.3.3 and 4.3.4). 30 ns after the laser pulse, the scattered laser light was

reduced to 8 counts in the time interval beyond 70 ns. This represents an acceptable
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Scattered Laser Light (Pumping and Detecting at the Same Wavelength )
No Assembly in the Chamber and 2x8 mm Slits in the Spectrometer
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Scattered Laser Light (Pumping and Detecting at the Same Wavelength )
Assembly in the Chamber and 2x8 mm Slits in the Spectrometer
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level of scattered laser light. In order to use a filter instead of the monochromator ,
further modifications had to be made. With the light baffles placed along the path of the
laser beam and along the optical detection system, 2 variable apertures were added , one
at the exit of the chamber and one just in front of the PMT. This allowed us to pump and
detect at the same wavelength using a filter. Figure (4.3.6) shows the scattered laser
light taken with the 2 variable apertures and a filter. The laser pulse energy was 20 p J.
30 ns after the laser pulse, the scattered laser light level is only 8 counts in the time

interval 70 ns - 200 ns.
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Scattered Laser Light (Pumping and Detecting at the Same Wavelength)
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Scattered Laser Light (Pumping and Detecting at the Same Wavelength)
2 Variable Apertures and a Filter
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We used a Stanford Research model SR-400 gated photon counter which was
programmed to open a gate at a predetermined time after receiving a start pulse to detect
the LIF signal . We directed a small fraction of the output of the dye laser to a fast
photodiode which triggered the SR400. The time sequence for the counter gates is

depicted in figure 4.4.1:

T —» 50 ms
r " Trigger
Gate A
I Gate B
030 330 630 Time (ns)
Figure (4.4.1)

Here t=0 is the time when the laser arrives in the interaction region. We used two gates

labeled A and B. Both gates had a width of 300 ns which is about 5 times the radiative
lifetime of the N (B*Z})state. Gate A, which detects the LIF fluorescence

plus the background emission, starts with a delay which was determined such that the
gate opens after the laser pulse has traversed the interaction region and the scattered

laser light has decayed to a negligible level. The delay was determined to be 30 ns after
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the laser beam arrives at the interaction region (section 4.3). Gate B, which detects the

continuous background emission produced by the electron beam starts, when gate A is
closed . The gates control two counters whose outputs are fed into a personal
computer. The LIF fluorescence signal of interest is obtained from the difference in the

two gates, S=A-B.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

Chapter S. Results and Discussion

Application of the LIF technique to the detection of electron-impact produced ground-
state species using an effusive gas beam and a continuous electron beam is technically
challenging because of the weak signals involved. In the N, measurements carried out
as part of the thesis project, the laser was tuned to pump the 0-0 vibrational band of the
X-B transition of N" ions at 391 nm produced by electron impact jonization of N;and
we detected the 0-1 vibrational band of the same electronic transition at 428 nm. By
scanning the laser across the wavelength region of the rotational lines of the 391 nm
band we obtained a rotationally resolved LIF spectrum of the 0-0 band. Figure (5.1)
shows a portion of this spectrum near the head of the P branch for various incident
electron energies (50 eV, 80 eV, 100 eV, 300 eV) . The different spectra have been
displaced vertically relative to each other by 50 units for clarity of the presentation.
Figure (5.2) shows a smoothed spectrum for an electron beam energy of 100 eV. The
rotational structure of the N," ( B’Z,"—>X’Z,") vibrational band is clearly resolved.

The various peaks are labeled by the rotational quantum number of the lower rotational
level. Note that the peak labeled J=12 also contains the rotational lines corresponding to
J=11, 13-15 whose positions are within + 0.05 A of the position of J=12 line and could

not be resolved. Rotational lines corresponding to J-values higher than 15
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LIF spectrum of the 0-0 band of N 2“ (X-B) transition
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LIF spectrum of the 0-O band of Nz" (X-B) transition (smoothed)
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are too weak to appear in the spectrum with appreciable intensity given that the
temperature of our gas beam is close to room temperature.

The overall signal intensity is sufficiently high and the signal-to noise ratio sufficiently
good to allow the observation of a distinct LIF signal. However, there is always the
challenge to optimize the experimental parameters in order to improve the signal
intensity and to optimize the signal-to-noise ratio. It was important to determine

1) which experimental parameters will give the highest LIF signal with the best signal-
to noise ratio and 2) whether our electron beam optics and photon detection optics are
properly aligned and positioned, so that the photon detector receives a signal coming
from an interaction volume which is unaffected by changes in e.g. the electron beam
energy. This was done by measuring the relative emission cross section for the
production of N," ions in the excited B?Z," state following electron impact on N, and
comparing its shape to the well-known cross section shape for B—»>X photoemission
cross section (Borst and Zipf 1970). In section 5.1 we will discuss the variation of the
LIF signal as a function of different experimental parameters. In section 5.2 we will
discuss the behavior of the electron beam optics and the photon detection optics in
section 5.3 we will present the electron impact cross section for formation of N;* in the
ground state obtained from these LIF spectra, and in section 5.4 we will present an

independent calibration of the cross section obtained in section 5.3.
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Since the LIF signal decays exponentially after the termination of the laser pulse, the

LIF signal will be most intense, if we probe for ground state N," ions immediately after
the end of the laser pulse. The factor which limits how close in time to the end of the
laser pulse we can probe is the temporal decay of the scattered laser light that reaches
the PMT. The data shown in figure (5.1.1) show a smoothed LIF signal of the, P(12),
rotational line as a function of the delay time between the end of the laser pulse and the
opening of the counter gate. There is no significant change in the rotational spectra
obtained for delays between 75 ns and 85 ns measured from the arrival of the laser
beam. Using longer or shorter delay times results in LIF spectra with worse signal-to-
noise ratios. At a delay of 70 ns, there is distinct evidence of the presence of residual
scattered laser light in the LIF spectrum. At delay of 90 ns, the LIF signal is very weak
due to the exponential decay of the fluorescence . We chose to work with delays around

80 ns which represents a little more than one lifetime of the excited state.
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Variation of the LIF intensity as a function of the delay time
between the laser pulse and the begining of LIF detection (smoothed)
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The use of a pulsed electron beam eliminates the need to detect simultaneously the

fluorescence originating from the N,* (BZ," ) excited state ions which are produced
directly from the N, ground-state molecules by electron -impact ionization/excitation
and the fluorescence from the LIF excitation of the X*%,;" ground state ions. It was
anticipated that the use of a pulsed electron beam would eliminate the noise in the LIF
signal caused by unavoidable fluctuations in the electron beam current. Fluctuations in
the electron beam current cause fluctuations in the fluorescence from electron impact
produced N,* (B’Z," ) ions which is the background for the detection of the LIF signal
using a gated detection scheme. Figure (5.1.2) shows a single rotational line,P(12),
obtained for four different laser-probe delay times after the termination of the electron
beam. It was found that there was an improvement in the LIF spectrum, but that the
improvement was not significant. This might indicate that the fluctuations in our electron
beam current are not significant and not serious enough to cause noticeable fluctuations
in the continuous background signal and that a proper background subtraction results in
LIF spectra of signal intensity and signal-to-noise ratio ( S/N) comparable to LIF spectra
obtained with a pulsed e-beam. Table (5.1.1) shows the signal-to noise ratio for the

different delays.
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Variation of the LIF intensity as a function of the laser-probe
delays after the termination of the electron beam (smoothed)
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Delay (us) S/N S/N Improvement
0 1.91
0.3 2.81 1.23
04 2.46 1.47
0.5 2.88 1.5
Table(5.1.1)

The maximum signal-to noise improvement is for a 0.5 ps delay giving an improvement
in the S/N ratio by a factor of 1.5 . Due to the fact that improvement in the S/N due a

pulsed e-beam is rather insignificant, we chose to work with a continuous electron beam

for most of our studies.

If the electron beam is not properly focused in the interaction region there will be an
area outside the interaction volume of the three beams (laser beam, gas beam, electron
beam) where only the electron and the gas beam overlap. This region results in an
emission that is detected with the same efficiency as the LIF signal and is, therefore, a
source of additional noise in the LIF spectra. This is illustrated in figure (5.1.3). In case
(1), the electron beam is expanding in the interaction region. This results in a large
overlap between the gas beam and the electron beam which is not probed by the laser

beam (light gray area). In case (2), the electron beam is focused too far behind the
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interaction region and the result is similar to case (1). By contrast, in cases (3) and (4),
the electron beam is focused in the interaction region and that results in a very small or
no overlap between the gas beam and the electron beam in regions where there is no
laser beam. Figure (5.1.4) shows single rotational line P(12) obtained for five different
electron beam focusing conditions. When the voltage applied to the element EL1, Vg,

is smaller then the voltage applied to the element EL2, Vi, , the S/N ratio is higher. The
electron beam can be operated in two focusing modes, a decelerating mode where
VE2<Vew1 and an accelerating mode with Ve 2>V ;. As is illustrated in figure (5.1.3),
the accelerating mode is preferred. Deceleration causes expansion of the transmitted
electron beam which results in a large overlap volume between the electron beam and the
gas beam . However, the LIF signal in that case is determined by the size of the laser

beam which has a small diameter, so that enlarging the electron beam - gas beam overlap

has a deleterious effect on the S/N ratio.

The analysis of the LIF data with the objective of extracting information about the
population of the initial state depends on the spectral energy density of the incident laser
beam, i.e. onthe rate of incident photons/ cm® Hz. Different results are obtained in the
linear regime, where the number of molecules absorbing laser photons and subsequently
decaying radiatively depends linearly on the incident laser power and the in fully
saturated regime, where the observed fluorescence becomes independent of the incident
laser power. Therefore, it is important to know the laser power required for saturation.

Figure (5.1.5) shows the variation of LIF signal of the P(12) rotational line as a function
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Variation of the LIF Intensity as a function of
the electron beam focusing (smoothed)
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Variation of the LIF intensity as a function
of the laser pulse energy
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of the laser pulse energy. Figure (5.1.5) allows us to extract the intensity of the LIF
signal as a function of incident laser pulse energy and this is shown in figure (5.1.6). A
linear relationship is established which implies that the saturation limit is not reached
even at a laser puise energy of 230 pJ in the interaction region. This agrees with
findings of Hiiwel et al. (1984) who reported that saturation is not reached until the
laser pulse energy reaches about 430 pJ. Effects of the laser pulse energy on the LIF

spectrum in the saturated regime were not studied in this work, since the maximum laser

pulse energy that we could achieve was about 230uJ.

Figure (5.1.7) shows the variation of the LIF spectrum as a function of the pushing
pressure behind the gas nozzle which serves as indirect measure of the target gas number
density in the interaction region. At a pressure in the vacuum chamber of 2.6x10”° Torr
(which corresponds to a pushing pressure of 1.5 Torr and a number density of
approximately 2x10"*/cm’ , see section (3.3), the number density of the N, molecules in
the interaction region is comparatively low, which results in a LIF spectrum of low
intensity. At a pressure of 1x10™ Torr (which corresponds to a pushing pressure of 3
Torr and a number density of approximately 4x10"*/cm’®), the gas beam is wide
presumably due to the fact that significant deviation from molecular flow condition
occur. This results in a broad interaction voluine which, in turn, leads to increased
background fluorescence from the large overlap of the electron beam and the gas beam.
We found that the S/N ratio is highest at pressures around 5x10°° Torr corresponding

to a pushing pressure of 2 Torr.
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Variation of the LIF intensity as a function of the pressure (smoothed)
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Summary
In summery, we found that the best operating conditions for obtaining LIF spectra of

optimum signal intensity and S/N ratio in our experimental set-up are

1) using a time delay of 30 ns- 35 ns between the time the laser pule is in the interaction
region and the beginning of the gated LIF detection, 2) operating the electron gun in an
acceleration mode, 3) maximizing the laser pulse energy of our laser beam (up to 230
w)), and 4) using a pressure inside the vacuum chamber of about 5x10° Torr
corresponding to a pushing pressure of 2 Torr and a target gas density of about 3x10"

molecules/cm’.

Figure (5.1.8) shows a LIF signal of the P(12) rotational line at an electron impact
energy of 100 eV taken at the optimum operating conditions. This is the line that was
typically used for the cross section measurements.The total number of LIF counts (area
under the peak ) is approximately 2000 counts which results in a <3% uncertainty in the

counting statistics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P(12) rotational line taken at the optimum operating conditions
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The relative cross section for the production of N>* in the B’Z," excited state

following electron impact was measured by monitoring the B’Z,'— X?Z,* (0,1)
spontaneous emission at 428 nm as a function of electron impact energy. Figure (5.2.1)
shows the measured cross section as a function of the electron impact energy. Each data
point represents a data acquisition time of 5 s. A number of comments should be made:
1) We used an interference filter with a 10 nm (FWHM) band width to isolate the
emission under study. Therefore, the measured signal for the monitored (0,1) band is a
summation over all the individual rotational lines populated by the electron impact
process. The structure in the low energy region below 20 eV is due to the fact that the
(1,5) vibrational band of the N, ( C*IT,— B’IT,) transition emits radiation at 427 nm.
This emission falls within the band pass region of the interference filter and, therefore,
contributes to the measured cross section. Figure (5.2.2) shows the N, ( CTI,— B’ITy)
(0,0) cross section (Aarts and Heer 1969) . Since the N, ( C’TL,— B’IT,) cross section
shape is independent of the vibrational band, the cross section shown in figure (5.2.2)
also reflects the cross section shape of the N, ( CII,— B’II,) (1,5) band. The N,

( CIL,— BT, emission has a threshold of ( 11 eV) which is below the (19 eV) onset
of the B’Z,"'—» X%%," (0,1) emission. The excitation of the upper C’I1, of the

N2 (C— B) second positive band system is the result of a spin-forbidden excitation
process from the Nz( X*Z,") ground state. Spin forbidden excitation processes typically

reach a maximum in their cross section a few electronvolts above threshold and decay
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rapidly for higher impact energy with a 1/E> asymptotic energy dependence with the
electron energy E  (Stanton et al. 1969). Therefore, it is not expected that the N,
C— B (1>5) emission contributes significantly to the measured emission cross section
above approximately 30 eV or 40 eV. The doted line in figure(5.2.1) indicates the
shape of the cross section measured by Borst and Zipf (1970) . The good agreement
between our measured cross section shape and the cross section shape of Borst and Zipf
(1970) (better then 4 % for energies above 30 eV) indicates that our electron-beam
optics and photon detection optics are designed in such a way as to ensure an
interaction volume that does not change as we change the electron energy. Relative
cross section measurements of the N,'(B—X) emission were routinely carried out
before and after the LIF measurements to ensure optimum operating conditions for the

LIF detection during the entire data acquisition cycle.
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Preview of Previous Work

Before beginning the cross section discussion, it is worthwhile to review what is known
about N," branching ratios. N is perhaps the most thoroughly studied molecule in terms
of its interactions with electrons both theoretically and experimentally (A. Zecca et al.
1996). There are three electronic states of N, which are appreciably populated
following electron impact ionization of ground state N, the ground state and the A1,
and B’%," excited states. Measurements carried by Fano et al.(1994) confirmed that the
N;" (X?Z;") state is cascade free in the sense that the ionization-excitation of N, by
electron impact ions are formed via the following process i) direct ionization of N> and
ii) ionization-excitation of N;*( A’[T, , B’Z,,...) followed by the subsequent decay of
the excited N, state directly to the X’Z, ground state. Processes such as the formation
of N,*(DI1,) ions followed by the two-step decay D*IT, —» B’Z, , ATT,— X’Z; do not
contribute to the formation of N;* (X?E,) ions. In fact even though the D’IT,— A,
emission was detected and its emission cross section was measured (Fano et al. 1994),
its intensity is such that the D*IT,—> A’[1. cascade contribution to the A’[T,—> X°Z;"
cross section is estimated to be only 1%. In the same experiment, the D’IT,—> B’Z,
emission was sought, but no discernible signal was found. Therefore, we can assume

that the the N, (X*Z,;") state is cascade free.
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Total N," Production:

Even though the data of Rapp and Englander-Golder (1965) are more then 30 years oid,
many workers today still use them for the total ionization cross section for e + N,

collisions ( Van Zyl et al., 1995) This cross section is given by

ci=o[Nx']+26 [ N1+ o[N']+20[N"] , (53.1)

where the factor of two denotes the fact that the doubly-charged ions are counted twice
in the product-ion current measurement. o; was reported to be 25.3x10™"7 cm® at 100
eV. Inanother paper, Rapp et al. (1965) reported a fraction of 0.22 contained in o;
that results from dissociative ionization processes which is given by the sum of the last
two terms in 5.3.1. Recently, Van Zyl and Stephen (1994) estimated that this value
should be increased to about 0.25, a value which is also supported by the work of
Straub et al. (1995). In addition, Mirk (1975) found the ratio of o [N,"']/ o [N;'] to be
0.018, while Halas and Adamczyk (1972) obtained a value of 0.014. Van Zyl et al.
(1995) used the average of 0.016 and a dissociative ionization fraction of 0.25 in (5.3.1)
and estimated o [N,'] to be 18.4x10™ for the total N,* production cross section. Table
(5.3.1) summarizes the results for the total N,* production cross section for 100 eV

electron impact on N; .
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Investigators Cross Section ( 10™"* cm?®)
Halas and Adamczyk (1972) 191
Mark (1975) 165+ 11.5

Krishnakumar and Srivastava (1990) 208 + 16.64

Freund et al. (1990) 179
Van Zyl et al (1995) 184
H. C. Straub et al. (1995) 195 +9.75

Table (5.3.1) Total N; Production Cross Section for 100 eV
Electron Impact on N,

N,'(B) Production:

The first three studies of the N" first negative (0,0) band emission cross section located
the maximum of the cross section near 100 eV. Dalgarno et al. (1965) reported a
maximum value of 6x10™'® cm?. McConkey and Latimer (1965) and McConkey et al.
(1967) found a cross-section that was 2.5 times larger, with a maximum value of
15.2x10"® cm’ at 120 eV. Table (5.3.2) summarizes the results of N, first negative
(0,0) band emission cross sections ( 10™'®) for 100 eV electron impact on N, done after

1965.
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Investigators Cross Section( 10" cm®)

McConkey and Latimer(1965) 14.7
McConkey et al. (1967) 152406
Aarts et al. (1968) 212+2.1
Sarvastava and Mirza (1968) 16.8+3.6
Borst and Zipf (1970) 174%£26
Shaw and Campos (1983) 154+1.5
Stanton and St. John (1996) 15.6+£2.8"
Doering and Yang (1997) 14.8+2.5

* Value at 120 eV

Table (5.3.2). N," first negative (0,0) band emission cross sections
( 10™®) for 100 eV electron impact on N;

Almost universally, the carefully executed measurements of this emission cross section
performed by Borst and Zipf (1970), are adopted (Van Zyl and Pendleton, 1995). While
we agree that these data are probably the most accurate result currently available, it
should be pointed out that Doering et al. (1996) suggested that there are several reasons
to question whether the Borst and Zipf (1970) cross section is the most reliable one.
First, McConkey et al. (1967) used a tungsten filament standar@ lamp calibration
method to repeat the earlier measurements of McConkey and Latimer (1965), who had
used helium lines with known excitation cross sections for calibration. Excellent

agreement between the two sets of measurements was obtained. The measurements of
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Borst and Zipf (1970) used only a standard lamp calibration. Second, Table (5.3.2)
shows that, aside from the very high result of Aarts et al. (1968), the results of all
measurements are below the Borst and Zipf data. Third, the recent optical emission
measurement by Shaw and Campos (1983), who used helium lines for calibration, agreed
well with the results of McConkey and Latimer (1965), McConkey et al. (1967) and

Stanton and St. John (1969).

N;'(A) Production:

In sharp contrast to the first negative band emission discussed above, the data on Meinel
band (A—X) emission cross section from electron impact on N, show poor agreement.
Much of the scatter in the reported cross sections can be attributed to the long radiative
lifetimes (~ 10 ps) of the various N3 (A4, v ') vibrational levels ( Holland and Maier,
1972; Peterson and Moseley, 1973). Thus, unless an experimental photon detector has
an extensive field of view, some excited N> (A) ions may drift out of the field of view
before decaying causing the measured emission cross section to be too small. Table
(5.3.3) summarize the N,* Meinel band emission cross sections (10'® cm?) for 100 eV

electron impact on N,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

Investigators Cross Section( 10™"* cm?)

Staton and St.Jhon (1969) 48.0
Piper et al. (1986) 115.0+23
Goembel et al. (1994) 66.2+8.0

Van Zyl and Pendleton (1995)" 101.0+19.2

Doering and Yang (1997) 87.9+7.0

* Calculated from Borst and Zipf (1970) first negative system (0,0) cross
section

Table (5.3.3) N,* Meinel band emission cross sections
( 10"® cm?) for 100 eV electron impact on N;

N;'(X) Production:

From the above discussion N;* cross section data the cross section for the formation of
N2'(X) ions can be estimated. Fons et al. (1993) based on the measurements of St. John
and Stanton (1969) obtained an estimated value for the N,"(X) cross section of
130x10'® cm® . However, because of the conflicting sets of cross sections for N,'(A),
Fons et al. (1993) found the cross section for N,*(X) to range from 130x10™® to
370x10"® cm’. In view of the wide variance in the cross sections involved, they could
only conclude that the cross section for N>"(X) and N,'(A) are roughly comparable, but
the that N,"(B) cross section is probably several times smaller. Several more authors
estimated the N,"(X) cross section in a similar way, Kawazumi et al. (1987) , Darrach

et al. (1990), and Van Zyl et al. (1995). Van Zyl et al. (1995) deduced a value of
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60.5x10"%+45% for the N>*(X) cross section. In conclusion, the cross section for
ionization-excitation of the N,'(B) state is rather well-known as are the total N,
ionization cross section and the total N," parent ionization cross section (see above). On
the other hand, the experimentally determined cross section of N;* ions in the A-state is
known only to within an error margin of about 50% (see above). This renders it
impossible to estimate the cross section for the formation of N,*(X) ground-state ions
with reasonable confidence. Recently, Doering and co-workers (1997) used the
electron-electron coincidence (e,2¢e) technique to study electron impact ionization-
excitation processes in N, and obtained the branching ratios to the various final states of
the resulting ions. Their result- when combined with the known total parent N, cross
section- allowed the extraction of absolute cross sections for the formation of N>'(X).
Their cross section of 86.9x10™® at 100 eV with a quoted error of 8 % agrees purely
with the cross section reported by Van Zyl and Pendleton (1995). In addition, both
authors only reported a single cross section value at 100 eV, but did not report a cross

section shape.

Present Results

Figure (5.3.1) shows the relative cross section for the formation of N," ions in the
ground state obtained in this thesis . The data points were determined by scanning
across the J=12 rotational line for various incident electron beam energies. It should be
noted that the data presented are an average of 6 different measurements. Also shown in
fig (5.3.1) (doted line) is an estimated energy dependence of the N;* (X) cross section

normalized to our cross section at 75 eV. This estimated shape has been obtained by
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subtracting the N," B-state cross section shape of Borst and Zipf (1970) and the N,"A-
state cross section shape of Piper et al. (1986) from the total N, parent ionization cross
section shape of Krishnakumar and Srivastava (1990) (see section 2.2). As one can see ,
our measured N,(X) cross section shape is in a good agreement with the estimated
shape in the energy region from threshold to 200eV. The relative cross section curve
was put on an absolute scale by normalization to the absolute cross section value of
Doering and Yang (1996) at 100 eV as shown in figure (5.3.2). Also shown in figure

5.3.2 is the estimated absolute N,'(X) cross section as obtained in section 2.2 .
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Relative cross section for the formation of N; in the ground state
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Experimental Error

Experimental uncertainties may arise from either systematic or random sources.
Systematic uncertainties arise due to known or unknown errors which, if not accounted
for, give an overall bias to the results. Random errors arise from the statistical nature of
any measurement and may be reduced by repeating the experiment a large number of

times. Table (5.3.4) shows the various sources of errors in our measurement.

Description Contribution to
Uncertainty
1) pulse to pulse reproducibility <5%
of the laser pulse energy
2) stability of electron beam current <1%
3) stability of gas beam density <1%
4) constancy of the interaction volume <4%
as a function of electron energy !
5) counting statistics’ < 1%
Table (5.3.4)

! see section (5.1)

2 The count rate represents a random error whose statistical uncertainty is 1/ VN whereNis
the accumulated number of counts. In the present experiment the total number of LIF counts at
100 eV is approximately 2000 and the measurement is repeated 6 times.

A typical error bar for our cross section is given for the data point at 100 eV (Figure
5.3.2). We summed in quadrature the various systematic uncertainties (1-4) and added
to it linearly the uncertainty due to the counting statistics. The uncertainty in our
measurement is < 8%. Not included in our error bar is the 8% uncertainty in the

benchmark cross section value of Doering and Yang (1996).
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In this paragraph we present a different, independent way to put the relative N»* (X*Z,")
cross section on an absolute scale. The motivation for this comes from the fact that there
exists a large discrepancy between the N,'( X ) cross section obtained by Doering and
Yang (1997) from their electron-electron coincidence studies, 86.9 + 7.0x10™™® cm?at 100
eV and the value extracted by Van Zyle and Pendleton (1995) from the critical analysis of
all previously reported cross section data, 60.5 +27.0 x10™® cm?at 100 eV. One might
argue that the cross section of Doering and Yang (1997) is more reliable, since it is based
on new experimental data, and it has a smaller error margin. However, acceptance of their
cross section value requires the value of the previously accepted N,* B state “benchmark”
cross section of Borst and Zipf (1970) to be lowered by 25%, a margin which exceeds the

stated uncertainty of that cross section significantly.

Method

The determination of an absolute cross section requires the measurement of all quantities
and parameters that determine the cross section such as electron beam current, number
density of target gas atoms or molecules, overlap of electron beam and gas beam ( and, if
applicable, laser beam), and sensitivity of the detection system ( Van Zyl et al. 1983). This
is often difficult to do. Therefore, a different approach, which is more frequently employed,

is based on a relative measurement of the cross section under study which is subsequently
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put on an absolute scale by e.g. normalization relative to a well-known “benchmark™ cross
section. The simplest example for such a normalization is the normalization of the relative
N;" (X?Z,") ionization cross section to the “benchmark” value of 86.9x10™® cm? at 100eV
determined by Doering and Yang (1997) as described in the previous section. In this
section, we discuss the result of a normalization procedure that employes a different
“benchmark™ cross section, one which is obtained directly in our apparatus. We use the
well known cross section for the production of helium atoms in the 2s°S state by electron
impact at 20.4 eV on He in the 1s 'S ground state. The resulting He (2s °S) number density
is probed by LIF of the He 2s *S «> 3p P transition at 388.86 nm. The energy level

diagram for the processes involved is shown figure 5.4.1.

Partial energy-level diagram of helium indicating the relevant energy levels (not to scale)

Energy eV
3 F'

3p°P { 23.00

388.86 nm LIF
2s’S | 19.81

Electron
I Impact

Is'S | L 0.00

Figure 5.4.1
One advantage of this procedure is the fact that the same dye and the same detection filter
can be used for both the He and the N, measurements. The choice of 20.4 eV for the
measurement in He was motivated by several factors, (i) the 1s 'S—2s’S excitation cross

section is sufficiently large at this energy to produce an appreciable density of He 2s°S
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atoms, (i) this energy is just below the 20.61 eV onset for the formation of metastable He
2s 'S atoms, which is important in view of the fact that the most reliable absolute cross
section values are available only for the formation of the combined (unresolved) He 2s 'S
metastable states, and (iii) the energy of 20.4 eV is below the threshold for populating the
He 3p°P state the lowest lying state above the 2s°S state which can decay radiatively to
the 2s *S state and, as a sequence, the LIF measurement in He is free of any 3p *P—2s°S
background arising from the direct population of the upper state by the continuos electron

beam.

Experimental details

For the He LIF calibration measurement, additional experimental difficulties had to be
overcome, (i) the expected signal is small based on the comparatively small cross section
for producing He (2s °S) of 4.0 x 10™*® cm? at 20.4 eV (Borst 1974), (ii) the electron
beam current at 20 eV is only about 1 pA, (iii) pumping and detecting the LIF signal at the
same wavelength renders blinding of the PMT by scattered laser light a serious issue (see
section 4.3.2), and (iv) the need to work below the onset for the 3p *P state requires an
accurate determination of the electron beam energy. The scattered laser light problem was
addressed by modifying the apparatus as described in section 4.3.2. and by reducing the
laser pulse energy in the interaction region to about 20 puJ. In addition, the delay between
the end of the laser pulse in the interaction region and the start of the data acquisition cycle
was extended to 100 ns ( about 1 lifetime of the He (3p °P) state), so that the scattered
laser light was less then 1 count in the time interval from 100 ns to the end. Unfortunately,

a delay of 100 ns reduces the LIF signal significantly due to the exponential decay of the
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fluorescence . 'Iheelectronbmmenergywascah’bratedbymgthe onset region of
the excitation function of the He(3p *P—2s >S) emission following electron impact
excitation of the 3p *P state from the 1s 'S ground state. The onset of this emission cross
section is 23.0 eV . In order to compensate for the small expected LIF signal we increased
the data accumulation time (see below) and we worked at a relatively high pushing pressure
of about 20 Torr. The data acquisition procedure is similar to that described in section
4.4. The only difference is that the delay in gate A was 100 ns after the laser beam has
traversed the interaction region, and the gates were open for 500 ns (corresponding to
about § lifetimes of the He (3p °P) state ) . Figure (5.4.2) shows the LIF signal of the He
(3p ’P-2s %S ) emission at an electron impact energy of 20.4 eV taken under the above
conditions and with a laser pulse energy of 20 uJ and an electron beam current of 0.8 pA.
The data accumulation time was 68 min (17 data points, 4 min. data accumulation time per
point). The total number of LIF counts (area under the peak) is 4890. Immediately after
measuring the LIF signal in He, we measured the LIF signal of the P(6) rotational line of
the N,* (X—B) (0,0) band by changing only the gas and the electron beam energy. Figure
5.4.3 shows the LIF signal of the P(6) rotational line of the (0,0) band at 100 eV electron
beam energy. The delay in gate A was 55 ns after the laser beam has traversed the
interaction region, the laser pulse energy was 28 pJ, the electron beam current was 8 pA,
and the pushing pressure was 2.51 Torr. The data accumulation time was S0 min ( 100 data
points, 30 s data accumulation time per point ). The total number of LIF counts ( area

under the peak) is 5671. It should be noted that the LIF spectrum of the
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LIF Signal from He ( 2°s—>3%p)
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P(6) rotational line of the 0-0 band of N 2" (X-B) (Smoothed)
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P(6) line shown in figure 5.4.3 was not taken under the optimum operating conditions (see
discussion before). Since we were pmnpiﬁg and detecting at the same wavelength, a laser
pulse energy of only 28 pJ was used and a time delay of 55 ns (about 1 lifetime of the N;*
(B) state) was introduced. In addition, to ensure the same size of the interaction region for
both the He and the N, measurements, we used the same electron beam focusing conditions
in He and in N, . The electron beam focusing was optimized for the He measurement at
20.4 eV and these focusing conditions are not necessarily the optimum conditions for the

N, measurement at 100 eV.

Normalization Procedure

The total number of counts (area under the peak) of the LIF signal of He ( 3p *P—2s°S )
emission at an electron energy of 20.4 eV is 4.488 Torr counts per minute per puJ per pA
at 19.6 Torr. Here we have normalized the observed LIF signal to the electron beam
current and the laser pulse energy, but not to the pushing pressure. The electron beam
current and the laser pulse energy were in a region, where the LIF signal varies linearly
with those parameters, whereas the pushing pressure was outside the linear region. The
delay time between the time at which the laser pulse had traversed the interaction region
and the time at which the signal was recorded was about 1 lifetime (100 ns ) in the He
measurement and slightly less in the N, measurement. Appropriate corrections to the data
for this difference were made. The absorption coefficient for the He (25 °S — 3p °P) is
proportional to 0.0945 x 10° s (West 1984 ), while the absorption coefficient for the N;*
(X->B) (0,0) transition is proportional to 0.1214 x 10* s ( Laux et al 1992). Appropriate

corrections to the data for this difference were made. In addition, the transmission of the
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interference filter is 46% for the transition in He and 50% for the transition in N; which
must be taken into account. As a consequence, the LIF signal of the Nz'(X — B) (0,0) P(6)
emission at an electron impact of 100 eV is 0.325 Torr counts per minute per uJ per pA at
2.51 Torr. Now we need to take into account that the No(X, v=0) - N>" (X, v=0) cross
sections represents 91.7% of the total Nx(X, v=0) - N;" (X) cross section (Gilmore et al
1992). We also account for the fact that the N;'(X — B)(0,0)P(6) line corresponds to
10.95% of the total N,"(X — B) (0,0) transition (Honl-London factor, Herzberg 1950),
and that the N," (B, v=0) state decays to the N,* (X, v=0) state with a branching ratio of
0.710 ( Gilmore et al 1992). Therefore, the total LIF signal of the N;'(X — B) emission at
an electron energy of 100 eV is 0.325 / (0.917%0.1095*0.710) = 4.559 Torr counts per
minute per uJ per pA at 2.51 Torr. The pushing pressures used here were higher than those
for which strict molecular flow occurs, and as a consequence, the relationship between the
LIF signal and the pushing pressure is not linear. Therefore, it was necessary to quantify the
deviation from the linear dependence of the observed LIF signal with the pushing pressure
for both He and N, . For that purpose we used a procedure that was used successfully
before to normalize optical intensities to pressures outside the molecular flow regime
(Rogue et al. 1991) which is based on a variation of the molecular flow technique
(Brinkman et al. 1981). Figure 5.4.4 shows the emission intensity (in arbitrary units) of the
He 4p 'P —2s 'S transmission at 396 nm as a function of the pushing pressure. As shown,

a linear fit was applied to the low pressure regime (below 1 Torr) and a quadratic fit was

applied to the region above 1 Torr. The normalization procedure consists of converting the
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He Intensity as a Function of the Pushing Pressure
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intensity measured at a given pressure outside the linear regime to the intensity
corresponding to the linear fit extrapolated to the same pressure, Isom= Imess (It/lg) as
shown in the figure. I /I in figure 5.4.4 is determined to be 0.204. From that it follows that
the number of counts for the He transition properly normalized to the pushing pressure is
0.047 counts per minute per uJ per pA per Torr. Figure 5.4.5 shows a similar plot for the
N," intensity of the B X (0,0) emission. Following the same normalization procedure as
before, we find, I;/I; to be 0.483. The number of counts for the N,* ( transition properly
normalized to the pushing pressure is therefore 0.877 counts per minute per pJ per pA per
Torr.

The ratio of the normalized LIF signals for N," and He can be equated with the ratio of the
cross sections for the formation of N, (X) from ground-state N; at 100 eV and He

(2s *S) from ground-state He at 20.4 eV. Using the well-known cross section for He

(2s *S) formation at 20.4 eV ( Borst 1974, Mason and Newell 1987, Lin and Anderson
1991) 0of 4.0 X10™'® cm® we obtain the absolute cross section for the formation of N;" (X)

jons at 100 eV of 74.7 X 10°'® cm®.
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Error Estimate
The uncertainty in our relative N;* cross section measurement was 6.34% (see section

5.3).Table (5.4.2) shows the source of errors for the He measurement.

Description Contribution to
Uncertainty

1) pulse to pulse reproducibility <5%

of the laser pulse energy

2) stability of electron beam current <1%

3) stability of gas beam density <1%

4) Pressure measurement' <3%

5) counting statistics <14

! Since we were working at a high pressure in the vacuum chamber there is an uncertainty in the
pressure measurement which confributes 3% uncertainty to the cross section value.

Table (5.4.1)
We summed in quadrature the various systematic uncertainties (1-4) and added to it
linearly the uncertainty due to the counting statistics. The uncertainty in the He
measurement is 7%. Summing the uncertainty in the relative N,* cross section
measurement in quadrature with the uncertainty in the He measurement we find the error
in the absolute N, cross section measurement to be 9% . Mason and Newell (1987)
assigned an error margin of about 2.5% to the He (2s °S) cross section. This results in a
total error margin of our cross section of about 10%. We note that the various absolute
measurements of the He (1s *S—2s *S ) cross section in the literature ( Borst 1974,

Masonand Newell 1987) carry individual error margins from 15% to 30%. However, there
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is excellent agreement between the various absolute measurements, which were obtained
from different experimental techniques (including optical as well as non-optical methods).
On that basis, Mason and Newell (1987) argued that the level of confidence with which this
cross section is known is much higher than the error margins of the individual
measurements and assigned a 2.5% error margin to this cross section. This notion was

supported in the recent review of Lin and Anderson ( 1991)

Results and discussion

Figure (5.4.6) shows the N,* (X) cross section put on an absolute scale by normalization
to the cross section value achieved in the present work. Also shown in the figure is the
value of Doering and Yang (1996) at 100 eV and the respective error bars at 100 eV. In
addition, we show the cross section value of Van Zyl and Pendleton (1995) at 100 eV,
(without their quoted 45% error margin). This is motivated by the fact that the present
data and the cross section of Doering and Yang (1997) result from experiment and carry
experimental determined error margins. By contrast, the cross section value reported by
Van Zyl and Pendleton (1995) results from the analysis of data reported by other authors
and their uncertainty has been taken from other sources. There is a good agreement
between our cross section and the absolute value at 100 eV obtained by Doering and Yang
(1997), whereas the absolute value of Van Zyl and Pendleton (1995) is lower. However
both the values of Doering and Yang (1997) and our cross section value fall within the
estimated 45% uncertainty quoted by Van Zyl and Pendleton (1995) for their value. The

good agreement between our cross section value and the value of Doering and Yang
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(1997) supports the notion of Doering and Yang (1996)(see section 5.3) that the value of
the previously accepted N;" B state “benchmark” cross section of Borst and Zipf (1970)
may have to be lowered but perhaps not by as much as Doering and Yang (1996)
suggested .

Based on the work on the formation of final-state-specific N ions by electron impact on
N; in the past few years including the important result of the present thesis, the N;'(X)
cross section can now serve as a benchmark cross section. As such, the N,'(X) cross
section (at 100 eV) can serve as a calibration standard for future studies using the LIF

technique to probe electron-impact ionization and dissociation processes.
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Chapter 6. Summary and Future Directions

We developed a new technique to combine electron scattering and LIF technique to probe
electron-impact-induced final-state-specific ionization and dissociation processes. We
constructed, tested, and successfully utilized a triple-beam apparatus (crosses electron beam-
gas beam-laser beam ) for the absolute measurement of the N, (X) ionization cross section.
Extensive studies were carried out to optimize the experimental conditions that yield a high
LIF signal and a good signal-to-noise ratio. From LIF spectra obtained at various electron
energies we obtained the absolute N;*(X”Z,) ionization cross section as a function of electron
energy from threshold to 200 eV . The N'(X) cross section can now serve as a benchmark
cross section. This clarifies a long-studying ambiguity in the N, ionization process induced
by electron impact. Furthermore, the benchmark N>" (X) cross section can now be used for
the calibration of future neutral dissociation cross section studies , for e.g. we can now study

the following dissociation processes in the same apparatus:

e +CH, » CH(X*ID)+3H (or H; +H)
e” +CF, > CF(X’ID)+3F (or F,+F )
e~ +SiH, - Si(3s*3p*)+4H (or H,+H; or 2H+H)

e +H,0 - OH(X’ID)+ H
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Fragment Band /Line Wavelength
CH A2A - X1 430 nm
Si 3s*3pds 'P°—3s3p* 'D 288 nm

3s%3p4s 'P°>3s3p’ 'S 391 nm
OH ATt - X110 306.4 nm

CF ATt 5 X1 233.2nm

Methane (CH,) is an important constituent of the terrestrial atmosphere and of the
atmospheres of the planets Jupiter, Saturn, Uranus, Neptune and Phuto and some of their
satellites. Methane has also emerged as a frequently employed constituent of feed gas
miixtures in technological processing plasmas used in deposition applications (diamond and
diamond-like carbon films). Cross sections for the production of the various fragments by
electron collisional ionization and dissociation are important for the understanding and
modeling of the chemistry in both planetary atmospheres and discharge plasmas.

SiH,, is a frequently used constituent of low temperature processing plasmas used in
fabrication of microelectronic devices and other semiconducting components. SiHjy is also a
constituent of the atmosphere of several other planets and their satellites.

The importance of OH radicals is due to their role in the breakdown of ozone
molecules. The OH radicals also determine the lifetimes of common atmospheric constituents
carbon monoxide, methane and sulfur dioxide.

CF, has been widely used in the semiconductor industry as a plasma etching gas.

The neutral and ionic fragments of CF,, generated in the low energy electron impact
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(1-100 eV) play an important role in dry plasma etching of silicon and silicon compounds.
To understand and model the plasma etching process using CFs one needs to know all types
of electron impact cross sections. Especially important are the partial ionization and neutral

dissociation cross sections.

In conclusion, the use of the LIF technique to measure the population densities of

ground state products created by electron impact is a very powerful technique that is

applicable to the study of a wide range of important processes.
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