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Abstract

The use of atomic and molecular Rydberg states to investigate dopant/perturber
interactions is a well established research area. In this Dissertation, photoionization
spectroscopy is used to probe the interactions between various dopants (D = CH,l, C,H,l and
CsH,) and perturbers (P = Ar, N,, CO,, CF,, c-C,F; and SF,) in a static gas-phase system.
One overall goal is a better understanding of the nature of dopant/perturber interactions in
the gas phase which, in turn, can lead to a better understanding of solvation in the condensed
phase.

Two separate perturber effects are investigated in this work: the perturber-induced
energy shift of high-n dopant Rydberg states, and the appearance of photoionization structure
below the first dopant ionization threshold (i.e., subthreshold photoionization) in some
dopant/perturber systems. From the perturber-induced energy shifts, the zero-kinetic-energy
electron scattering lengths and cross-sections of Ar, CF,, ¢-C,F; and SF, are evaluated. (To
the best of our knowledge, this represents the first experimental determination of the zero-
kinetic-energy electron scattering lengths of CF, and ¢-C,F;, and the first determination of
the zero-kinetic-energy electron scattering length of SF, using the shift of dopant high-n
Rydberg states.)

The appearance in various dopant/perturber systems of subthreshold photoionization
structure, which tracks the absorption of discrete dopant Rydberg states in the same energy
region, is reported and analyzed. This subthreshold photoionization structure is explained
by invoking two separate pathways, both of which involve the excited-state processes of
electron attachment and associative ionization. From the measurements reported here,

subthreshold photoionization in C,H,/SF, and C,;H,/SF; is shown to proceed through

\4
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electron attachment to SF,, and through the formation of heteromolecular dimers.
Subthreshold photoionization in CH, /P is shown to proceed through electron attachment to
CH,lI and to the perturber, and through the formation of both homomolecular and
heteromolecular dimers.

Finally, the effective rate constants for these processes are determined from the variation
in the subthreshold photocurrent as a function of dopant number density p, and perturber
number density p,. These constants are then analyzed with respect to the properties of the
excited dopant Rydberg state. For the dopant CH,l, the variation in the effective rate
constants is discussed in terms of ground-state perturber properties (such as electron affinity

and polarizability).
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Chapter 1. Introduction

Rydberg states are highly sensitive to the “environment” (where environment implies an
external electric or magnetic field, or perturber molecules) and, therefore, Rydberg atoms and
molecules have been used extensively as interaction probes [1-10]. In this Dissertation,
dopant/perturber interactions are investigated by observing the effects of a perturber on
dopant Rydberg states using photoabsorption and photoionization spectroscopy. Two
separate perturber effects are examined: perturber-induced energy shifts of dopant Rydberg
states, and the appearance of subthreshold photoionization in some dopant/perturber systems.
One overall goal of this study is to gain a better understanding of certain gas-phase molecular
interactions that can yield new insights into molecular solvation and clustering in condensed-
phase systems.

Since this work focuses on the interaction of molecular Rydberg states with perturber
atoms and molecules, a brief discussion of Rydberg states, along with a description of
techniques used to generate and study these states, is presented in Chapter 2. Of the
techniques mentioned in Chapter 2, however, only photoabsorption and photoionization are
reviewed in detail, since these are the methods employed in the research reported here.

In Chapter 3, a description of different types of perturber effects is presented. This
description begins with a review of the various theoretical models [5,6,11-13] developed to
explain perturber-induced energy shifts of discrete high-n dopant Rydberg states. Chapter
3 then continues with a brief discussion of spectral broadening and concludes with an

explanation of some of the mechanisms which can lead to subthreshold photoionization in

dopant/perturber systems.
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A detailed description of the experimental apparatus used throughout this work is given
in Chapter 4, along with information about the dopants and perturbers employed. This
chapter also includes a discussion of the procedures applied in correcting and analyzing the
data presented here.

In Chapter 5, the perturber-induced energy shifts of dopant high-n Rydberg states are
used to evaluate the zero-kinetic-energy electron scattering lengths and cross-sections of Ar
{14], CF, [15], c-C/F; [15] and SF, [14,16,17]. To the best of our knowledge, these
measurements represent the first experimental determination of the zero-kinetic-energy
electron scattering lengths of CF, and ¢-C,F,, and the first evaluation of the zero-kinetic-
energy electron scattering length of SF, from high-n dopant Rydberg states.

Chapter 6 provides a more detailed investigation of subthreshold photoionization, which
is the primary focus of this work. Following a brief review of subthreshold photoionization
mechanisms, the subthreshold photoionization structure of CH, in the presence of various
perturbers, and that of C,H,I and CH; in the presence of SFj, is shown to arise from high-n
Rydberg states by the evaluation of the zero-kinetic-energy electron scattering lengths of CF,,
¢-C,F, and SF, from the perturber-induced energy shifts of this subthreshold structure, and
by the demonstration that these scattering lengths agree well with those obtained in Chapter
5 from the photoabsorption and autoionization spectra of the same dopant/perturber systems.

Next, a temperature study of the subthreshold photoionization structure in the chosen
dopant/perturber systems is presented. From this study, the mechanisms of hot-band and
rotational autoionization are dismissed as possible explanations for the observed
subthreshold structure. Furthermore, the mechanisms of collisional transfer of translational

energy from the perturber to the excited-state dopant, and photochemical rearrangement
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producing charged products, are ruled out on the basis of energetics. The collisional transfer
of rotational and vibrational energy from the perturber to the excited state dopant is also
ruled out due to the appearance of subthreshold structure in CH;I/Ar [3,18,20] and CH,I/Xe
{21].

In the remainder of Chapter 6, the focus switches to probing the behavior of subthreshold
photocurrent for variable dopant number density p,, [17,19,20] and perturber number density
P [14,17-20]. The analysis presented leads to the conclusion that two general mechanisms,
namely electron attachment and associative ionization, are sufficient to model the density
dependence of the subthreshold structure. However, the pathways involving these processes
differ depending on the nature of the perturber [14,17-20]. For instance, if the perturber has
a large electron attachment cross-section and a large ground-state polarizability, subthreshold
photoionization can proceed through direct dopant/perturber interactions [14,17,19,20]. On
the other hand, if the electron attachment cross-section and ground-state polarizability of the
perturber are small, the pathway generating subthreshold structure involves only indirect
dopant/perturber interactions [14,17-20].

By systematically varying both p, and p,, the effective rate constants for electron
attachment, k,,, and associative ionization, k,;, are determined from the variation in the peak
areas of the subthreshold structure as a function of p, and P,. The electron attachment rate
constants k,, are shown to depend linearly on the principal quantum number n of the dopant
Rydberg state, whereas the associative ionization rate constants k,; are shown to scale with
the dopant Rydberg state polarizability, or as n’. Finally, the variation in k,, is discussed in
terms of the electron affinity of the dopant (or perturber), and the variation in k;; is discussed

in terms of the ground-state polarizability of the perturber (or dopant).
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Chapter 2. Rydberg States of Atoms and Molecules

A. Introduction

Since this research uses perturber effects on high-n dopant Rydberg states to probe
various dopant/perturber interactions, a brief review of Rydberg states is provided below.
This discussion also examines the special properties of Rydberg states that make these highly
excited states ideal for probing the effects of external fields, and of perturber molecules on
the electronic structure of the dopant. Finally, a survey of some of the various techniques
used to generate and study Rydberg atoms and molecules is presented.

A Rydberg state of an atom or molecule is a highly excited state in which the Rydberg
electron (optical electron) is so distant from the cationic core that the core appears to this
electron as a massive point charge. Rydberg states were first observed in 1885, during the
study of the visible spectrum of the sun [23]. During this investigation [23], a series of

intense lines at wavelengths

1.4 ( 1.1 ]

A 36456A (4 2]’
where n> 2 is a positive integer, was observed. This series, also known as the Balmer series,
was later recognized to arise from the electronic transitions from the n = 2 Rydberg state of
atomic hydrogen to higher lying Rydberg levels. Further studies [1,2,23-25] showed that

other atoms and molecules possess similar series, the excitation energies of which could be

fitted to the more general equation

E =I-—"—7r,
2 -5,y @
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where I is the series limit (i.e., the ionization energy), Ry is the Rydberg constant (13.606
eV), n is the principal quantum number, and §, is the quantum defect. (The quantum defect
0, embodies the influence of a nonhydrogenic core, and depends on the orbital angular
momentum quantum number { of the optical electron [26-28].)

The presence of a molecular core leads to several notable differences between Rydberg
molecules and Rydberg atoms [1,4,29]. One of these differences is the amount of structure
present in high-resolution optical spectra of Rydberg molecules. This structure is due to the
many different rotational/vibrational levels of the molecular core, all of which can have
converging Rydberg series [2-4,10]. (This increase in structure is discussed for the specific
cases of HI, CH,I and C,H.l in the next Section.)

One core ion effect is observed when the core ion is electronically excited with enough
energy to cause the core to dissociate [29,30]. If the Rydberg electron happens to be far away
from the core during the dissociation, this electron is not influenced by the dissociation
process. As the fragments separate, one of the fragments remains in a high Rydberg state

while the other fragment is neutral (cf. Fig. 2.1). A short list of molecules which undergo

l. Ground state 2. High-n Rydberg 3. Core dissociates 4. Fragments separate
molecule with excited
molecular core

o0 -0 0 -0
. A B

Fig. 2.1. The core ion model: schematic illustration of dissociation of a molecule AB to give
a Rydberg atom fragment B and a neutral fragment A. (Adapted from [29].)

S
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this type of dissociation process, which generally requires a two-electron excitation [29], is
given in Ref. [29].

When the Rydberg electron passes close to the core while the core is either vibrationally
or rotationally excited, the motion of the core ion can effect the behavior of this electron. In
one instance, the Rydberg electron can collide superelastically with the core and thereby gain
sufficient kinetic energy to ionize at the expense of the vibrational/rotational energy of the
core. This type of ionization is known as vibrational or rotational autoionization [7,29-31]
and is discussed in more detail in Chapter 3.C.ii. Predissociation may also occur as the
Rydberg electron passes through the ionic core. In predissociation, however, the Rydberg
state couples to the potential curve of a repulsive valence state which, in turn, causes the
molecule to dissociate into non-Rydberg fragments {29,30,31].

Although the differences between
-
Rydberg atoms and molecules are many, / Rm:'\
the similarities between the properties of : orvle

these highly excited atoms and molecules

at high-n are also extensive. These

A\
e

similarities arise from the small size of
the ionic core with respect to the classical
orbit of the Rydberg electron, as
diagrammed in Fig. 2.2. Since the

Rydberg electron is far from the core, the Fig. 22. Drawing of a n = 10 orbit of a

. Rydberg electron around a benzene core. The
long-range potential energy betweenthe ;¢ of the benzene molecule is 2.48A, and

the radius of the Rydberg orbital is 53 A.
ionic core and the Rydberg electron is ('l?hi? drawigg is:o szale’)g l
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Coulombic. The eigenenergies obtained from the solution to the Coulombic Schrodinger
equation are E, = - 1/n? (in atomic units) and, therefore, it follows from the virial theorem
that the radius of a Rydberg orbital is proportional to n%.

The large orbital nature of the Rydberg electron (cf. Fig. 2.2) means that, for molecular
Rydberg states, this electron is largely decoupled from the rotational or vibrational transitions
of the core. This large orbit also makes a Rydberg state extremely sensitive to the presence
of perturber molecules (cf. Chapter 3), and the low binding energy of these states increases
the perturbational effectiveness of external fields. The presence of an electric field can cause
Stark splitting [9,32,34-37] or field ionization [9,32,34,36,38]. Magnetic fields generally
affect the Rydberg state in the form of diamagnetic energy shifts [9,32,34,36,39]. The
magnetic analog to the Stark effect, namely the Zeeman effect, is not easily observable even
inatoms. Therefore, probing the Zeeman effect generally takes the form of studying changes
in the bandshapes of an absorption spectrum, as a function of the magnetic field strength,
using magnetic circular dichroism for example [32,34,36,40,41].

In general, the n-scaling of many of the properties of Rydberg molecules can be
developed from an analysis of the transition dipole matrix elements, which scale as n?, and
the eigenenergy separations, which scale as n* [9]. For example, from second-order
perturbation theory, the polarizability ¢ of a Rydberg state is approximated by {42]

.- E [ Boa
- E -E,
n<m
where |1, are the electronic transition dipole matrix elements, and E, (i = m, n) are the state
energies. Since |, is proportional to n?, and E,, - E, is proportional to n”, the excited-state

polarizability scales as n”. Some of the other n-scaling laws are listed in Table 2.1.
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Table 2.1. Properties of Rydberg atoms and molecules. (Adapted from [9].)

Property n dependence

Binding energy

Energy between adjacent n states
Orbital radius

Geometric cross-section

Dipole moment {nd|er|nf)
Polarizability

Radiative lifetime

Fine-structure interval
Excitation cross-section

=n
~

B‘:‘ S‘L X, H_‘ 3, SN, §¢.

Rydberg atoms and molecules can be created using a variety of methods. However, these
methods fall into three broad categories, namely charge exchange, electron impact or photo-
excitation. Regardless of the excitation process, the cross-section for the production of
Rydberg atoms or molecules always scales as n [3,9]. Below, a description of these three
general methods for generating Rydberg states is discussed along with the advantages and
disadvantages of each technique.

Generating a Rydberg molecule via electron impact begins by crossing a molecular beam
with a beam of electrons having a set kinetic energy. The impact of the high-energy electrons
creates a few Rydberg molecules along with molecularions. The molecular beam then passes
through an ion extractor to remove the molecular ions, proceeds through analyzer plates set
to a specific voltage (which can be varied), and finally enters the detector (which ionizes all
remaining Rydberg states via a preset electric field and detects the ions). By assuming that
ionization within the analyzer will occur at the classical electric field F = 1/16 n* [9], the
analyzer plates can be used to change the n distributions of Rydberg states reaching the

detector [9,43,44,45]. The advantages of electron impact excitation are the relative
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simplicity and generality of the method. However, this method is inefficient and non-
selective, since all of the energetically possible states are produced.

In charge exchange, a molecular ion beam, usually generated by a plasma source,
impinges on a solid (foil) or on a neutral gas and captures electrons into highly excited
Rydberg orbitals. The Rydberg molecules are then separated from the ion beam using an ion
deflector, and the molecular Rydberg states are studied farther downstream in the beam. The
disadvantages of this type of production method are excitation inefficiency and non-
selectivity. Therefore, as in the case of electron impact, a method for filtering the states of
differing n values must be used for studying individual n-states [9,45,46].

Generation of a Rydberg state by optical excitation is highly selective, since excitation
to a Rydberg level requires a specific energy. Therefore, one limiting factor for studying
Rydberg states by optical means is the resolution of the light used for excitation, which is
determined either by the resolution of the monochromator or of the laser. Some of the
various ways to detect Rydberg atoms and molecules include fluorescence, transmission,
field ionization, photoionization, and optogalvanic methods [3,8,9]. Below, two methods
for studying Rydberg states via optical excitation are reviewed.

B. Photoabsorption

In photoabsorption spectroscopy, the intensity of monochromatic light passing through
a sample is measured, as a function of wavelength (or energy), using a photosensitive
detector like a photomultiplier or a photodiode. A decrease in this transmitted intensity,
which appears as a dip in the baseline of incident intensity when intensity is plotted versus

wavelength, indicates the occurrence of an electronic or molecular transition in the sample.
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(A transmission spectrum, which is a plot of transmitted intensity versus wavelength (or
energy), can be converted to an absorption spectrum via absorption = 1 - transmission.)

The width, intensity and position of a band (or peak) in an absorption spectrum depend
on the nature of the transition and on the properties of the sample. For example, absorption
bands in gas-phase samples are much sharper than the same bands in condensed-phase
samples due to many factors, including the increase in collisional depopulation of the excited
state in the condensed-phase sample. Electronic transitions in atoms are generally sharper
than similar electronic transitions in molecules due, in part, to the effects of the molecular
core. As mentioned above, the width of the absorption band also depends on the type of
transition. High-n Rydberg transitions are usually sharper than low-n Rydberg and valence
transitions because of core ion effects.

The energy position of an absorption band is indicative of the type of transition giving rise
to that band. Molecular transitions like rotations and vibrations fall within the microwave
and infrared energy regions, whereas electronic transitions occur in energy regions above and
including the visible energy region. The type of electronic transition can also be inferred
from the energy region where the transition occurs, with Rydberg transitions generally falling
within the vacuum ultraviolet (VUV) region. The VUV absorption spectra of HI, CH,I and
C,H,I (measured in this work) are presented and discussed below in order to illustrate some
of the various properties of Rydberg states that can be observed using absorption
spectroscopy.

In Fig. 2.3, the assigned absorption spectra of HI, CH;I and C,H,lI are presented. (The
details leading to these assignments can be found elsewhere (HI [47-49], CH,I [49-54] and

C,H,I [54-56]) and, therefore, are not repeated here.) The similarities among these spectra

10
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CH,I

C,H.I

Absarption (arb. units)

Absorption (arb. units)

Absorption (arb, units)
[=]

0.8

0.4

0.8

04

L ST 16 np'
IR o0 : |
I' 98 L3 7 5 z
'['nm'l' 1"01 : l : T ! =
n | T T T T ns
l 98 7 8 5 7 5 nd
| ] i L } 1 ]
1150 1200 1250 1300 1350 1400 1450 1500
Wavelength (A)
L 109 8 7 6 np'
L - T T =
98 7 6 5 nd
L w9 8 7 np
n NI ' g g | q | ns
I'Ill 58 # L 7 5 nd
1 i L 1 1 [ 1 L {
1250 1300 1350 1400 1450 1500 1550 1600 1650
Wavclength (A)
L 10 9 8 7 6 ,

i

1 1 I

1 1 1

|

1250

1300 1350

1400

1450 1500
Wavelength (A)

1550

1600

1650

Fig. 2.3. Absorption spectra of HI (1.0 mbar), CH,I(0.10 mbar) and C,H,I (0.50 mbar). The
resolution for each spectrum is 0.9 A. For HL I, = I *II,,) = 10.386 eV [48] and I, = I
(tII,,) = 11.050 eV [48]. For CH,L I, = ICE,;) and L, = ICE,;). For GH,L I, = [(&, E.)
and I, = I(R, ’E,,). See Chapter 4 for the experimental details.
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imply that the Rydberg electron is located in an electronically similar environment for each
of these gases. Furthermore, the sharpness of the absorption bands indicates that each of
these molecules contains a quasi-atomic Rydberg chromophore. Together, these two
observations suggest that the hole left by the Rydberg electron after excitation is localized
on the iodine atom in these molecules.

The absorption spectra of these molecules should become more complicated
progressively from HI to CH,I to C,H,L, due to the decrease in molecular symmetry (from
C., to C,, to C,, respectively), and to the increase in vibrational (and rotational) degrees of
freedom. While this fact holds for the change from CH,I to C,H,l, the absorption spectrum
of HI (cf. Fig. 2.3a) appears to be more complicated than that for CH,I (cf. Fig 2.3b). This
increased complexity arises from the occurrence of rotational structure in HI which can be
resolved [47,48] because of the large rotational constant exhibited by this molecule.
Furthermore, HI possesses a broad photodissociation band underlying all spectral features
between 1125 and 1240 A.

In Chapter 5, the perturber-induced energy shifts of high-rnd and -nd’ Rydberg states of
CH;I and C,H.I will be used to determine the electron scattering length of the perturber.
However, the use of photoabsorption spectroscopy to monitor perturber effects on dopant
Rydberg states has a serious drawback: Namely, in order to observe the absorption spectrum
of the dopant molecule, the perturber cannot absorb in the same energy region. This
seriously limits the number of dopant/perturber systems which can be studied. A solution
to this problem presents itself in the form of photoionization spectroscopy, since perturber
effects on dopant Rydberg states can also be monitored using the autoionization structure of

the dopant molecule.

12
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C. Photoionization

A simple form of photoionization spectroscopy results from the measurement of the
current produced from a sample by the absorption of monochromatic light, as a function of
energy (or wavelength), using an applied voltage across a pair of parallel-plate electrodes as
a detector. Direct photoionization occurs when the energy of the incident light is greater than
the first ionization threshold of the molecule, causing an excitation of an electron into the
ionization continuum (cf. Fig. 2.4a). However, if the atom or molecule possesses more than
one electron and, therefore, more than one ionization threshold, other processes such as
autoionization and “shake-off” [57] can occur.

In autoionization, a Rydberg state lying above an ionization threshold is populated by
optical excitation, and this state subsequently ionizes (cf. Fig. 2.4b). The intensity of the
autoionization structure depends on many factors [9,30]. For example, if autoionization from
a given excited state is slower than other decay
processes, such as fluorescence or predissociation, then
the intensity of the autoionization structure will be small.

While autoionization, fluorescence and predissociation

are (to a first approximation) independent and
competitive, strong interactions among these separate
processes can lead to interference effects [9,30] and to

changes in the overall intensity of the autoionization

features.

In the presence of a strongly absorbing perturber, ~ Fig. 2.4. A general schematic of
(a) direct photoionization and (b)
photoionization spectroscopy will still give rise to a  autoionization.
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signal even in the case of near total optical absorption by the perturber. Therefore,
photoionization spectroscopy allows one to study perturber effects on Rydberg energy
positions in a broader range of dopant/perturber systems than does photoabsorption
spectroscopy. Furthermore, photoionization spectroscopy can also be used to probe
dopant/perturber interactions that lead to the observation of photocurrent below the first

ionization threshold of the dopant (i.e., subthreshold photoionization).

14
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Chapter 3. Perturber Effects on Rydberg States

The large orbital nature of high-n Rydberg states makes these states highly sensitive to
perturber molecules. One reason for this sensitivity is the large number of perturber atoms
or molecules which can occupy the space between the ion core and the Rydberg electron.
For example, assuming that the perturber Ar is a perfect gas, the number of Ar atoms
between the n = 15 Rydberg electron and the ion core of a dopant is 10°. If the Rydberg
electron is in the n = 30 orbital, this number increases to 10*. The large number of perturbers
between the ion core and the Rydberg electron indicates that high-n Rydberg states will
broaden and shift differently than do valence or low-n Rydberg states due to Rydberg
electron collisions with the perturber, and to the polarization of the perturbers by the ion
core.

Similarly, the binding energy for the n = 15 orbital is approximately 0.06 eV. Thus, a
high-n Rydberg electron can be easily removed from an atom (or molecule) by direct electron
attachment to a perturber molecule (assuming that the perturber molecule has a high electron
attachment cross-section), or by other dopant/perturber interactions such as associative
ionization.

In this Chapter, the energy shift and spectral broadening of high-n Rydberg states are
discussed in terms of two independent interactions, namely the interaction of the Rydberg
electron with the perturbers and the interaction of the positive ion core with the perturbers.
Using these interactions, the energy shift of high-n Rydberg states is modeled in Section A,
while the broadening of spectral lines is discussed in Section B. Some of the various

mechanisms leading to subthreshold photoionization are then presented in Section C.
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A. Perturber-induced Energy Shifts

i._The Fermi Model

In the 1930s, Amaldi and Segré [58] observed a shift of the high-n Rydberg states of
alkali metals in the presence of a rare gas. These energy shifts were later explained by Fermi
[11] within a simple model which assumed that, due to the large size of the Rydberg state,
the perturbers interacted separately with the Rydberg electron and with the ionic core. (This
approximation is not valid for low-n Rydberg states.)

As a result of this assumption, the shift of the high-n Rydberg states arises from two
independent phenomena, namely the scattering of the Rydberg electron off of the perturber,
and the polarization of the perturbers due to the ionic core. In other words [11],

A=A +A4,, G.0)
where A is the total energy shift, A, is the “scattering” shift and A, is the “polarization”
shift.

Since the Rydberg electron can be regarded as quasi-free, the analysis of A, is an
electron scattering problem. Thus, a Rydberg electron with a given kinetic energy is
scattered by the potential of the perturber, which is negligible for distances r > r, (where r,
is a minimum scattering radius of the perturber). In order to obtain a formula for A,,, the
long-range Schrédinger equation for the Rydberg electron must be solved. By decomposing
the radial wave function R(r) of the electron into partial waves Ry(r) corresponding to
different angular momenta, and by assuming that the scattering of the electron is s-wave (i.e.,
low-energy scattering), the Schrodinger equation for the Rydberg electron can be solved to

give a scattering shift of [11]

2
A.ﬁ‘[.z”)dpp ¢2)
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where m, is the electron mass, 4 is the zero-kinetic-energy electron scattering length of the
perturber, h is the reduced Plank constant, and p, is the number density of the perturber. The
electron scattering cross-section is then 0 = 4742 [11}, if the kinetic energy of the electron
is close to zero. From Eq. (3.2), one can see that the energy shift due to the scattering of the
Rydberg electron from the perturber can be either to the blue or to the red depending on the
sign of A.

In order to deal with the polarization shift A ,, Fermi [11] reasoned that the positive core
of the Rydberg molecule polarizes the perturber atoms (or molecules), thus yielding an

energy shift of
-4
A, = - anERN ,
N

where  is the ground-state electronic polarizability of the perturber and Ry, is the distance

(S

between the core and the Nth perturber. If the Rydberg state has a large radius, implying that

N >> 1, the sum can be replaced with an integral to give [11]

1 T
A, =~ 5¢e24np,£R ‘R2dR, (3.3)

where the upper integration limit is justified by the large extent of the orbital, and the lower
integration limit indicates the minimum distance between the core and the perturber. For Ry,
Fermi chose the Wigner-Seitz radius of Ry = (3/4 Tt p,)'? since, at a given density P,, no
perturber atoms can lie at a distance less than R, from the core. Substituting the Wigner-
Seitz radius into the previous equation and integrating gives a polarization shift of [11]

A= -10 xelpy® . (3.4)
Therefore, the total perturber-induced energy shift becomes
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2
A:-[z"h]App-Ianzp;B 3.5

within Fermi’s original model.

Although the Fermi model accurately
predicts the fact that the total energy shift does
not depend on n, this model does not
accurately describe the p, dependence of the
total energy shift, which experimentally scales
linearly with p, [59-62] (cf. Fig. 3.1). This, in
turn, caused serious doubt about the Fermi
model, and led to a direct treatment of the
total energy shift from impact theory by
Alekseev and Sobel’man {5,67].

ii,_Impact Approximation

Alekseev and Sobel’man [5,67] studied

0.,
.

20 ' ’t.‘
s -4
.
= -40F
<

b ¢

'80 | L 1 i i 1

0 2 4 6 8 10
Par (107 cm™)

Fig. 3.1. Shift in the first vertical
ionization energy Al of CH,l in varying
Ar number densities p,,. ®, data from
[63]; ---—*, total perturber-induced
energy shift from the Fermi model (i.e.,
Eq. (3.5)) with 4 = -0.896 A [64] and
o =1.64 x 10 cm™ [65,66].

perturber pressure effects on dopant Rydberg states in terms of the impact approximation,

which assumes that the time between collisions is long in comparison to the collision time

(thus implying low perturber number densities). These authors [5,67] maintained Fermi’s

assumption concerning the independence of A, and A,,. However, by approaching the

solution of the Schrodinger equation for the Rydberg electron through the impact

approximation, a generalized expression for the scattering shift A, could be determined

[5,67]. This expression, namely
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2xh? T .
A, = -[ — ] p,f[i-za! + l)stB,] (k) dk ,

reduces to Eq. (3.2) when the scattering is s-wave (which holds for high-n Rydberg states).
In the above equation, hk is the momentum of the scattered electron, §, is the (-wave phase
shift of the scattered electron, and W(k) is a (momentum-dependent) excited-state

distribution function.

Alekseev and Sobel’man [5,67] also assumed the same form for the polarization potential

as did Fermi [11], namely

2
VR) = - =2 (3.6)

However, in this approach, the Rydberg atom is regarded as a classical oscillator having an
emitting frequency which is perturbed by collision with a perturber. The distance between
the cationic core and the perturber at time ¢ is [5,67]

R=yb2+v@-4), 3.7

where b is the impact parameter at the time of nearest approach #,, and v is the velocity of the
perturber. Thus, the frequency shift }(R) produced by a large number of perturbers having
different impact parameters can be derived by substituting Eq. (3.7) into Eq. (3.6) and
summing over all of the perturbers. The total frequency shift, therefore, is [5,67]

x®) = - Eaz—:: [b,2 + v(t-tm)z]'2 .

[
During the perturbation caused by the collision, the phase of the oscillation is modified. This
phase shift 1)(b,v), which is determined by the passage of a perturber at a distance b, can be

written as [5,67]
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(
nkyv) = - aez) f B2+ vie)la

(28 ) |
(3.8)
(
. _|aet| = 1
L 2h ) 2 yp3

Weisskopf [68,69] assumed that a collision occurred when the phase shifts 1)(b) 2 1o = 1.
If one substitutes this value of 1), in Eq. (3.8), one obtains the maximum radius b for which

collisions are still effective. This radius, namely [5,67-69]

3
b = naez , 3.9)
v 4hv

is known as the Weisskopf radius. The polarization shift A, is then determined from the

phase shift by [5,67]
By = 2% vp, [ sinn(®)bdb ,
0
which leads to the final expression for A, [5,67]
ae?)”
Ay = -987 [T) )2 p, . (3.10)

Therefore, the total perturber-induced energy shift under the impact approximation is

23
2 2
A= - [“h ) 4p, - 987 (“Te) (Av)'? p, . (3.11)
m

Eq. (3.11) accurately predicts both the n independence and the linear perturber number
density dependence of the perturber-induced energy shifts of CH,[ in the rare gases (cf. Fig.
3.2 and [63]).
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Later studies [11,70] showed that
choosing the Weisskopf radius (i.e., Eq. (3.9))
as the lower integration limit for the
polarization equation of the Fermi model (i.e.,

Eq. (3.3)) yields a polarization shift of
,\28
A= -10.78 [ -°‘2i) (av)Pp,, (.12)

which is almost identical to Eq. (3.10). Thus,
the key to accurately modeling perturber-
induced energy shifts lies with the choice of
the cut-off radius for the interaction between
the ionic core and the perturber molecule.
The near equality of Eq. (3.10) and Eq.
(3.12) also explains the reason why Eq. (3.11)

continues to hold once the impact

2
E
<
8oLt 1 1 L i 1
2 4 6 8 10
Par (10™ cm™)
Fig. 3.2. Shift in the first vertical

ionization energy AI of CH,l in varying
Ar number densities p,,. @, data from
[63]; —*-*, total perturber-induced energy
shift from the Fermi model (i.e., Eq.
(3.5)), —, shift from the Alekseev and
Sobel’'man model (i.e., Eq. (3.11)) with
A=-0.896 A [64], v=4.0 x 10* cm/s and
o = 1.64 x 10 cm™ [65,66]. (Adapted
from [63].)

approximation fails {70]. The Alekseev and Sobel’man model was shown to be capable of

accurately predicting the energy shifts of high-n Rydberg states caused by a perturber number

density of up to 2 x 10%' cm™ [63]. Once Eq. (3.11) was shown to be valid for high density

measurements, this equation was used to evaluate the zero-kinetic-energy electron scattering

lengths of a wide variety of atomic and molecular perturbers [21,70-75]. A summary of the

scattering lengths and cross-sections determined from the perturber-induced energy shifts of

high-n Rydberg states is given in Table 3.1. In Chapter S, Eq. (3.1) is used, with the

scattering shift defined by Eq. (3.2) and the polarization shift defined by Eq. (3.12), to
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Table 3.1. Total shift rates A/p,, zero-kinetic-energy electron scattering lengths and zero-
kinetic-energy electron cross sections determined from Eq. (3.11).

Perturber A/p, (10 eV cm’) A (nm) o (10" cm?) Ref.
Ar 4.5 -0.082 0.084 (7]
CH, -7.86 -0.138 0.238 [72]
C,H, -10.1 -0.176 0.389 [72]
C,H, -12.9 -0.228 0.653 [72]
Co, -11.8 -0.224 0.631 [73]
H, 1.62 0.049 0.030 [74]
He 24 0.057 0.041 [70]
Kr -8.60 -0.160 0.322 [70]
N, 0.00 0.019 0.0045 [75]
Ne 0.09 0.0090 0.0010 [70]
Xe -16.8 -0.324 1.32 21}

—

reevaluate the zero-kinetic-energy electron scattering length of Ar [14], and to evaluate the
zero-kinetic-energy electron scattering lengths of CF, [15], c-C,F, [15] and SF, [14,16,17].
iii._Polarization Distribution Model
Recently, Al-Omari, Reininger and Huber [13] have reexamined the theory behind
perturber-induced energy shifts, using a polarization energy distribution. This approach

begins by writing the polarization energy distribution in the static limit as [13,38]
P(W) = % f e PV S(W-w(r,....r,)) dr, ~dr,

where Z denotes the partition function, = 1/kg T, kg is the Boltzmann constant, U(r,, ..., ry)
is the multidimensional potential representing the ground-state interactions among the
molecules, and w(r,, ..., r;) is the ion-medium polarization energy. Under the steepest
descent approximation (infinite temperature limit), the location of the maximum of P(#),

W,,, was shown to be [13]

W, =

BJ/BYED 2k-6))* "
2k-3 ’
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where J, is a function of P, and £ is a positive integer. This expression simplifies to [13]

w, - - 189

we?py’

which, similar to the original Fermi model, predicts a p,** dependence of the polarization
shift. Al-Omari, et al. [13] found that the above expression compared favorably to finite-
temperature Monte-Carlo calculations for NO in Ar [13,76], and they concluded that their
results should remain quantitatively valid for p, < 1.6 x 102 cm™.

If one assumes that the maximum in P(#) gives the polarization shift, Eq. (3.1) becomes

2
A= - [27": ] A p, - 945 aelpy . (3.13)

(4

This derivation has called into question

Eq. (3.11) and, therefore, the scattering
lengths determined using the impact
approximation for the polarization shift.

In order to assess the continued

%
applicability of Eq. (3.11), Eq. (3.13) was %
used to determine the zero-kinetic-energy
electron scattering length of Ar [16]. In
Fig. 3.3, the shift in the first vertical
ionization energy Al of CH;l, obtained p.. (10™ cm™)

from {63], is plotted versus the Ar L o
Fig. 3.3. Shift in the first vertical ionization

number density p,, along with the results energy of CH;lin varying Arnumber densities
Pa- @, data from [63]; - - -, nonlinear

of least-square fits to Eq. (3.13) and Eq.  least-squares fit to Eq. (3.13); — , linear
Eq-G.13) a least-squares fit to Eq. (3.11). See text for

(3.11). The nonlinear least-square fitto  discussion. (Adapted from [16].)
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Eq. (3.13) yields an electron scattering length of 4 =- 0.061 nm [16], while the linear least-
square fit to Eq. (3.11) yields a scattering length of 4 =- 0.091 nm [16]. While both fits are
within the error bars of Fig. 3.3, the scattering lengths differ by more than 30%. Moreover,
the scattering length obtained from Eq. (3.11) compares favorably to the value 4 =-0.089 nm
determined by the electron swarm method [64].

Therefore, from Fig. 3.3, one can conclude that Eq. (3.11) provides a better description
of the energy shift in the low-density region than does Eq. (3.13). Thus, the use of Eq. (3.11)
later in this work to determine the electron scattering lengths of CF,, ¢-C,F; and SF; is
justified. (One possible problem with Eq. (3.13) is that A, was identified with the
polarization energy that maximizes P(W), rather than with that which would result from first
convoluting P(#) with the pure dopant spectrum, as discussed in [77] for the case of field

ionization of CH,l in Ar.)

B. Spectral Broadening -

Rydberg states, in contrast to valence
states, show a characteristic asymmetric 0.0F
broadening as a function of perturber

number density (cf. Fig. 3.4). This

Absorption (arbitrary units)
I

asymmetric broadening was explained in

the statistical theory of pressure broadening

. L

0.0 . L
developed by Margenau [78] and by 2000 2010 2020 2030
Wavelength (A)

Fig. 3.4. The 6s Rydberg state of (a) 0.100

reviewed by various authors [5,80-84]. mbar CH;I and (b) 0.100 mbar CH,[ perturbed
by 0.98 x 10* cm™ CF,. These spectra were
measured in this work.

o

Jablonski [79], and subsequently
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In a qualitative explanation of this statistical theory, spectral broadening is assumed to
arise from a two-body process characterized by a shift in the dopant-perturber potential
energy curves for each of the electronic states of the ;:lopant [5,78-84]. When a Rydberg state
is populated, the repulsive exchange forces between the dopant and the perturber become
important at a much larger distance than in the ground-state potential [S,78-84] of the
dopant/perturber pair. If the probability of a vertical transition from all points of the ground-
state potential curve is equal, then the details of the perturbed band shape will depend on the
relative convexities of the two potential curves, and on the statistical distribution of the
dopant-perturber pairs along the internuclear coordinate [5,78-84]. This generally leads to
the development of a wing on the blue side of the unperturbed line. As the pressure
increases, the pair distribution function grows in the region of smaller dopant-perturber
distances, thus causing a broadening in the blue wing [5,78-84]. Therefore, the broadening
effect is very sensitive to the interaction potentials of the ground state and of the excited state
of the dopant/perturber pair [5,78-84].

C. Subthreshold Photoionization Mechanisms

In the previous two sections, the shift and broadening of dopant Rydberg states due to the
presence of a perturber were introduced and discussed. However, dopant/perturber
interactions can also lead to the appearance of photoionization structure at energies less than
the first ionization threshold of the dopant molecule [6,7,14,17-21,48,73,75,85-115]. Since
this work focuses on dopant/perturber interactions in a static gas-phase system, this Section

discusses mechanisms which can lead to subthreshold structure.
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i._Collisional Ionization

Collisional ionization arises from the transfer of translational, rotational or vibrational
energy from the perturber to the excited state dopant. Assuming that the collision is elastic,
the translational exchange of energy AE is given by [9]

AE =4k Tv/V (3.14)
where T is the temperature, v is the velocity of the Rydberg electron and V is the velocity of
the perturber. Since the velocity of the high-n Rydberg electron scales as 1/n, the
translational exchange of energy between dopant and perturber will generally be less than
kgT/100, or less than 0.2 meV at room temperature [9].

If the perturber is a molecule, vibrational and rotational energy can be exchanged
between the perturber and the dopant. The total amount of energy that can be transferred
from the perturber to the Rydberg molecule due to the rotation and vibration of the perturber
depends upon the population of the rotational and vibrational levels of the perturber at a
given temperature.

In general, all of these interactions are closely spaced and therefore only appear as part
of the unresolved exponential background of the ionization threshold [9,85,87].

ii, i -

Unlike collisional ionization, rotational and hot-band (or vibrational) autoionization do
not involve dopant/perturber interactions. Instead, these subthreshold mechanisms involve
the interactions of the Rydberg electron with the molecular core and arise when the electron
passes through the rotationally or vibrationally excited core and collides superelastically with

the core, thereby gaining enough kinetic energy to ionize [29]. Since this effect is due to
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vibrations and rotations in the molecular core, the photoionization structure will be

temperature dependent.

While studying subthreshold photoionization in CH;l, Ivanov and Vilesov [87,88]

proposed the mechanism of hot-band autoionization as a possible explanation for

subthreshold photoionization at low CH,I number densities. This process was later verified

by Meyer, Asaf and Reininger [85]. These authors [85] observed a weak subthreshold

photoionization structure (cf. Fig. 3.5) with peak intensities that show a Boltzman-like

temperature distribution (cf. Fig. 3.6). CH,l has C;, symmetry with three totally symmetric

vibrations (v,, v,, v;) and three degenerate vibrations (v,,vs,Vs) [1]. Using the ground-state

x 100

Photoionization

¥ J FrThT
/\W

935 945 955
Photon energy (eV)

Absorption

9.25 9.65

Fig. 3.5. Absorption (bottom) and
photoionization (middle and top) spectra
of 0.015 mbar CH;I at 300 K. The middle
spectrum shows the prethreshold range
amplified by a factor of 100. The
resolution is 7 meV. (Adapted from [85].)
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Fig. 3.6. Photoionization spectra of 0.025
mbar CH,l at (a) 371 K, (b) 296 K and (c)
212 K. The spectra, normalized at 9.597
eV, are shown with a one-hundred
magnification and staggered vertically.
(Adapted from [85].)
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energies of the symmetric vibrations [1] (v, = 366 meV, v, = 155 meV, v, = 66 meV),
Meyer and co-workers [85] showed that the first subthreshold peak observed in low-pressure
photoionization of CH,I (cf. Fig. 3.6) corresponds to the excitation of an electron from the
ground-state 'A, (0,1,1) vibrational level into Rydberg states beginning at the 11d (0,1,1)
state. The subsequent peaks have contributions from the hot-band autoionization of the
nd(0,1,1) and (n+1)d(0,1,0) Rydberg states originating in the 'A, (0,1,1) and ‘A, (0,1,0)
levels, respectively. The first hot-band autoionizing Rydberg state, arising from the ground-
state 'A, (1,0,0) vibrational level, could not be resolved due to the strongly increasing
background [85] in the 9.472 eV region (cf. Fig. 3.6 and [85]). Similar types of effects have
been seen in many diatomic and small polyatomic molecules, such as H, [89], PF, [90], K,
(91], NH, [92], N, [93], NO, [94] and HBr [95]. HBr [95], N, [93] and H, {89] also show
strong rotational autoionization structure. A good quantum mechanical model of these
effects can be found in [86]. Hot-band and rotational autoionization have also been proposed
as the mechanisms leading to subthreshold photoionization in HI [48].

Later in this work, the subthreshold photoionization of CH;,I described above is shown
to be supplanted by a stronger subthreshold photocurrent (cf. Chapter 6 and [17-20]) as the
number density of CH,l is increased. This new subthreshold structure is not temperature
dependent (cf. Chapter 6.C and [17-19]), but is dependent on the CH,I number density.
These measurements also accord with the behavior of the subthreshold photoionization
structure observed in CH;I by Ivanov and Vilesov [87,88].

Electron attachment results when a dopant, excited to a high-n Rydberg state, collides

with a perturber which has a large electron attachment cross-section. During this collision,
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an electron is transferred from the dopant to the perturber, thus generating a perturber anion,
which can then be detected. This electron attachment can take the form of simple
attachment, dissociative attachment, or attachment followed by autodetachment.

Simple electron attachment, or [96]

D*+P —-» D" +P°, 3.15)
occurs when the Rydberg electron from the excited dopant D° attaches directly to the
perturber P (such as SF, [97-101]). Dissociative attachment, namely [96]

D*+P =+ D' +R, +R,, (3.16)
arises when the attaching electron causes the perturber (such as CCl, [97,102]) to dissociate
into two or more separate atoms or molecules. Attachment followed by autodetachment
occurs when the perturber anion is relatively unstable (such as C,F, [102,103]) and proceeds
through the reaction sequence [96]

D*+P —=- D*"+P° = D'"+P+e . 3.17)
The type of electron attachment which a perturber molecule can undergo is usually monitored
by observing the anions formed during the electron attachment process [96].

The electron attachment cmss-sectfon O, is inversely proportional to the root mean
square electron velocity [9], which for a Rydberg electron scales as 1/n. Therefore, G, = n
(cf. Fig. 3.7). Since the electron attachment rate constant &, is directly proportional to 0,
k., should also scale as n. Thus, as will be shown in Chapter 6, the n scaling of the rate
constant can be used to investigate the process of electron attachment in dopant/perturber
systems, where subthreshold photoionization can occur through more than one type of

mechanism.
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iv,_Associative Ionization
Associative ionization, or [9]

D*+P —- DP" +e”, (3.18)
occurs when the collision between the excited
state dopant D" and the perturber P results in a
dopant/perturber heteromolecular dimer cation
and a free electron. Recently, Rosa and Szamrej
[104] showed that the presence of a perturber
could also act to stabilize the formation of
dopant/dopant homomolecular dimers, which
can then lead to the formation of a
homomolecular dimer cation and a free electron:

D*'+D+P - D, +P+e .(3.19

Associative ionization was originally
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Fig. 3.7. The n dependence of the rate
constant for electron attachment to SF,
from collisions with K nd Rydberg
states. O from [100], O from [98].
- — —, rate constants calculated with
postattachment electrostatic inter-
actions (from [100]). (Adapted from
191)

discovered by Hornbeck and Molnar [105] while studying Rydberg states in the rare gases.

These authors observed that ionization occurred at an energy onset lower than the first

ionization threshold in the rare gases. By measuring the ionic products being produced from

the impact of high-energy electrons with an atomic beam, these authors [105] concluded that

the lower onset energy was due to rare gas dimer formation. Later studies by P. M. Dehmer

and co-workers [106-113] showed several trends in the formation and ionization of rare gas

dimers. One of these trends is a larger dissociation energy for homomolecular dimers in

comparison to heteromolecular dimers [113], implying an increase in stability for

homomolecular dimers. These authors [113] also showed that the dissociation energy
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increases as the polarization of the perturber in the dopant/perturber pair increases. This fact
was explained by assuming that a substantial part of the binding is due to the ion-induced
dipole interaction, which is given by - & & / 2 R* [113], where & is the ground-state
polarizability of the perturber, and R is the distance between the dopant core and the
perturber. Thus, the rate constant for associative ionization k,; should scale linearly with the
ground state polarizability of the neutral partner in the dimer pair. Furthermore, dimerization
is indicative of molecular interactions which, in turn, should depend upon the excited state
polarizability of the Rydberg molecule [42]. This polarizability scales as n’ (cf. Table 2.1)
and, therefore, the rate constants for associative ionization, k;, should depend linearly on n’.

During later photoionization studies of methyl halides, Ivanov and Vilesov [87,88]
observed subthreshold photoionization in CH;I corresponding to high-nd Rydberg states
which could not be explained by hot-band autoionization (cf. Section C.ii) or photochemical
rearrangement (cf. Section C.v). Due to the observed quadratic dependence of this structure
on CH,I number density, these authors [87,88] attributed the appearance of this structure to
either electron attachment or associative ionization. However, since these measurements
were made in a static gas-phase system, the exact mechanisms leading to the subthreshold
photocurrent structure could not be determined. In further probes of subthreshold
photoionization in CH,L, A. M. Kéhler [6] showed that, at high number densities of Ar (> 4.8
x 10" cm?), the subthreshold photoionization decreased with increasing perturber number
density. This observation was used to substantiate the existence of the associative ionization
mechanism in CH;I [6], since increasing the pressure of the perturber (at very high number

densities) decreases the probability of collisions between the excited dopant and the
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ground state dopant which, in turn, leads to a decrease in the intensity of the subthreshold

photocurrent.

v._Other Mechanisms

Although the mechanisms discussed in Sections C.i - C.iv are the common ones used to
explain subthreshold photoionization, several other mechanisms can also occur in static
systems.

One of these mechanisms, namely Penning ionization, occurs when two electronically
excited atoms or molecules collide with enough energy to create a neutral atom (or molecule)
and a cation [9]:

D*+D' = D+D"+e . (3.20)
Photochemical rearrangement, on the other hand, depends on the stability of the molecule
after electronic excitation. If the molecule is promoted into an unstable excited state, this
molecule can dissociate into various products. For example, CH,Cl is known to
photodissociate into CH," and CI, and thereby produce subthreshold photoionization 14 meV
below the first ionization threshold of CH,Cl. The intensity of this subthreshold
photoionization structure is linearly dependent upon the CH,Cl number density [88]. A
similar process has also been observed in CH,Br [88].

Two other types of collisional processes which can lead to subthreshold photocurrent are
n-changing and {-changing collisions [9,114-115]. Both of these processes involve the
interaction of a very high-n Rydberg state (n > 25) with a perturber molecule and, therefore,

are generally associated with the study of Rydberg atoms.
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Chapter 4. Experiment

The requirements for the measurements presented in this work are (1) monochromatic
light in the energy range of 6 — 11 eV with a resolution of < 15 meV, (2) a sample cell
capable of withstanding high pressures, (3) the ability to control the temperature of the
sample to within + 1 K, (4) a method for accurately and reproducibly preparing samples, and
(5) the ability to acquire, store and analyze data. In the following, each of the points
mentioned above is discussed in more detail. This Chapter also includes information about
the dopants and perturbers used in these experiments.

A. Experimental Apparatus

i._Monochromator and Endstation

The monochromator used for this work was the Aluminum Seya-Namioka
monochromator [116] (cf. Fig. 4.1) located on bending magnet 8 of Aladdin, the electron

storage ring at the University of Wisconsin Synchrotron Radiation Center in Stoughton, WI.

Monochromator

Fig. 4.1. The Aluminum Seya-Namioka Beamline (Al-Seya) at SRC. @ symbolizes an
optical element in the beamline. A scale bar is given in the lower left hand corner of the
figure. (This drawing is reproduced with permission from Bob Julian, beamline manager.)
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This monochromator accepts 30 mrad of radiation from the Aladdin storage ring and focuses
this radiation to a spot 2 mm wide by 5 times the width of the exit slit tall (usually 0.5 mm
tall in these experiments), with a horizontal divergence of 60 mrad and a vertical divergence
of 30 mrad. The Seya monochromator covers the energy range of 5 — 35 eV with a resolution
determined by [117] AA (A) = 9 x slit width (mm), which translates to a resolution of ~8
meV (for 100 pm slits) in the energy region of interest in the present work. The grating used
during these measurements was a MgF, coated aluminum grating having 1200 lines/mm.
The flux through this monochromator at standard SRC operating conditions is shown in Fig.
4.2. After monochromatization, the light passes through a nickel mesh (which was used to
monitor beam intensity) and into the sample chamber (cf. Fig. 4.3) where the sample cells
are located. The pressure in the sample chamber was maintained in the high 10® Torr region
with a 25 L/s Perkin Elmer ion pump. When open to the monochromator, the pressure in the

monochromator and sample chamber was in the low 10 Torr range.
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Fig. 4.2. Flux through the Al-Seya ] ;
beamline with an AIMgF, grating under DFI 1 o
normal SRC operating conditions and at T T i

100 pm slits. (This figure is reproduced SR
with permission from Bob Julian, Fig. 4.3. Schematic of the endstation
beamline manager.) used throughout these experiments.
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ii,_Sample Cells

Two different sample cells were used in these experiments. Both of these cells are
fabricated from copper, allowing for fast temperature equilibration, and are capable of
withstanding pressures of up to 100 bar. In order to accurately control the temperature
during temperature studies, these cells were attached to a cryostat which was simultaneously
cooled with a liquid nitrogen flow (maintained at a constant rate with a manual flow meter)
and heated with a resistive heater. The temperature in the cryostat was measured with a
calibrated Pt resistor, while the temperature in the cell was measured with a silicon diode.
Both temperatures were monitored and regulated with a digital temperature controller
(Lakeshore 330 Autotuning Temperature Controller). This digital temperature controller
maintains the cryostat temperature by varying the current applied to the resistive heater and
can hold the temperature to within + 1 K.

The first cell (cf. Fig. 4.4a), which (unless otherwise indicated) was the cell used for the
experiments reported here, is designed to allow for the simultaneous measurement of
transmission and photoionization spectra. This cell is equipped with entrance and exit MgF,
windows (2 mm thick) and a pair of stainless steel parallel-plate electrodes with a 3 mm
spacing oriented perpendicular to the windows. The light path inside this cell is 1.0 cm.

The second cell (cf. Fig. 4.4b) is equipped with an entrance LiF window (2 mm thick)
coated with a thin (7 nm) layer of gold to act as an electrode. A second stainless steel
electrode is placed parallel to the window with a spacing of | mm. When this cell was used,
the negative electrode was always the LiF window.

The voltage applied to the electrodes was generated by a Bertan Series 225 High Voltage

Power Supply with the current limit set to 3 mA to prevent damage to the detector (Keithley
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Fig. 4.4. (a) Side view of cell 1. (b) Top view of cell 2. See text for discussion.

486 picoammeter) in the event of an arc in the cell. The voltage applied to the electrodes was
100 V, and all reported spectra are current saturated. (Current saturation was verified by
measuring selected spectra at different applied voltages.) Photocurrents within the cells were
of the order of 107° A.

iii,_Gas Handling System

The gas handling system (GHS) consists of stainless steel components (except for the
sample cells) which are ultrahigh vacuum compatible and bakeable to 100°C. The base
pressure of the GHS was in the high 10 Torr range before the addition of the first sample,
and was maintained in the low 107 Torr range throughout the course of a measurement series
by using a 50 L/s Pfieffer Balzers Turbo Molecular Pumping Station. The GHS was tested
for leaks after the initial bake and before the insertion of the first sample by flowing He
around the joints of the GHS and monitoring the vacuum with a Leybold Inficon Transpector
Residual Gas Analysis System. The regulators which control the flow of the perturber gas
are single stage high purity regulators (Matheson Gas Products Ultraline 9300 Series)

capable of reducing a pressure of 3000 psi to 0—100 psi. The addition of the dopant or the
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perturber into the gas handling system was monitored with two MKS capacitance
manometers having pressure ranges of 10 mbar and 1 bar. High pressure in the sample cell
was monitored with a Setra diaphragm pressure transducer having a pressure range of up to
200 bar.

B. Sample Preparation

A general schematic for a typical arrangement of the GHS is shown in Fig. 4.5. The
preparation of a sample was performed in three steps: (1), the addition of the dopant; (2), the
addition of the perturber; and (3), the mixing of the sample.

(1) Addition of the dopant: Valve V3 is closed after the GHS has been pumped to a base
pressure of high 10® Torr. Then V2 is opened slightly to allow the desired amount of the
dopant into the GHS and subsequently into the sample cell. Once the desired pressure is
reached (which is determined from MKS1 and MKS2), V2 and then V6 are closed. V3 is
opened to pump the remaining dopant from the GHS. The addition of the perturber is not
begun until after the pressure in the GHS has returned to the low 107 Torr range.

(2) Addition of the perturber: When the GHS has returned to a suitable pressure, the
perturber bottle is opened briefly and then closed. After ensuring that V1 is closed, R1 is set
to allow 30 psi on the low pressure side of the regulator. V3 is closed and V1 is slowly
opened to fill the GHS system to the desired amount, or to 1 bar. (The limit of 1 bar is due
to the bellows tube between V4 and V5.)

At this point, if the desired perturber pressure is below 1 bar, V6 is opened to fill the
sample cell. The opening of V6 decreases the total pressure to below that desired.

Therefore, more perturber is added to bring the total pressure back to the desired pressure.
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Fig. 4.5. Schematic representation for a typical arrangement of the gas handling system. V1-
V6: valves; R1: dual stage regulator; MKS1: pressure manometer (maximum range: 10
mbar); MK S2: pressure manometer (maximum range: 1 bar); Res: reservoir; Setra: pressure
manometer (maximum range: 200 bar); and CF: cold finger.
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Once the desired pressure is reached, V1 and then V6 are closed. V3 is opened to remove
the remaining perturber from the GHS. The sample can then be mixed (cf. step 3).

On the other hand, if the desired perturber pressure is above 1 bar, V6 is opened to fill
the sample cell. Again, the opening of V6 decreases the total pressure to below that desired
and, therefore, more perturber is added to bring the total pressure back to 1 bar before closing
V1 and V6. The reservoir (Res) to cell volume ratio is approximately 3:1. Therefore, the
amount needed in the reservoir to achieve the desired pressure in the sample cell can be
easily calculated. By either releasing gas using V3 or adding gas using V1, the pressure in
the GHS is brought to the calculated amount, and VS5 is closed. Liquid N, is then placed
around the cold finger (CF) to collect the sample. Once the sample is collected, gas stored
in Res is collected by opening V6. After the collection process is finished, V6 is closed and
V5 is reopened in case continued additions are needed. If the desired pressure needed in Res
is above 1 bar, the above filling procedures may have to be repeated several times. Once the
final amount of gas has been collected, the liquid N, is removed from the cold finger and the
sample is thawed using a heat gun. The total pressure in the cell can then be read using the
Setra, and the sample can be mixed (cf. step 3).

(3) Mixing of the sample: Steps 1 and 2 do not ensure a homogeneous mixing of the
dopant and perturber, since the dopant is added before the perturber. The perturber diffusion
from the finger to the cell is slow, thus manual mixing of the dopant and perturber is
necessary. This manual mixing is accomplished by collecting all of the sample into CF using
liquid N, and then releasing the sample back into the cell by warming CF with a heat gun.

This freeze-thaw process is repeated at least three times to guarantee homogeneous mixing.
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C. Dopant and Perturber Information

The measurement of dopant/perturber interactions with a high perturber number density
necessitates the use of crystal windows in the cells. In turn, these windows limit the VUV
energy range that can be accessed since the windows also absorb light in this energy region.
In these experiments, both MgF, windows and occasionally LiF windows are used. The
MgF, energy cutoff is at 10.8 eV and the LiF energy cutoff is at 11.8 eV. Therefore, the
dopants chosen for these experiments must have Rydberg states and ionization thresholds
below 11.8 eV. With these limitations in mind, CH,I, C,H,I and C;H, were chosen as
dopants.

CH,], with the first E,,) ionization threshold at 9.538 eV and the second (’E,,)
ionization threshold at 10.164 eV, has been extensively used as a dopant molecule in the
study of molecular Rydberg states [6,7,15-21,38,49-54,63,70-75,85,87,88]. One of the main
reasons for the popularity of CH;I in Rydberg state research is the atomic-like Rydberg
absorption and photoionization spectra (cf. Chapter 2).

C,H,! was chosen because of its similarity to CH,I. Moreover, the C,Hl first (X, ’E,,,)

and second (X, ’E,,,) ionization thresholds [1,118] of 9.349 eV and 9.932 eV, respectively,

also fall below the energy cutoffs of the windows in both cells. C¢Hy was chosen because
of a lack of any similarity to the previous two dopants. However, like the other dopants, the
first (’E,‘) ionization threshold [1,119,120] of 9.244 eV is well below the energy cutoff of
the windows.

CH;I and C;H, were both purchased from Aldrich Chemical Company at a purity of
99.5% and 99.9+%, respectively. C,H,I was purchased at a purity of 99% from Sigma. HI

(which was studied unsuccessfully, as discussed in Chapter 7) was purchased from Matheson
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Gas Products at a purity 0f 99.9%. These dopants were used without further purification, and
the absence of contamination was verified by comparisons with previously published
absorption and photoionization spectra. All dopants (with the exception of HI) were
degassed with three liquid nitrogen freeze-pump-thaw cycles before the initial addition into
the GHS. HI was degassed once with a liquid nitrogen freeze-pump-thaw cycle in order to
remove a back pressure of H, gas.

All of the perturbers used in these experiments were purchased from Matheson Gas
Products. The perturbers chosen for this study, along with the purity of these gases, are as
follows: Ar, 99.9999%; N,, 99.9999%; CF,, 99.999%; c-C F,, 99.98%; CO,, 99.995% and
SF,, 99.996%. All of the perturber gases were used without further purification. No
photocurrent was detected in any of the perturber gases in the spectral region of interest in
the absence of a dopant.

D. Data Acquisition and Analysis

The data acquisition system is presented schematically in Fig. 4.6. All data were
collected with an Intel 386 SX 25 computer which also controlled the monochromator. Both
the monochromator control program and the data acquisition program were supplied and
maintained by SRC, and were written using National Instruments LabVIEW software.
During an experimental run, up to three measurements were made simultaneously: (1) the
current collected at the electrodes, (2) the photomultiplier (Electron tubes model 9813B)
output current, and (3) the photoemission current from the nickel grid intercepting the beam
prior to the experimental cell. All three measurements were obtained with Keithley 486
picoammeters having built-in GPIB interfaces. These data, once acquired, were transferred

through TCP/IP to an Intel 486 laptop computer for storage and initial data analysis.
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Fig. 4.6. Schematic representation of the data acquisition system. A, monochromatic
synchrotron radiation; PM, photomultiplier; 486, Keithley 486 picoammeter; LN BNC, low
noise BNC cable; HV BNC, high voitage BNC cable; HV PS1, Keithley 247 High Voltage
power supply; HV PS2, Bertan Series 225 High Voltage power supply.
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Since the intensity of the synchrotron radiation entering the monochromator decays over
time, all photoionization spectra are normalized to the photoemission current from the Ni
grid intercepting the beam prior to the experimental cell. Transmission spectra (which are
reported here as absorption = | - transmission) are normalized both to the incident light
intensity and to the empty cell transmission. All spectra were measured at room temperature,
unless otherwise indicated. All photoionization spectra of CH,] are intensity normalized to
unity at the same spectral feature above the ’E;, ionization threshold; all C,Hjl

photoionization spectra are normalized to

unity at the same spectral feature above the
X, ’E,, ionization threshold; and all C{H,

photoionization spectra are normalized to

Photocurrent (atbitrary units)

unity at the same spectral feature above the

’E,, ionization threshold. Spectral peak

areas were obtained by integrating a
gaussian deconvolution of the subthreshold

peaks calculated using Wavemetrics Igor

Absorption (arbitrary units)

0.0

A A 'R Lo H L 1
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3.1 (cf. Fig. 47). The exponential Photon encrgy (V)

background areas were obtained by Fig- 4.7. ~Subthreshold pho.toionization
spectra of 0.1 mbar CH;I doped into 50 mbar

integrating an exponential least-square fit ©f SFs (0.13 x 10% cm?). Absorption of
pure CH,I (Cell 1, 200 pm slits): 0.1 mbar.

(calculated using Wavemetrics Igor 3.1)to " is an example of a gaussian fit used to

obtain peak areas. — —— represents a fit to
the background of the subthreshold the exponential background. — is the
experimental spectrum, and is equal to the
spectrum (cf. Fig. 4.7). sum of the underlying curves.
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Chapter 5. Electron Scattering Lengths of Fluorinated Compounds

In this Chapter, the investigation of dopant/perturber interactions begins with the
evaluation of the zero-kinetic-energy electron scattering lengths of fluorinated gases using
the perturber-induced energy shifts of high-n Rydberg states. After finishing this
determination of electron scattering lengths and cross-sections, an analysis of the
subthreshold photoionization structure present in some dopant/perturber systems is used to
probe the nature of dopant/perturber interactions in static systems (cf. Chapter 6).

A. Introduction

The interaction of fluorinated gases such as CF,, ¢-CF; and SF¢ with low-energy [121-
126] and high-energy electrons [123,127-129] has received increasing attention, primarily
due to the importance of these gases to the semiconductor industry [123,130,131], and to the
involvement of these gases in stratospheric photochemistry [132,133]. In fact, many
fluorinated gases are used as sources for reactive species in plasma etching [134,135].
Furthermore, these gases have been used [136], or have the potential to be used [124] as
insulators in high voltage switches.

In order to model accurately the behavior of fluorinated gases in plasma etching
processes, the interaction between the gas and low-energy electrons must be better
understood. However, the measurement of low-energy electron scattering cross-sections and
low-energy electron attachment rates for fluorinated gases can be extremely difficult because
of the large electronegativities of these molecules. For example, a typical method for
studying electron/gas interactions, the electron swarm method, depends on the electron
number density remaining constant throughout the experiment [137]. When a molecule has

a large electronegativity, however, the electron number density will vary during the
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measurement as a result of electron attachment in addition to electron induced ionization,
thus complicating data interpretation [137]. For such molecular species, the measurement
of zero-kinetic-energy electron scattering cross-sections is particularly problematic
[123,124,126,137].

An alternative method for determining the zero-kinetic-energy electron scattering cross-
section, involving the perturber-induced energy shifts of high-» Rydberg states of the dopant
molecule, was introduced in Chapter 3.A. In this method, a dopant molecule having a
Rydberg series observable in photoabsorption and/or photoionization spectroscopy is mixed
with a perturber gas of interest. As the perturber concentration is increased, the dopant high-
n Rydberg state energies shift as a result of dopant/perturber interactions. These energy
shifts can be modeled using Eqgs. (3.1), (3.2), and (3.12), or

2xh?

w
2
A=A +A,= - ( ] 4 pp - 10.78 [2;_) (v Pp, (51

obtained from a theory by Fermi [11] (cf. Chapter 3.A.i), as modified by Alekseev and
Sobel’man [6,12,70] (cf. Chapter 3.A.ii). By experimentally determining the total energy
shift A, the electron scattering length 4 can be evaluated using Eq. (5.1). Once the electron
scattering length is known, the zero-kinetic-energy electron scattering cross-section is
calculated from [11]
o =4nA?. (52)
However, as discussed in Chapter 3.A, recent questions [13] have arisen about the p,
dependence of the polarization term in Eq. (5.1). Therefore, before using Eq. (5.1) to
determine the zero-kinetic-energy electron scattering lengths and cross-sections for the

fluorinated gases of CF,, c-C,F, and SF,, the zero-kinetic-energy electron scattering length
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of Ar was determined from the shift of C,H,I high-n Rydberg states, and compared to the
electron scattering length obtained from swarm methods [64].
B. Electron Scattering Length of Ar [14]

Since Ar is transparent in the region of the first and second ionization energies of C,H,I,
the perturber-induced energy shifts of C,H,I Rydberg states can be monitored using both the
autoionization spectra and the photoabsorption spectra of C,H,l/Ar. The transparency of Ar
also insures that these shifts can be determined for a large range of Ar number densities p,,.,
which permits one to check the validity of Eq. (5.1) in the density range of interest.

The photoabsorption spectra and autoionization spectra of C,H,I doped into varying p,,

are presented in Fig. 5.1. The shift in the first and second ionization energies Al as a
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Fig. 5.1. (a) Photoabsorption spectra of C,H,I/Ar: (1) 0.5 mbar C,H,I and C,H,I doped into
varying Ar number densities p,, (10° cm™): (2) 0.024, (3) 2.4, and (4) 4.9. The assignment
given at the bottom corresponds to the pure C,H,I spectrum. (b) Autoionization spectra of
C,H,VAr: (1) 0.5 mbar C,H,I and C,H,I doped into varying p,, (10*° cm™): (2) 0.024, (3)
0.65, and (4) 3.6. The assignment given at the top corresponds to the pure C,H,I spectrum.
For both (a) and (b), the concentration of C,H,I was kept below 10 ppm in Ar. See Chapter
4 for experimental details.
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function of p,_ is shown in Fig. 5.2. (The values
for the discrete nd and nd’ Rydberg states of
C,H,I along with I, and I,, obtained by fitting
these Rydberg states to the Rydberg equation,
are listed in Appendix 1.A.) Fig. 5.2
demonstrates that the red shift of the ionization
energy depends linearly upon p,, over the entire
density range and, therefore, can be modeled
using Eq. (5.1). The slope of the linear fit for AI
(obtained by a linear least-square fit of Fig. 5.2)
is A/p,,=-4.9x 102 eV cm’. Using the value
[65,66] a = 1.64 x 10°** cm®, one finds from Eq.

(5.1) a zero-kinetic-energy electron scattering

Al(meV)

Par (107 cm™)

Fig. 5.2. Shifts of the ionization
energies Al of C,H,I obtained from
fitting the assigned spectra (e.g., Fig.
5.1) to the Rydberg equation, plotted
vs. Ar number density p,,- W, I, from
C,H,I absorption; O, I, from C,H,I
absorption; @, I, from C,H,I
autoionization. (The error in the
energy for each point is £ 3 meV.)

length of A =-0.086 nm. This value agrees well with 4 =-0.089 nm obtained from similar

measurements involving CH;I [6,63] and C¢H, [138] doped into Ar, and 4 = - 0.082 nm

obtained from field ionization measurements of CH,I doped into dense Ar [71].

Furthermore, this value agrees with the value of 4 = - 0.090 nm evaluated from electron

swarm experiments [64]. From these measurements, we conclude that Eq. (5.1) can continue

to be used to evaluate the zero-kinetic-energy electron scattering lengths of perturbers and,

therefore, this equation is applied to obtain the zero-kinetic-energy electron scattering lengths

of various fluorinated gases (see below).
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C. Electron Scattering in Fluorinated Gases

i..CE, [15]

The autoionization spectra of CH,I and the photoabsorption spectra of C,H I doped into
varying CF, number densities pcg, are shown in Figs. 5.3a and 5.3b, respectively. The
measured photoionization spectra of C,H,I doped into CF, and the photoabsorption spectra
of CH;,I doped into CF, are not shown for brevity. (The values for the discrete nd and nd’
CH,I and C,H,I Rydberg states as a function of pcg,, along with the values of I, and I,
extracted from these measurements for each dopant, are given in Appendix 1.A.) In Fig. 5.4,
the shift in the ionization energy is plotted as a function of pcg,. As was the case for

C,H,VAr (cf. Section B), a red shift which is linearly dependent upon Py, is observed. The

5 a : b
: i W -
/—\\J'/\/\/\I\/J\‘\_\(z .g ooF
2 oof 2
LA 2 PM\/\W\\/\/\«\Mw
g S g oof ®
g o g
£ s (2)
F ook 5 W\J\M
5 X . < 00F
_3 s mn [
é 0.0
t - oof M
. T ° 10 112 P 8
§ i 8 9 ton &
j w9 yon R
.0' 3 1 1 I 1 ) 3 | 5 I 1 1 1
95 96 97 98 99 100 10.1 102 9.0 92 94 9.6 98
Photon energy (eV) Photon energy (V)

Fig. 5.3. (a) Photoionization spectra of pure CH,I (0.1 mbar) and CH,I (0.1 mbar) doped
into varying CF, number densities Pce, (10® cm™): (1) 0.073, (2) 0.23, (3) 0.74 and (4) 1.30.
(b) Photoabsorption spectra of C,H,I/CE (1) 0.5 mbar C,H,I and C,H,I doped into varying
Pcs, (10®° cm™): (2), 1.22, (3) 2.43 and (4) 6.08. The concentration of C,H,I was kept below
10 ppm in CF,. The assignment given at the bottom corresponds to the pure C,H,I spectrum.
See Chapter 4 for experimental details.
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slope of this shift (obtained by a linear
least-square regression analysis) is A/pc,
=-8.648 x 102 eV cm’. Using the value
[139] & =3.838 x 10 cm’ for CF, in Eq.
(3.12) gives a polarization shift of
Ap/Pce, = - 338 x 107 eV cm’.
Substituting A /P, and A/pcy, into Eq.
(5.1) and solving for 4 leads to a zero-
kinetic-energy electron scattering length of
A =-0.180 + 0.003 nm. Therefore, from
Eq. (5.2), the zero-kinetic-energy electron
scattering cross-section for CF, is 0 =4.1
£0.2x 10" cm?.

Current estimates of low-energy
electron scattering cross-sections for CF,

range from a low of 1.269 x 107° cm?,

Al (meV)

3
b

00 10 20 30 40 50 6.0
pc,,.‘(lomcm")

Fig. 5.4. Shifts of the ionization energies Al
of CH,l and C,H,], obtained from fitting the
assigned spectra (e.g., Fig. 5.3) to the
Rydberg equation, plotted vs. CF, number
density Oce,. @, 1, CH,I photo-absorption; 8,
I, CH;l photoabsorption; A, I, CH,l
photoionization; O, [, C,H,I photo-
absorption; [, I, C,H,I photoabsorption; A,
I, C,H,I photoionization. (The error in the
energy for each point is £ 3 meV.) The solid
line represents a linear least-square fit to the
data.

obtained by averaging all of the currently known low-energy electron scattering cross-section

measurements [123], to a high of 8 x 10"* cm? [140] computed using the continuum MS-Xet

method described by Davenport [141]. The value obtained here for the zero-kinetic-energy

cross-section, therefore, falls within these two limits.

ii__c-C,F, [15]

In Fig. 5.5, the photoionization spectra of CH;I and of CH,I doped into various c-C,Fg

number densities P.cg, 5 are shown. (The energy positions of the discrete nd’ Rydberg states
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along with I, extracted from fitting these assignments to the Rydberg equation are given in
Appendix 1.A.) Similar to the analysis given in the previous Section, Fig. 5.6 presents the
change in the ionization energy of CH;l as a function of ¢-C,F; number density p.c ¢, As
was the case for CF,, a red shift which is linearly dependent upon p, ¢, is observed. The
slope of the straight line (obtained from a linear least-square regression analysis) is A/p..c ¢,
=.29.57+0.51 x 10 eV cm’. Using the value [142] & = 7.37 x 10 cm® for ¢-C,F,, and
following the same prescription as that described above for Ar and CF,, gives a zero-kinetic-

energy electron scattering length of A =- 0.618 + 0.012 nm for ¢-C,Fs.

Al (meV)

Photocurrent (arbitrary units)

o 9 101112 [y

0.0 0.5 1.0 L5 20 25

1 L L 1 1

0.0 4—
95 96 97 98 99 100 101 102
Photon energy (eV)

Pecy,( 10%m™)

Fig. 5.5. Photoionization spectra of pure Fig. 5.6. Shift of the sz?cond ionizat%on

CH, (0.1 mbar) and CH, (0.1 mbar) doped energy Al of CHl, obtained from fitting

into varying c-C,F, number densities p,. the assigned spectra (e.g., Fig. 5.5) to the

(10° cm?): (a) 0.12; (b) 0.73; (c) 1.81 and ~ Rydberg equation, plotted vs. c-C,F,

(d) 2.42. See Chapter 4 for experimental ~ number density p.c,r.. (The error in the

details. energy for each point is £ 3 meV.) The
solid line represents a linear least-square
fit to the data.
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Therefore, the zero-kinetic-energy electron scattering cross-section for c-C,F; is
6=4.8+0.2x 10" cm? from Eq. (5.2).

Recent attempts by Sanabia and co-workers [143] to measure the low energy electron
scattering cross-section gave 0 =4.8 x 10" cm? for an electron energy of 1 eV, which from
our measurements is one order of magnitude too low. However, the sharp increase in the
electron scattering cross-section of ¢-C,F; below 1 eV made these earlier low-energy electron
measurements unreliable [143].

iii._SF; [16]

Autoionization spectra of CH;,I and CH;l

doped into varying SF number densities P,

are presented in Fig. 5.7. (The energy /\\/\M\‘
positions of the discrete CH,I nd’ Rydberg N -/\\f\m

states, as well as the values of [, extracted
from a fit of the assigned spectra to the

Rydberg equation, are given in Appendix

1.A.) A plot of the shift in the ionization /\I\’\/ W

energy Al as a function of SF, number

Photacurrent (arbitrary units)
g

density g, is shown in Fig. 5.8. The slope

of the linear fit for the red-shifting Al

9 %% "9 9% * 100 101
Photon energy (V)

(obtained by a linear least-square regression
Fig. 5.7. Photoionization spectra of pure
analysis of Fig. 5.8) is Alpsﬁs =-2472£046 CH,I (0.1 mbar) and CH,I (5 mbar) doped
into varying SF, number densities P
x 102 eV cm’. Similar to the above (10" cm®): (a) 0.12, (b) 1.97, (c) 5.02 and
(d) 9.75. See Chapter 4 for experimental
analyses, using the value of [144] ¢ =6.54x  details.
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10* cm’ to calculate A, and substituting this
value along with the value for A/p into Eq.
(5.1) gives, after rearrangement, a zero-

kinetic-energy electron scattering length of 4

Al (meV)

= - 0.484 £ 0.010 nm. Therefore, the zero-
kinetic-energy electron scattering cross-
section, computed from Eq. (5.2), is 6 =2.94

£ 0.13 x 10" cm? This cross-section value

1 i e, N

should be compared to the value 0 = 2 x 10" o T . e "E—
Number denuty (10"cm ™)

cm’ determined by very slow electron Fig. 5.8. Shift of the second ionization

energy Al of CH,1, obtained by fitting the
assigned spectra (cf. Fig. 5.7) to the
Rydberg equation, plotted vs. SF; number
density pge. (The error in the energy for
each point is £ 3 meV.) The solid line
represents a linear least-square fit to the
data.

attachment cross-section measurements in an
electron beam collision chamber method
[145].
D. Summary of Resulits

In this Chapter, the perturber-induced energy shifts of the high-n Rydberg states of CH,I
and C,H.,I have been used to evaluate the zero-kinetic-energy electron scattering lengths and
cross-sections for several fluorinated gases [15,16]. A summary of the electron scattering

lengths and cross-sections determined is given in Table 5.1. Furthermore, CF,, c-C,F; and

Table 5.1. Summary of the total shift rates A/p, , scattering lengths 4 and cross-sections
o for the fluorinated gases [15,16].

Perturber A/pp (1072 eV em?) A (nm) o (10" cm?)

CF, - 8.648 £0.172 -0.180 £ 0.003 0.41 £0.02

c-CFy -29.57 £0.51 -0.618 £0.012 48+02

SF; -24.72 £ 0.46 -0.484 £0.010 29£0.1
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SF, can be added to the growing list of perturbers which have had electron scattering lengths
and cross-sections evaluated using perturber-induced energy shifts of high-n Rydberg states
(cf. Table 3.1). To the best of our knowledge, this work represents the first determination
of the zero-kinetic-energy electron scattering length of SF, using high-n Rydberg states, and
the first direct determination of the zero-kinetic-energy electron scattering lengths of CF, and

c-C/F;.
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Chapter 6. Subthreshold Photoionization

A. Introduction

As mentioned in Chapter 3.C, photoionization structure has been observed to occur at
energies lower than the first ionization threshold of the unperturbed dopant in many
dopant/perturber systems [6,14,17-21,73,75,85-115]. In this Chapter, subthreshold
photoionization spectra for the dopants D = CH;I, C,H,I and C,H, and for the perturbers P
= Ar, CF,, ¢-CF;, CO,, N, and SF; are presented and analyzed.

In some instances [14,17-21,73,75,87,88], subthreshold photoionization structure has
been shown to track the photoabsorption of discrete dopant Rydberg states in the same
energy region which, in turn, permitted the evaluation of electron scattering lengths in highly
absorbing perturber media [14,17,21,73,75]. Later, in Section B of this Chapter, the energy
shifts of the subthreshold photoionization structure of CH,I doped into CF,, c-C,F; and SF;
[17], as well as C,H,I and C;H, doped into SF, [14], will be used to determine the zero-
kinetic-energy electron scattering lengths of these perturbers. Since the scattering lengths
determined here agree well with those presented in Chapter 5 (cf. Table 5.1), one may
conclude that this subthreshold structure does indeed arise from the ionization of high-n
Rydberg states. However, the nature of the processes leading to subthreshold
photoionization is not well understood.

Subthreshold photoionization in dopant/perturber systems has traditionally been
explained as resulting from the collisional transfer of translational, rotational or vibrational
energy from a perturber to an excited state dopant (cf. Chapter 3.C.i). However, the
photoionization spectra of CH;I [17,20,85,87,88] and of CH;I doped into Xe [21], Ar
[6,18,20], CF, [19], c-CF; [19], CO, [18, 73], N, [18,75] and SF; [17,20] exhibit rich
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subthreshold structure beginning at least 0.17 eV below the CH,]I ionization limit, which is
much too low an onset to be accounted for by collisional transfer of perturber translational
energy to an excited-state CH;I molecule. (Analogous results have also been obtained for
C,H,I and C;Hy doped into SF [14,20].) In Section C of this Chapter, the exponential
background underlying the first ionization threshold of CH;l is shown to be related to
translational collisional ionization [146].

Rotational and vibrational energy transfer from the perturber to the excited-state dopant
can be excluded as potential mechanisms because of the observation of similar subthreshold
spectra in systems containing atomic and molecular perturbers. A number of temperature
dependent measurements of subthreshold photoionization in these systems [14,17-19] has
also excluded rotational and hot-band autoionization (cf. Chapter 3.C.ii) as possible
mechanisms leading to subthreshold photoionization. Some of these temperature
measurements will be reviewed in Section C of this Chapter. Finally, photochemistry can
be ruled out as a possible subthreshold photoionization mechanism on the basis of energetics
(cf. Section D).

While studying CH,l, Ivanov and Vilesov {87,88] proposed that subthreshold
photoionization in CH,I could proceed through electron attachment and associative
ionization. However, these authors concluded that the actual processes leading to
subthreshold photoionization could only be determined by mass analysis of the primary
charged species in a molecular beam study. In Section E of this Chapter, a number density
study of the subthreshold photoionization structure of CH;l, C,H,I and C¢H; perturbed by Ar,
CF,, c-C,F;, CO,, N, and SF; is presented. This study allows one to probe the processes

leading to subthreshold photoionization without using mass analysis.
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From this systematic number density study, it is shown that subthreshold photoionization
involving C,H,I and C¢H, proceeds through electron attachment to the perturber and
dopant/perturber heteromolecular dimerization. CH;l subthreshold photoionization, on the
other hand, is generated by electron attachment either to CH;I or to the perturber, and by
homomolecular CH,I dimerization or heteromolecular CH,l/perturber dimerization. By
varying pp and P, separately, the effective rate constants for electron attachment and
associative ionization are determined. Finally, the effects of electron affinity (of D or P) on
the effective rate constant for electron attachment, and the effects of the ground-state
polarizability (of D or P) on the effective rate constant for associative ionization are
discussed.

B. Electron Scattering Lengths of Fluorinated Gases

As mentioned in the previous Section, the subthreshold photoionization structure in some
dopant/perturber systems has been identified as arising from the ionization of high-n Rydberg
states [14,17-21,73,75,87,88]. If this structure is generated from high-n Rydberg states, the
subthreshold structure should shift linearly as a function of the perturber number density p,
thus allowing for the determination of the zero-kinetic-energy electron scattering length of
the perturber using Eq. (5.1), and the zero-kinetic-energy electron scattering cross-section
using Eq. (5.2). In Fig. 6.1a, subthreshold photoionization spectra of CH;I perturbed by
various CF, number densities P, are presented. The shift in the first ionization energy Al
of CH,l as a function of pcg, is plotted in Fig. 6.1b. (The values for the discrete nd CH;l
Rydberg states, along with the value of I, extracted from these measurements, as a function
of Pcg, are given in Appendix 1.B.) The slope of the red shift observed in Fig. 6.2b, obtained

using a linear least-square regression analysis, is A/pcg, =- 8.337 x 10 eV cm’. Using the
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Fig. 6.1. (a) Subthreshold photoionization spectra of 0.061 x 10'? cm™ CH; perturbed by
varying CF, number densities pcg, (10" em™): (1) 0.12, (2) 0.97, (3) 1.8, and (4) 2.4. See
Chapter 4 for experimental details. (b) Shift of the first ionization energy Al of CH,I
obtained from fitting the assigned spectra (e.g., (a)) to the Rydberg equatlon, plotted vs. Py,
The solid line represents a linear least-square fit to the data. (The error in the energy for
each point is = 3 meV.)

same procedure described in Chapter 5, the zero-kinetic-energy electron scattering length
A=-0.173 £0.009 nm and the zero-kinetic-energy electron scattering cross-section 0 = 3.8
£ 0.4 x 10" cm? are obtained.

The subthreshold photoionization spectra of CH;I perturbed by various c-C,F; number
densities P ¢, are shown in Fig. 6.2a, and the shift in the first ionization energy Al of CH,l
as a function of P g, is presented in Fig. 6.2b. (The values for the discrete nd CH;l
Rydberg states, along with the value of I, extracted from these measurements, as functions

of P.c,r, are given in Appendix 1.B.) The slope of the red shift in Fig. 6.2b, obtained

using a linear least-square regression analysis, is A/p..c g, = -29.46 £ 0.63 x 108 eV em’.
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Fig. 6.2. (a) Subthreshold photoionization spectra of 0.00024 x 10'* cm™ CH;I perturbed by
varying ¢-C,Fy number densities p ¢ ¢, (10" em): (1) 0.12, (2) 0.72, (3) 1.8, and (4) 2.4.
See Chapter 4 for experimental details. (b) Shift of the first ionization energy of CH,l
obtained from fitting the assigned spectra (e.g., (a)) to the Rydberg equation, plotted vs.
Pec,r,- The solid line represents a linear least-square fit to the data. (The error in the energy
for each point is + 3 meV.)

Therefore, Eq. (5.1) and (5.2) give the zero-kinetic-energy scattering length and cross-section
A =-0.600 £0.025 nm and 6 =4.8 £ 0.4 x 10™** cm?, respectively.

The subthreshold photoionization spectra of CH;,I, C,HI and C;H; perturbed by various
SF, number densities pg; are shown in Fig. 6.3a, 6.3b and 6.3c, respectively. The shift in
the first ionization energies Al of CH;,1, C,H,I and CH; as a function of Pss, are given in Fig.
6.4. (The values for the discrete nd Rydberg states of CH, 1, nd Rydberg states of C,HI and
nR’ Rydberg states of C;H, are given in Appendix 1.B, along with the values of I, extracted

from these measurements.) The slope of the straight line (obtained from a linear least-square
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regression analysis) is A/pg;, = - 24.90£0.55 x 10 eV cmr’. Therefore, from Eq. (5.1) and
(5.2), the zero-kinetic-energy electron scattering length and cross-section of SF, are 4 =

-0.487 £0.019 nm and 0 =3.0 £ 0.3 x 10"'* cm?, respectively.
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c Fig. 6.3. (a) Subthreshold photoionization
. G bR R LR spectra of 0.00024 x 10° cm® CHyl
- perturbed by varying SF, number densities
2 Pse. (10 cm): (1) 0.12, (2) 0.63, (3) 1.3,
3 and (4) 24. (b) Subthreshold photo-
E jonization spectra of 0.00024 x 10" cm®
£ C,H,I perturbed by various pg;, (10" cm®):
= | 4 (1) 0.12, (2) 0.63, (3) 1.8 and (4) 2.4. (c)
‘5’ 0.0 Subthreshold photoionization spectra of
g2 |0 0.012 x 10" cm™ CH, perturbed by varying
200 Ps:. (10° em™?): (1) 0.12, (2) 0.63, (3) 1.8
- 0.0 @ and (4) 2.4. See Chapter 4 for experimental
(1) details.
0.0 " L A
9.00 9.0 9.10 9.15

Photon energy (eV)
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In Table 6.1, a summary of the scattering

0
lengths determined from the subthreshold Ak
photoionization structure is given along with Al
the scattering lengths determined from the sg‘ at
absorption and autoionization structure (cf. 3 4
Table 5.1). Clearly, the scattering lengths from S
the subthreshold structure agree, to within -6L
experimental error, with those obtained from - 00 0‘5 110 ll.s 2:0 2‘5
the absorption and autoionization Pse, (10° em”)

measurements. Therefore, the subthreshold  Fig. 6.4. Shift of the first ionization
energies Al of CH,I (®), C,H,I (OJ) and

photocurrent observed in these systems arises ~ CeHls (&) obtained from fitting the
assigned spectra (e.g., Fig. 6.3) to the

from the ionization of high-n dopant Rydberg ~ Rydberg equation, plotted vs. pgs. The
solid line represents a linear least-square

states. fit to the data. (The error in the energy
for each point is £ 3 meV.)

C. Temperature Studies

The study of temperature effects on subthreshold photoionization can help one to probe
the processes leading to subthreshold photoionization. For instance, if subthreshold
photoionization proceeds through hot-band autoionization, the relative intensities of the

subthreshold peaks should vary as a function of temperature (cf. Fig. 3.6) due to a difference

Table 6.1. Comparison of the zero-kinetic-energy electron scattering lengths obtained from
the shift of the subthreshold ionization (ST) structure with those obtained from the
absorption and autoionization structure (cf. Table 5.1).

e —————ee _—
e ———

Perturber A (nm) (ST) A (nm) (Table 5.1)
CF, -0.173 £0.009 -0.180 +£0.003
c-C.Fy -0.600 = 0.025 -0.618 £0.012
SF, -0.487 +£0.019 -0.484 +0.010
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in the distribution of populated dopant vibrational levels. Subthreshold structure arising
from this type of effect has been observed in very low number densities of CH,I [85], as well
as in other molecules [89-95]. Collisional transfer of translational, vibrational and rotational
energy from the perturber to the excited state dopant are also mechanisms which are
temperature dependent. In this Section, the temperature dependence of the subthreshold
photoionization structure of CH,I perturbed by Ar, CF,, ¢-C,F;, CO,, N, and SF,, and of
C,H,I and C H, perturbed by SF,, is presented.

In Fig. 6.5a, the subthreshold photoionization spectra of 0.12 x 10'° cm™ CH,] at various
temperatures are presented. The subthreshold photoionization spectra of 0.012 x 10*° ¢cm™

CH,I perturbed by 0.49 x 10" cm™ Ar at various temperatures are shown in Fig. 6.5b.

a b
) T T 1.1 - T T T 11
§ 10d 1ld 12d 13d g 11d 12d 13d 14d
b =
8 [
3 £
5 B
2 3
= 8
£ E
0.0 0.0
0.0 0.0
M
0-0 1 1 1 ] -1 0-0 ] L Il
925 930 935 940 945 9.50 9.30 9.35 9.40 9.45 9.50
Photon energy (eV) Photon energy (eV)

Fig. 6.5. (a) Temperature dependence of the subthreshold photoionization of 0.12 x 10**
cm” of CH,l at (1) 273 K, (2) 298 K and (3) 332 K. (b) Temperature dependence of the
subthreshold photoionization 0f 0.012 x 10™"* cm™® CH,I perturbed by 0.49 x 10'° cm™ Arat
(1) 233 K, (2) 398 K and (3) 348 K. Spectra were taken in Cell 2 with a resolution of
~ 10 meV (200 pm slits) in the energy region of interest. See Chapter 4 for experimental
details.
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(Similar spectra for CH;I perturbed by CF,, ¢-CFy, CO,, N, and SF,, as well as C,H,I and
C¢H perturbed by SF¢ were also measured. Since these spectra demonstrate qualitatively
similar behavior to those in Fig. 6.5, these spectra are not reproduced here.) Clearly, the
observed subthreshold photoionization shows no change in the relative peak intensities
indicative of hot-band autoionization (cf. Fig 3.6). Furthermore, this subthreshold structure
is approximately two orders of magnitude larger than the structure shown in Fig. 3.6 and, for
pure CH,I (cf. Fig. 6.5a), has a lower onset energy.

However, the overall exponential background increases as the temperature increases.
This increase in the exponential background arises from an increase in collisions between
the excited-state dopant and the perturber as the temperature increases and, therefore, should
be governed by a Boltzmann distribution (i.., e4&*T). Hence, if the background of the
spectra shown in Fig. 6.5 is fitted to an equation having the form e*4E, where X is a
regression coefficient, it should follow that T ¥ is constant over the entire temperature range.
In Table 6.2, the regression coefTicients ) of the CH,I/Ar spectra presented in Fig. 6.5a are
given along with the values for T ). Since T ¥ is constant (to within experimental error) for
all of the temperatures measured, one may conclude that the temperature-induced change in

the exponential background is caused by an increasing collisional ionization as temperature

Table 6.2. The regression coefficients ¥ from the exponential least-square fit to the
background of CH,V/Ar (cf. Fig. 6.5a) as a function of temperature (K).

Temperature (K) X (arbitrary units) T % (arbitrary units)
233 0.313 729
298 0.245 73.0
348 0.210 73.0
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increases. (Similar results for CH,I were obtained for each perturber. These data are given
in Appendix 2.A.)

If the background increase arises solely from the collisional transfer of translation energy,
different perturbers should give rise to similar exponential backgrounds. However, an
increase in the perturber number density should increase the exponential background due to
the increased probability of a collision. In Fig. 6.6, the area of the exponential background

of subthreshold photoionization of CH,I/P

(P =Ar, CF,, c-C,Fg, CO,, N, and SF) is plotted

as a function of perturber number density pp. 3 oo

Fig. 6.6 shows that the exponential background é' o5l

is linearly dependent on the perturber number %

density but is independent of the type of § 99

perturber, thereby confirming that collisional g

transfer of translational energy is the cause of the » ’L L,
00 05 10 15 20 25

. . ti
rising exponential background. (The areas p,(lo" )

obtained from the least-square exponential fit to Fig. 6.6. The area of the least-square
fits to the exponential background of
the background of the subthreshold CH, ] perturbed by Ar (®), CF, (O), c-

C/.F, (), CO, (OJ), N, (A) and SF,
photoionization spectra of CH,I doped into each ( A)’ ;lot)ted v;. (thg pe:tu(rbe)r numbe:

densi
of the perturbers are given in Appendix 2.B.) 1 Pe-

Finally, the collisional transfer of rotational or vibrational energy from the perturber to
the excited state dopant can be further excluded as a possible mechanism leading to the

observed subthreshold photoionization structure (i.e., Figs. 6.1a, 6.2a, 6.3, 6.5) because of
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the similarity of this structure as the perturber changes from an atomic perturber (cf. 6.5b)
to a molecular perturber (cf. 6.1a).

In Section E, the variation in the peak areas of the subthreshold photoionization structure
as a function of dopant and perturber number density is presented. Since the area under the
exponential background changes as a function of perturber number density, the subthreshold
peak areas were also evaluated after the exponential background was removed. The peak
areas which result from a gaussian deconvolution of the background-corrected spectra exhibit
no qualitative difference from those peak areas obtained prior to the removal of the
exponential background. Therefore, the peak areas presented in Section E are not corrected
for the exponential background.

D. Photochemical Rearrangement

In some instances, photochemical rearrangement leading to charged products has been
invoked to explain the appearance of subthreshold photoionization [87,88]. As will be
shown below, for the dopants in this study photochemical rearrangement is not feasible
energetically.

The most common photochemical rearrangement of CH,l is [6,87,88]

CHJI +hv — CHI' — CHy +1°,
which has an appearance potential of 12.07 £0.07 eV [147]. This threshold is far above the
first ionization potential and, therefore, cannot be the process generating subthreshold
photoionization. The other known photochemical reactions in CH;I which generate ionic
products also occur at energies above the first ionization threshold [148-150]. Thus,
photochemical rearrangement of CH;I can be ruled out as a potential subthreshold

photoionization mechanism.
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C,H,I can also photodissociate via a similar process, namely
CHJI+hv —» CHJI* — CHS +1I.

which has an appearance potential of 10.44 eV [151,152]. Again this value is far above the
first ionization threshold of C,H,lI and, thus, cannot account for the observation of
subthreshold photoionization in C,H,V/SF,. Furthermore, the lack of subthreshold
photoionization in pure C,H,I [14,20] is also indicative of a absence of photochemical
rearrangement. Similarly, the lack of subthreshold photoionization in pure C;Hg [14,20]
indicates an absence of photochemical rearrangements of C,H, at these energies.

E. Density Studies [14,17-20]

In the previous three Sections, the subthreshold photoionization structure in CH,I/P
(P = Ar, CF,, c-C,F,, CO,, N,, SF,), C,H,USF, and C;H,/SF, has been shown to arise from
high-n Rydberg states of the dopant. This subthreshold structure does not have the
temperature dependence indicative of hot-band or rotational autoionization (cf. Section C),
and photochemical rearrangement that generates charged particles was ruled out on the basis
of energetics (cf. Section D). Once these traditional mechanisms have been dismissed, two
other mechanisms leading to subthreshold photoionization, namely electron attachment and
associative ionization, must be considered.

In this work, two pathways involving these processes are proposed for the explanation
of subthreshold structure. The first pathway requires direct dopant/perturber interactions
leading both to charge transfer and to heteromolecular dimer ion formation:

D*+P — D' +P- ©.1)

D*+P ~» DP +e°, (6.2)

where D’ is a Rydberg state of the dopant molecule. Since the first process (i.e., Eq. (6.1))
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of this pathway invokes electron attachment to the perturber, this mechanism should be
enhanced in perturbers exhibiting a large electron attachment cross-section (e.g., ¢-C,F; and
SF,). The second process (i.e., Eq. (6.2)) constitutes associative ionization, which should
lead to a perturber-dependent onset energy as a result of dopant/perturber dimerization.

The second pathway, namely

D*+D = D'+D- (6.3)
D*'+D — D, +e” (6.4)
D*'+D+P — D, +P+e", (6.5)

differs significantly with regard to the dopant/perturber interactions. In the first process (i.e.,
Eq. (6.3)), electron attachment is now to the dopant rather than to the perturber. Therefore,
if the dopant itself has a large electron attachment cross-section, subthreshold structure
should be observed even when the perturber has a low electron attachment cross-section
(e.g., Ar, N,, CO, and CF,). The second process (i.e., Eq. (6.4)) invokes associative
ionization that is independent of the perturber, while the third process (i.e., Eq. (6.5))
constitutes associative ionization that is only stabilized by the perturber [104]. Therefore,
the onset energy should remain constant even if the perturber is varied. Finally, for the case
of a pure dopant that exhibits subthreshold photoionization structure (e.g., CH,l
[17,20,87,88]), pathway 2 reduces to Egs. (6.3) and (6.4).
For either of the above pathways, the subthreshold photocurrent will be given by a sum
of two contributions, namely
P=dy + iy, (6.6)
where i_, is the photocurrent contribution resulting from electron attachment, and i,; is that

resulting from associative ionization. If one now assumes that the electron attachment is
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saturated (i.e., dependent only on the excited state number density py,.), and if one further
assumes that p,,. =< p,, in the linear absorption regime, the electron attachment contribution
to the photocurrent for both pathways 1 and 2 reduces to

i, = k2 py, 6.7
where k4? is the effective rate constant for saturated electron attachment in the two pathways
(i.e., Egs. (6.1) and (6.3)).

Pathways | and 2 differ with regard to the associative ionization contribution to the
subthreshold photocurrent, however. If one again assumes that p,. =< P, in the linear
absorption regime, the associative ionization contribution from pathway 1 is given by

iy = b Pp Pp» (6.8)
while the same contribution from pathway 2 is given by
iy = kD pp + ki Pp P s (69)
where the associative ionization effective rate constants &%, k2 and K2 refer to Egs. (6.2),
(6.4) and (6.5), respectively.

By combining Egs. (6.7) - (6.9), one finds that the total subthreshold photocurrent is

i= kf.“po + k.(l.“ PpPp » (6.10)
for pathway 1, and
i= kD pp + kD pp + K2 pp Pp s (6.11)

for pathway 2. Clearly, when a dopant/perturber system exhibits subthreshold
photoionization, both pathways 1 and 2 may be operative simultaneously. However, in a
system where both pathways are available, pathway 1 should dominate when p, > po.
Therefore, if the perturber has a large electron attachment cross-section and pp > pp, One

should expect that the subthreshold photocurrent will be modeled by Eq. (6.10), with little
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contribution from pathway 2. However, as p,, increases, contributions from pathway 2 will
begin to appear and the total contribution to the photocurrent will be given by a sum of Eq.
(6.10) and (6.11), or

i = (KD ph + kP po) pp + KD 03 + (KD + kD) p,). 6.12)
As will be shown below, the subthreshold photocurrent of dopant/perturber systems which
can access both pathways | and 2 requires the use of Eq. (6.12) to accurately model the
density dependence of the subthreshold structure over the entire density range.

If the perturber has a small electron attachment cross-section, on the other hand, one
should expect that the subthreshold photocurrent will be modeled by Eq. (6.11), with little
contribution from pathway 1. However, the accessibility of pathway 2 depends upon the
nature of dopant/dopant interactions. [f electron attachment to the dopant and
homomolecular dopant dimerization are not favored, subthreshold photocurrent generated
via pathway 2 is unlikely.

In what follows, a systematic density study of the subthreshold photoionization of CH,l,
C,Hil and C,H, perturbed by Ar, CF,, c-C,F,, CO,, N, and SF; is presented. The perturbers
Ar, CF,, CO, and N, were selected because of their small electron affinities, which make
these perturbers prime candidates for investigating pathway 2. The perturbers ¢-C,F; and
SF,, on the other hand, were selected because of their large electron affinities, which make
these perturbers ideal for investigating pathway 1. By varying the dopant number density Py,
and the perturber number density p, simultaneously, the pathway leading to subthreshold
photoionization will be determined for each dopant/perturber system. The density dependent
variation of the subthreshold structure will then be used to determine the effective rate

constants for electron attachment and associative ionization. Finally, the effect of the
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electron affinity (of the dopant or perturber) on the electron attachment rate constant k5 will
be discussed, and the effect of the ground-state polarizability (of the dopant or perturber) on
the associative ionization rate constants £ and k' will be presented.

LCHI [14,20]

In this Section, subthreshold photoionization results for pure C,H,I and C,H,l perturbed
by Ar, CF,, c-C,Fy, CO,, N, and SF, are reported for variations in both pc ,; and p,. For
brevity, however, only representative subthreshold photoionization spectra are presented.
From the density dependence of the subthreshold structure as a function of P, and pp, 2
determination is made as to which pathway best models the observed subthreshold
photocurrent. The density dependent variation of the subthreshold structure is then used to
determine the effective rate constants for electron attachment and associative ionization in
these systems.

a. Results

No subthreshold photoionization structure was observed in the subthreshold
photoionization spectra of pure C,H,I and of C,Hl perturbed by Ar, CF,, CO, and N,,
thereby indicating that pathway 2 is inaccessible for this dopant. However, C,HI exhibits
weak subthreshold photoionization structure when doped into ¢-C,F; (cf. Fig. 6.7) and rich
subthreshold photoionization structure when doped into SF, (cf. Figs. 6.8a and 6.8a"). (The
C,H,V/c-C,F, subthreshold photoionization structure is too weak to analyze. Therefore, a
complete study of the density dependence of this structure was not attempted.) Figs. 6.8a and
6.8a’ present representative subthreshold photoionization spectra of C,H,I/SF; at constant SF,
number density pge, and constant C,H,I number density Pc u,p respectively, and the peak

areas obtained from these spectra are plotted versus Pc gy, and Pg, in Figs. 6.8b and 6.8b',
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respectively.  The linearity of the

subthreshold photoionization intensity as [ Nd 124 14

a function of ¢, and g, indicates that 'g |

the subthreshold photocurrent can be E

modeled by Eq. (6.10). Thus, these g

measurements show that the subthreshold g

photocurrent observed in C,H,U/SF, arises § 2'2

from pathway 1, with no contribution O:O

from pathway 2. 0.0 L L

910 915 920 925 930

b. Discussion Photon energy (eV)

The determination of the effectiverate  Fig. 6.7.  Subthreshold photoionization
spectra 0f 0.012 x 10" cm C,H,l in varying

constants for electron attachment and  ¢-C,F, number densities p ., (10" cm®):

(1) 0.36, (2) 0.73, (3) 1.4, and (4) 1.8.
associative ionization requires a variation

in both Py, and Ps;. The evaluation of these constants begins by studying the density
dependence of the subthreshold photocurrent when pg, is varied at different constant values
of Pc,ug- For constant Pe,ugs the total subthreshold photocurrent for pathway 1 (i.e., Eq.
(6.10)), becomes

i=0by,+bopp, (6.13)
where P = SF,, with the coefficients b, and b, being defined by

by = kg) Pp» b = kl(il) Pp > (6.14)
where D = C,H,l. Therefore, if b, and b, are obtained for various values of Py, and if b,

and b, are linear functions of ¢, then pathway 1 has been substantiated and the effective

rate constants k.’ and k.’ can be obtained from Eq. (6.14). In Table 6.3, the values for b, and
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Fig. 6.8. Subthreshold photoionization spectra of C,H,l/SF,: (a) photoionization of varying
C,H,I number densities P,y (10'° cm™) perturbed by 0.63 x 10'°cm™ SF,. (1) 0.00024, (2)
0.012, (3) 0.12 and (4) 0.37. (a") Photoionization of 0.00024 x 10" cm™ C,H,I perturbed
by varying SF, number densities pg, (10cm™): (1) 0.12, (2) 0.63, (3) 1.8 and (4) 2.4. (b)
Peak areas for the subthreshold structure shown in (a) plotted vs. pcﬂ;,,. (b) Peak areas for
the subthreshold structure shown in (a") plotted vs. Psre: In(b) and (b): (@) 10d, (W) 114,
(A) 12d, (V) 13d, and (@) 14d. The solid lines represent a linear least-square fits to Eq.
(6.10). See Chapter 4 for experimental details.
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b,, obtained as described above, for various values of Pc,n, are given. (The peak areas used
to evaluate b, and b, are given in Appendix 3.A.) These values are also plotted as functions
of Peyugin Fig. 6.9. Clearly, b, and b, are linearly dependent upon Pe,ug and, therefore, Eq.
(6.14) can be employed. The effective rate constants k3’ and k¢ obtained from a least-square

linear regression of b, and b, are also given in Table 6.3.

Table 6.3. (a) The constant regression coefficient b, and (b) the linear regression coefficient
b, determined from a pressure study of the subthreshold photoionization structure of
C,H,/SF; as a function of Pc,yug (10" cm™).

a. b,

Pcyug 10d 11d 12d 13d 14d
0.00024  0.0022 0.0053 0.011 0.018 0.023
0.012 0.011 0.037 0.064 0.091 0.12
0.061 0.056 0.19 0.32 0.46 0.60
0.12 0.11 0.37 0.63 091 1.2
0.37 0.34 1.2 20 28

Effective rate constant (arbitrary units) *

kO 1.0 3.1 5.1 73 9.4
b. b,

Peais 10d 11d 12d 13d 14d
0.00024  0.0072 0.0010 0.017 0.026 0.041
0.012 0.014 0.047 0.091 0.18 0.30
0.061 0.073 0.24 0.46 0.92 1.6
0.12 0.14 045 091 1.7 3.0
0.37 0.44 14 2.8 5.5

Effective rate constant (arbitrary units) *

ko 12 39 7.6 15 25

(6.14), as shown in Fig. 6.9.
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Fig. 6.9. (a) Constant and (b) linear regression coefficients for the subthreshold density

dependence of C,H,I/SF; plotted vs. pc . (@) 10d, (W) 11d, (A) 12d, (V) 13d, and (@)
14d. The solid lines represent linear least-square fits to Eq. (6.14) (cf. Table 2). See text for
discussion.

As discussed in Chapter 3.C.iii, the electron attachment cross-section scales as the
principal quantum number n of the dopant Rydberg state. Since the electron attachment rate
constant k.’ is proportional to the electron attachment cross-section, k' should also be
linearly dependent on n. The associative ionization rate constant k{;, on the other hand,
should be proportional to n’ (cf. Chapter 3.C.iv). That this is indeed the case is shown in
Figs. 6.10a and 6.10b, respectively. The n dependence of these rate constants, when coupled
with the analysis presented above, allows one to conclude that pathway 1 is sufficient to
explain the behavior of the subthreshold photocurrent in C,H I/SF,.

i CH, [1420]

In this Section, subthreshold photoionization results are reported for pure CcHg and for

C¢H, perturbed by Ar, CF,, c-C,F;, CO,, N, and SF,. For the sake of brevity, only
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Fig. 6.10. (a) Effective rate constant &% for the electron attachment mechanisms (i.e., Eq.
(6.1)) in C,H,USF; (cf. Table 6.3) plotted vs. the excited-state principal quantum number n
of C,H,I. (b) Effective rate constant k{’ for the associative ionization mechanism (i.e., Eq.
(6.2)) in C,H,I/SF (cf. Table 6.3) plotted vs. n’ of C,H,]. The solid lines are linear least-
square fits to the data. The error bars for £}’ and k_’ result from the assumption of a variance
of £ 1 standard deviation both in the fitting of the subthreshold peaks and in the regression
analysis used to obtain these rate constants. See text for discussion.
representative subthreshold photoionization spectra are presented, however. Using
procedures similar to the ones given above for C,Hl, the dopant and perturber number
density dependence of the subthreshold photoionization structure are used to determine
which pathway best models the observed subthreshold structure. The effective rate constants
for electron attachment and associative ionization in these systems are then evaluated from
the density dependent variation of the subthreshold structure.
a. Results
Subthreshold photoionization structure is not observed in the subthreshold spectra of pure

CgH, and in those of C;H, perturbed by Ar, CF,, CO, and N,, which is analogous to the
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behavior observed for the dopant C,H,L

Therefore, subthreshold photoionization in
C¢H, cannot proceed through pathway 2.
CsHg perturbed by c-C,F; possesses weak
subthreshold photoionization structure (cf.

Fig. 6.11), and CH; perturbed by SF,

Photocurrent (arbitrary units)

exhibits strong subthreshold photoionization

structure (cf. Figs. 6.12a and 6.12a"). (The

weakness of the C;H/c-C,F, subthreshold 890 900  9.10 920
Photon energy (eV)

Fig. 6.11. Subthreshold photoionization
spectra of 0.061 x 10'° cm™ C¢H; perturbed
by varying ¢-C,Fs number densities p_.cr
(10" cm): (1) 0.65, (2) 0.97, (3) 1.3, and
(4) 1.8. See Chapter 4 for experimental
details.

structure precludes a complete study of the
density dependence of this structure.)

Figs. 6.12a and 6.12a° present
subthreshold photoionization spectra of
C¢H¢/SF, at constant Pss, and constant pc ., respectively, and the peak areas obtained from
these spectra are plotted versus Py, and pg, in Figs. 6.12b and 6.12b’, respectively. The
linearity of the subthreshold photoionization intensity as a function of Py and pgg in this
system indicates that, similar to the case of C,H,l, the subthreshold photocurrent can be
modeled exclusively by Eq. (6.10). Thus, these measurements show that the subthreshold
photocurrent observed in C,H/SF; arises from pathway 1, with no contribution from
pathway 2.

| b. Discussion
Since C,Hy/SF, behaves like C,H,I/SF,, the effective rate constants are evaluated in the

manner described in Section E.i.b. Again, the effective rate constants are determined by
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Fig. 6.12. Subthreshold photoionization spectra of C{H¢/SF,: (a) photoionization of varying
C¢H, number densities Py, (10'° cm™) perturbed by 0.63 x 10 cm™ SF,. (1) 0.0024, (2)
0.012, (3) 0.12 and (4) 0.24. (a") Photoionization of 0.012 x 10" cm™ CH; perturbed by
varying SF, number densities P, (10°cm™): (1) 0.12, (2) 0.63, (3) 1.8 and (4) 2.4. (b)
Peak areas for the subthreshold structure shown in (a) plotted vs. Pc.. (b') Peak areas for
the subthreshold structure shown in (a') plotted vs. Psre: In(b) and (b): (@) 8R’, (M) 9R',
(A) 10R', (V) 11R', and (@) 12R". The solid lines represent a linear least-square fits to Eq.
(6.10). See Chapter 4 for experimental details.
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Psz, at different constant values of ¢y, thereby confirming that Egs. (6.13) and (6.14)
continue to be the correct model equations. In Table 6.4, the values for b, and b,, obtained
as described above, for various values of p.. <Hg ATC given. (The peak areas used to evaluate
by and b, are given in Appendix 3.B.) These values are also plotted as functions of p. i i

Fig. 6.13. Again b, and b, are linearly dependent on Pcgu, and, therefore can be modeled

Table 6.4. (2) The constant regression coefficient b, and (b) the linear regression coefficient
b, obtained from a pressure study of the subthreshold photoionization structure of C;H/SF,
as a function of Py, (10" cm™).

a. b,

Pcens 8R' 9R' 10R’ IR 12R'
0.0024 0.0012 0.0058 0.010 0.015 0.019
0.012 0.0060 0.029 0.051 0.074 0.097
0.063 0.032 0.15 0.26 0.39 0.51
0.12 0.061 0.29 0.51 0.74 0.97
0.24 0.12 0.57 1.1 14 2.0

Effective rate constant (arbitrary units) *

kO 0.50 24 43 6.2 8.1
b. b,

Py, 8R’ 9R’ 10R’ 1R’ 12R’
0.0024 0.00021 0.0041 0.0076 0.012 0.024
0.012 0.00047 0.0079 0.022 0.049 0.094
0.063 0.0025 0.041 0.12 0.25 0.49
0.12 0.0047 0.079 0.23 0.48 0.94
0.24 0.0094 0.16 0.44 0.98 1.8

Effective rate constant (arbitrary units) *

kg 0.038 0.67 1.9 4.1 78

*The effective rate constants k'’ and k!’ are for least-square linear fits to Eq. (6.14).
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Fig. 6.13. (a) Constant and (b) linear regression coefficients for the subthreshold density
dependence of C,H,/SF; plotted vs. Pegg (@) 8R', (M)9R',(A) I0R',(¥) 1IR', and (@)
12R'". The solid lines represent linear least-square fits to Eq. (6.14) (cf. Table 6.4). See text
for discussion.

using Eq. (6.14). The effective rate constants k' and k{;’ obtained from a least-square linear
regression of b, and b, are also given in Table 6.4.

As before, the electron attachment effective rate constant k2’ and the associative
ionization effective rate constant &' should scale as n and n’, respectively. In Fig. 6.14, this
n dependence is shown to hold for C;H/SF, and, when coupled with the analysis given
above, implies that pathway 1 is sufficient to explain the behavior of subthreshold
photoionization in this dopant/perturber system.

iii,_CHLI [17-20]

Subthreshold photoionization results for pure CH,I and for CH,I/P (P = Ar, CF,, ¢-C,F,,

CO,, N, and SF,) are presented in this Section for variations in Peuy and p,. For the sake of

brevity, however, only representative subthreshold photoionization spectra are presented for
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Fig. 6.14. (a) Effective rate constant k.’ for the electron attachment mechanisms (i.e., Eq.
(6.1)) in C;H,/SF, (cf. Table 6.4) plotted vs. the excited-state principal quantum number
of C{H,. (b) Effective rate constant k! for the associative ionization mechanism (i.e., Eq.
(6.2)) in C,Hy/SF, (cf. Table 6.4) plotted vs. n” of CgHy. The solid lines are linear least-
square fits to the data. The error bars for k3 and kj' result from the assumption of a variance
of + 1 standard deviation both in the fitting of the subthreshold peaks and in the regression
analysis used to obtain these rate constants. See text for discussion.

each system. As in the cases of C,H,l and C;H,, the density dependence of the subthreshold
structure as a function of Pcuy and Pp is used to determine which pathways best model the
observed subthreshold photocurrent. The density dependent variation of the subthreshold
structure is then used to determine the effective rate constants for electron attachment and
associative ionization in these systems. The electron attachment rate constant k.;” is shown
to be linearly dependent on the electron affinity (of CH;I or the perturber), whereas the
associative ionization rate constants k% and ¥’? are shown to depend on the ground-state

polarizability (of CH;I or the perturber).
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a. Results

Unlike C,H,I and C.Hj, pure CH;l is known to exhibit subthreshold photoionization
structure which is quadratically dependent on Peuy [17,20,87,88]. This subthreshold
structure, which is shown in Fig. 6.15a, can be modeled through pathway 2 (in the absence
of P). The peak areas from this structure, which are given in Table 6.5 and plotted versus
Peuy in Fig. 6.15b, can be analyzed with a least-square second-order polynomial regression
on Eq. (6.11). This nonlinear regression leads directly to the electron attachment rate constant
k2 and to the associative ionization rate constant k' for each discrete CH;I Rydberg state

observed (n = 10 - 14), and the values for these rate constants are also given in Table 6.5.
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Fig. 6.15. Subthreshold photoionization spectra of CH;I: (a) photoionization spectra of
varying CH;l number densities pcy,; (10Ycm): (1) 0.00024, (2) 0.012, (3) 0.12, and (4)
0.37. (b) Peak areas for the subthreshold photoionization structure in (a) plotted vs. Peyy-
(@) 10d, (W) 11d, (A) 12d, (V) 13d, and (®) 14d. The solid lines represent least-square
second-order polynomial fits to Eq. (6.11) (cf. Table 6.5). See text for discussion. See
Chapter 4 for experimental details.
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Table 6.5. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure (cf. Fig. 6.15) of pure CH,I at varying number densities

Peuy (1 0" cm®).

Posy 10d 11d 12d 13d 14d
0.00024 0.00 0.00 0.00 0.00 0.00
0.025 0.00 0.0074 0.012 0.018 0.024
0.061 0.014 0.049 0.084 0.13 0.20
0.12 0.035 0.12 0.22 0.36 0.56
0.37 0.21 0.73 1.3 24

Effective rate constants (arbitrary units)*

k2 0.15 0.57 0.94 1.3 1.7
k3 1.2 3.7 1.7 14 25

*The effective rate constants were determined by least square second-order polynomial fits
to Eq. (6.11) (p, = 0), as shown in Fig. 6.15.

The subthreshold photoionization spectra of CH,I/Ar at constant p,,,, along with the peak
areas of this structure plotted versus Pcu,» are presented in Figs. 6.16a and 6.16b. Analogous
data are shown for CH,/Ar at constant Pcy, in Figs. 6.16a" and 6.16b". The quadratic
dependence of the subthreshold photocurrent on Pcy (cf. Fig. 6.16b), coupled with the linear
dependence of this photocurrent on p,, (cf. Fig. 6.16b"), indicates that the CH,VAr
subthreshold photocurrent arises via pathway 2.

Similarly, the subthreshold photoionization spectra of CH,I/CF, at constant Py, along
with the peak areas of this structure plotted versus pcy,), are presented in Figs. 6.17a and
6.17b. Analogous data are shown for CH,/CF, at constant Pcy,, in Figs. 6.17a’ and 6.17b’.
Again, the quadratic dependence of the subthreshold photocurrent on Py, and the linear
dependence of this photocurrent on pcg, imply that the CH,I/CF, subthreshold structure

proceeds through pathway 2.
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Fig. 6.16. Subthreshold photoionization spectra of CH,I/Ar: (a) photoionization spectra of
varying CH,I number densities Py, (10°cm™) perturbed by 0.63 x 10" cm™ Ar: (l)
0.00024, (2)0.012, (3)0.061, and (4) 0 37. (a’) Photoionization spectra 0f 0.061 x 10'? cm
CH;l perturbed by varying Ar number densities p,,(10”cm?): (1) 0.12, (2) 0.63, (3) 0.98,
and (4) 1.3. (b) Peak areas for the subthreshold photoionization structure in (a) plotted vs.
Pcugie (b") Peak areas for the subthreshold photoionization structure in (a’) plotted vs. p,.-
In (b) and (b"): (@) 10d, (M) 11d, (A) 12d, (V) 13d, and (®) 14d. The solid lines
represent linear least-square fits to Eq. (6.11). See text for discussion. See Chapter 4 for
experimental details.
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Fig. 6.17. Subthreshold photoionization of CH,l/CF,: (a) subthreshold photoionization
spectra of varying Pcyy, (10‘9 3) perturbed by 0.12 x 10" cm™ CF,: (1) 0.00024, (2) 0 012,

(3)0.061, and (4) 0.37. (a") Subthreshold photoionization spectra of 0.061 x 10" cm™ CH;I
perturbed by varying pcg, (10'%cm™): (1) 0.12, (2) 0.97, (3) 1.8, and (4) 2.4. (b) Peak areas
for the subthreshold photoionization structure in (a) plotted vs. Pcyy- (b") Peak areas for the
subthreshold photoionization structure in (a’) plotted vs. Pce,- In(b)and (b"): (@) 10d, (W)
11d, (A) 12d, (V) 13d, and (@) 14d. The solid lines represent least-square second-order
polynomial fits to Eq. (6.11). See Chapter 4 for experimental details.
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InFig. 6.18a and 6.18b, the subthreshold photoionization spectra of CH;I/CO, at constant
Pcuyand the peak areas of this structure plotted versus Pco,s respectively, are presented. Similar
data for CH,I/N, are shown in Figs. 6.18a’ and 6.18b’. The strong absorption features of CO,
and N, in this same energy region increase the difficulty of measuring subthreshold
photoionization spectra for increasing Pcy,. However, the linearity of the peak areas as a
function of perturber number density, coupled with the low electron affinities of N, and CO,,
indicates that the subthreshold photocurrent in these systems also proceeds through pathway 2.

Subthreshold photoionization spectra of CH,I perturbed by ¢-C,F, for constant p, ¢ ¢, and
constant Py, are shown in Figs. 6.19a and 6. 192, respectively, and the peak areas obtained
from these spectra are plotted versus p,.c g, and Pcy, in Figs. 6.19b and 6. 19b’, respectively.
Analogous data for CH,l perturbed by SF, are presented in Fig. 6.20. As in the case of
CH;VAr and CF,, the quadratic dependence of this subthreshold structure on Py, and the
linear dependence on P, (P = c-C,F,, SF), indicate that t.hé subthreshold photocurrent
follows pathway 2. However, the lower onset energy observed for CH,;l/c-C,F; and SF, in
comparison to CH;VAr and CF, when Py, is small, suggests that pathway 1 is also
accessible. Therefore, accurate modeling of the CH,l/c-C,F; and SF; subthreshold
photocurrent over the entire density range requires the use of Eq. (6.12).

. Di i

The determination of the effective rate constants for electron attachment and associative
ionization requires a variation in both Peuy and p,. We begin the evaluation of these
constants by studying the density dependence of the subthreshold photocurrent when p, is
varied at different constant values of Pcy,. For constant pcy,, the total subthreshold

photocurrent for pathway 2 (i.e., Eq. (6.11)) and the sum of the two pathways (i.e., Eq.
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Fig. 6.18. (a) subthreshold photoionization spectra of 0.012 x 10" cm™ CH,I perturber by
varying CO, number densities Pco, (10" em™): (1) 0.12, (2) 0.73, (3) 1.1, and (4) 1.5. (a")
Subthreshold photoionization spectra of 0.012 x 10" cm™ CH;I perturbed by varying N,
number densities Py, (10%cm™): (1) 0.12, (2) 0.49, (3) 1.2, and (4) 2.5. (b) Peak areas for
the subthreshold photoionization structure in (a) plotted vs. Pco,. (b") Peak areas for the
subthreshold photoionization structure in (") plotted vs. Pn,- In (b) and (®): (@) 10d, (M)
11d, (A) 12d, (V) 13d, and (@) 14d. The solid lines represent least-square second-order
polynomial fits to Eq. (6.11). All spectra were taken in Cell 2 with a resolution of ~ 10 meV
in the spectral range of interest. See Chapter 4 for experimental details.
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Fig. 6.19. Subthreshold photoionization of CH,l/c-C,F,: (a) Subthreshold photoionization
spectra of varying Pcy,; (10'°cm™) perturbed by 0.12 x 10" cm™ ¢-C,Fy: (1) 0.00024, (2)
0.012, (3) 0.061, and (4) 0.37. (a") Subthreshold photoionization spectra of 0.00024 x 10"
cm™ CH,l perturbed by varying p,.c g, (10°cm™): (1) 0.12, (2) 0.72, (3) 1.8, and (4) 2;4. ®)
Peak areas for the subthreshold photoionization structure in (a) plotted vs. Py, (b') Peak
areas for the subthreshold photoionization structure in (a') plotted vs. P s, In(b)and (b'):
(@) 10d, (W) 11d, (A) 12d, (V) 13d, and (@) 14d. The solid lines represent least-square
second-order polynomial fits to Eq. (6.12). See Chapter 4 for experimental details.
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Fig. 6.20. Subthresholid photoionization spectra of CH,I/SF: (a) photoionization spectra of
varying CH;l number densities Py, (10'°cm™) perturbed by 0.63 x 10' cm™ SFg: (l)
0.00024, (2) 0.012,(3)0.12, and (4) 0 37. (a") Photoionization spectra of 0.061 x 10*° cm
CH;I perturbed by varying SF, number densities pgg, (10'°cm™): (1) 0.12, (2) 0.63, (3) 1.3,
and (4) 2.4. (b) Peak areas for the subthreshold photoionization structure in (a) plotted vs.
Pcryr (") Peak areas for the subthreshold photoionization structure in (a") plotted vs. Psre
In (b) and (b"): (@) 10d, (M) 11d, (A) 12d, (V) 13d, and (@) 14d. The solid lines
represent least-square second-order polynomial fits to Eq. (6.12). See text for discussion.
See Chapter 4 for experimental details.
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(6-12)) reduces to the same form, namely Eq. (6.13). The pPcy,; dependence of the regression
coefficients b, and b, differs significantly for each pathway, however. For pathway 2, the
coefficients b, and b, are

bo = k2 Py * K Peug » by = B Py (6.15)

whereas for the sum of the two pathways, these coefficients become
by = (kD + kX)) Peuy + KD Py s by = KD Py + KD Pl - (6.16)
Since pathway 2 was invoked to explain the subthreshold photoionization structure
observed in CH;VAr, CF,, CO, and N, (cf. Figs. 6.16 - 6.18), the pcy,; dependence of the
coefficients b, and b, should be given by Eq. (6.15). Therefore, if b, and b, are obtained for
various values of Pcy,, and if b, and b, show the correct quadratic dependence upon Pcy,;,
then pathway 2 has been substantiated, and the effective rate constants &2, k% and kK can
be determined. The values for b, and b,, obtained as described above, for various values of
Pcuy are given in Tables 6.6 (CH;I/Ar) and 6.7 (CH,/CF,), and are plotted as functions of
Pcuy in Fig. 6.21. (The peak areas used to obtain b, and b, are given in Appendix 3.C.i
(CH,l/Ar) and 3.C.ii (CH,I/CF,).) A nonlinear least-square regression analysis on the data
of Fig. 6.21 shows that b, and b, are quadratically dependent upon Py Evaluating b, and
b, using Eq. (6.15) then leads to a determination of the effective rate constants k2, k3’ and
K2, which are also given in Tables 6.6 (CH;V/Ar) and 6.7 (CH;UCF,). The electron
attachment rate constant k2 obtained here should be equivalent to that determined directly
from the analysis of the pure CH;,I spectra (cf. Fig. 6.15 and Table 6.5). Similarly, the value
of the associative ionization constant k% determined here should be equivalent to k3 obtained
from pure CH,l (cf. Fig. 6.15 and Table 6.5). In both cases, these rate constants agree

remarkably well with one another.  Although the necessary data needed to directly evaluate
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Table 6.6. (a) The constant regression coefficient b, and (b) the linear regression coefficient
b, determined from a pressure study of the subthreshold photoionization structure of CH,l/Ar
as a function of Pgy, (10" cm™).

a. b,

Pcuy 10d 11d 12d 13d 14d
0.00024 0.00 0.00 0.00 0.00 0.00
0.012 0.00 0.0074 0.012 0.018 0.024
0.061 0.013 0.049 0.084 0.11 0.19
0.12 0.040 0.14 0.22 0.37 0.56
0.37 0.21 0.73 14 24

Effective rate constants (arbitrary units) *

k2 0.15 0.57 0.94 13 1.7

K 1.2 3.7 7.6 14 25

b. b,

Peiy 10d 11d 12d 13d 14d
0.00024  0.00 0.00 0.00 0.00 0.00
0.012 0.00 0.0035 0.0036 0.0040 0.0057
0.061 0.0087 0.0089 0.0095 0.011 0.012
0.12 0.033 0.035 0.037 0.039 0.045
0.37 032 0.33 0.35 0.38

Effective rate constant (arbitrary units) *

EP 2.3 24 2.6 2.8 3.0

*The effective rate constants k2, k2 and k* were determined by least-square second-order
polynomial fits to Eq. (6.15), as shown in Figs. 6.21a and 6.21b.
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Table 6.7. (a) The constant regression coefficients b, and (b) the linear regression
coefficients b, determined from a pressure study of the subthreshold photoionization
structure of CH,I/CF, as a function of Py, (10* cm?).

a. b,

Pcuy 10d 11d 12d 13d 14d
0.00024 0.00 0.00 0.00 0.00 0.00
0.012 0.00 0.0075 0.012 0.018 0.024
0.061 0.014 0.048 0.086 0.13 0.20
0.12 0.035 0.12 0.22 0.36 0.55
0.37 0.22 0.71 1.4 24 4.0

Effective rate constants (arbitrary units)*

ko 0.15 0.58 0.92 1.3 1.7
K 1.3 3.6 7.7 14 25

b. 5,

Py 10d 11d 12d 13d 14d
0.00024 0.00 0.00 0.00 0.00 0.00
0.012 0.00 0.0082 0.0087 0.0094 0.010
0.061 0.021 0.023 0.024 0.026 0.029
0.12 0.080 0.083 0.089 0.095 0.11
0.37 0.76 0.79 0.83 0.92 0.99

Effective rate constant (arbitrary units)*

ke 5.5 5.8 6.1 6.7 7.3

fits to Eq. (6.15), as shown in Figs. 6.21a’ and 6.21b’.
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Fig. 6.21. (a) Constant and (b) linear regression coefficients (cf. Table 6.6) for the
subthreshold density dependence of CH;/Ar plotted vs. Pcy,. (a) Constant and (b') linear
regression coefficients (cf. Table 6.7) for the subthreshold density dependence of CH;/CF,
plotted vs. Pcyy. (@) 10d, (M) 11d, (A) 12d, (V) 13d, and (@) 14d. The solid lines
represent least-square second-order polynomial fits to Eq. (6.15). See text for discussion.
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all of the rate constants for CH,I/N, and CH,l/CO, were not obtained, the values for the
effective rate constant /2 for perturber stabilized associative ionization of CH,I can be

evaluated for N, and CO, by using the values

Table 6.8. The effective rate constant for
perturber-stabilized associative ionization

K2 for the perturbers CO, and N,. See
text for discussion.

of k2 and k3 determined from pure CH;,I (cf.

Table 6.5). These values are given in Table

6.8. (The peak areas and regression Perturber 1ld 12d 13d 14d

coefficients b, and b, used to obtain these CO, 36 39 43 48
N, 24 26 28 30

effective rate constants are given in Appendix
3.C.iii.)

As discussed above, an explanation of the density dependence of CH,l/c-C,F; and SF;
should require both pathways 1 and 2 and, therefore, b, and b, are given by Eq. (6.16) in this
case. In Fig. 6.22a and 6.22b, respectively, b, and b, are plotted as functions of Peuy for the
CH,V/c-C,F; system. Analogous data for the CH,I/SF, system are presented in Figs. 6.22a’
and 6.22b’. The values of b, and b, are given in Table 6.9 (CH,l/c-C,F;) and Table 6.10
(CH,VUSF,), along with the effective rate constants £, k&, k2 and k. obtained from least-
square second-order polynomial fits of b, and b, to Eq. (6.16). One must point out that, from
the regression analysis of by, only k%’ and the sum of the electron attachment rate constants
k2 + kX are obtained. However, since k&' obtained from this analysis agrees, to within
experimental error, with k%' as determined from pure CH,I (cf. Table 6.5), CH,I/Ar (cf. Table
6.6) and CH,I/CF, (cf. Table 6.7), the &2’ values determined from pure CH;I have been used
in order to obtain the £ values reported here. (The peak areas used to obtain the b, and b,
values presented in Tables 6.9 and 6.10 are given in Appendix 3.C.iv (CH;l/c-C,Fy) and

3.C.v (CH,I/SF,).)
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Fig. 6.22. (a) Constant and (b) linear regression coefficients (cf. Table 6.9) for the
subthreshold density dependence of CH,l/c-C,F; plotted vs. Pcy,. (a”) Constant and (b')
linear regression coefficients (cf. Table 6.10) for the subthreshold density dependence of
CH,USF, plotted vs. pcy,. (@) 10d, (W) 11d, (A) 12d, (V) 13d, and (®) 14d. The solid
lines represent least-square second-order polynomial fits to Eq. (6.16). See text for
discussion.
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Table 6.9. (a) The constant regression coefficients b, and (b) the linear regression
coefficients b, determined from a pressure study of the subthreshold photoionization

structure of CH,l/c-C,F; as a function of pey, (10" cm™).

a. b,

Pcuy 10d 11d 12d 13d 14d

0.00024 0.00 0.0055 0.0090 0.013 0.017

0.012 0.0075 0.028 0.046 0.065 0.086

0.061 0.041 0.15 0.26 037 0.51

0.12 0.090 0.33 0.56 0.83 1.2

0.37 0.46 1.4 24 39 5.8
Effective rate constants (arbitrary units)*

kY 0.38 1.7 28 40 53

k? 1.1 3.7 1.5 14 24

b. bl

Pcuy 10d 11d 12d 13d 14d

0.00024 0.00 0.0061 0.012 0.024 0.041

0.012 0.011 0.033 0.064 0.12 0.21

0.061 0.084 0.19 0.35 0.66 1.1

0.12 0.23 045 0.76 14 23

0.37 1.4 23 3.2 52 8.2
Effective rate constants (arbitrary units)*

£y 0.80 2.6 52 10 17

E2 8.9 9.3 9.9 11 12

The effective rate constants k%", k%’ and k" are from least-square second-order polynomial
fits to Eq. (6.16), as shown in Figs. 6.22a and 6.22b. The rate constant k3’ results from

subtracting the value for k' obtained from pure CH;,I (cf. Table 6.5) from the first-order
regression coefficient of the least-square fits of b, (see text for details).
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Table 6.10. (a) The constant regression coefficient b, and (b) the linear regression
coefficient b, determined from a pressure study of the subthreshold photoionization
structure of CH,V/SF; as a function of pcy,, (10" cm™).

a. b,

Pcuy 10d 11d 12d 13d 14d
0.00024 0.0010 0.0025 0.0094 0.018 0.025
0.012 0.011 0.042 0.067 0.099 0.13
0.061 0.060 0.23 0.37 0.54 0.72
0.12 0.13 0.43 0.77 1.2 1.6
0.37 0.49 1.8 3.1 49

Effective rate constants (arbitrary units) *

kO 0.77 2.9 47 6.6 8.7
k® 1.1 3.8 7.5 14 24

b. 5,

Py 10d 11d 12d 13d 14d
0.00024 0.0056 0.0095  0.019 0.031 0.060
0.012 0.013 0.039 0.074 0.14 0.25
0.061 0.090 0.25 0.40 0.71 1.3
0.12 0.20 0.50 0.83 1.6 26
0.37 1.5 2.3 35 5.7

Effective rate constants (arbitrary units) *

kK 0.95 3.1 6.1 12 20
Ko 8.2 8.3 8.9 9.6 11

The effective rate constants £, k% and k® were determined by least-squares second-order
polynomial fits to Eq. (6.16) as shown in Figs. 6.22a’ and 6.22b". The rate constant k.’
results from subtracting the value for k2’ obtained from pure CH,I (cf. Table 6.5) from the
first-order regression coefficient of the least-square fits of b, (see text for discussion).
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Similar to the C,H,I and C;H; systems presented above, the n dependence of the effective
rate constants for CH,I/P (P = Ar, CF,, c-C,F,, CO,, N, and SF) can be used to validate
further the above choice of pathways. Moreover, variations in the rate constants for different
perturbers can also be investigated for the data presented in this Section. In Fig. 6.23a, the
effective rate constants for electron attachment to CH,I (i.e., £& (CH,I)), for electron
attachment to ¢-C,F; (i.e., %' (c-C,F,)) and for electron attachment to SF (i.e., k3’ (SF;)) are
plotted versus n. The associative ionization rate constants for CH;I homomolecular
dimerization (i.e., £ (CH,I)), for CH;l/c-C,F; heteromolecular dimerization (i.e., £’
(c-C,Fy)) and for CH,VSF, heteromolecular dimerization (i.e., £}’ (SF,)) are plotted as
functions of n” in Fig. 6.23b. Likewise, in Fig. 6.23c, the perturber-stabilized associative
ionization rate constants £ for CH;I/P (P = Ar, CF,, ¢-C,F,, CO,, N, and SF,) are plotted
versus n’. Clearly, k{? is linearly dependent on n, and k% and £ are directly proportional
to n’. One can conclude, therefore, that electron attachment (i.e., Egs. (6.1) and (6.3)) and
associative ionization (i.e., Eqgs. (6.2), (6.4) and (6.5)) are sufficient to explain the density
dependence of the subthreshold photocurrent observed in CH,1.

Fig. 6.23a also shows that k2 (SFg) > k.’ (c-C,Fy) > k& (CH;I). If the electron
attachment rate constant increases linearly with increasing stability of the molecular anion,
then normalization of k4 to the electron affinity of the neutral species involved in anion
formation (i.e., CH,l, c-C,F,, and SF,) should result in a single linear correlation. In Fig.
6.24a, we present k5" normalized in this way to electron affinity and plotted as a function
of n. This figure shows, to within experimental error, that one correlation line does indeed
result. (In Fig. 6.24a, k2 (CH;]), k2 (c-C,F,) and k%’ (SF4) are normalized to the electron

affinities given in Table 6.11.)
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Fig. 6.23. (a) Effective rate constants k4 for electron attachment to ¢-C,F; (i.e., Eq. (6.1)
and Table 6.9), CH,I (i.e., Eq. (6.3) and Table 6.5) and SF; (i.e., Eq. (6.3) and Table 6.10)
plotted vs. CH,I excited-state principal quantum number n. (V) c-C,F, (@) CH;land (A)
SF,. (b) Effective rate constants k{}” for associative ionization of CH,I with c-C F; (i.e., Eq.
(6.2) and Table 6.9), with CH, (i.e., Eq. (6.4) and Table 6.5), and with SF; (i.e., Eq. (6.2)
and Table 6.10) plotted vs. n’. (V) c-C,F,, (@) CH;I and (A) SF;. (c) Effective rate
constants k™ for the perturber-stabilized associative ionization of CH, (i.., Eq. (6.5))
plotted vs. n’. (0J) Ar (cf. Table 6.6), (®) CF, (cf. Table 6.7), (¥) c-C,F; (cf. Table 6.9),
(©) CO, (cf. Table 6.8), (®) N, (cf. Table 6.8), and (A) SF; (cf. Table 6.10). The solid
lines are linear least-square fits to the data. The error bars for the effective rate constants
result from the assumption of a variance of + 1 standard deviation in both the fitting of the

subthreshold peaks and the regression analysis used to obtain these rate constants. See text
for discussion.
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Fig. 6.24. (a) The effective rate constants k$* for ¢-C,F, (V), CH;l (@) and SF, ()
normalized to the electron affinity of ¢-C,F;, CH,], and SF,, respectively. (b) The effective
rate constants k. for c-C,F; (¥), CH,I (@) and SF, (A) normalized to the ground-state
polarizability of c-C,F;, SF,, and CH,], respectively. (c) The effective rate constants k. for
Ar(0J), CF, (@), c-C,F; (), CO, (), N, (@), and SF; (A) normalized to the ground-state
polarizability of the perturber. The error bars shown for the effective rate constants are the
maximum errors from Fig. 6.23. See Table 6.11 for the values of the electron affinities and
ground-state polarizabilities used.
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Table 6.11. Adiabatic electron affinities (EA) and ground-state polarizabilities (&) of CH,I

Molecule EA (eV) Ref. a (10 cm®) Ref.
Ar _— 1.6411 [65,66)
CF, — 3.838 [139]
¢-CF, 0.630 [153] 7.37 [142]
CH,I 0.20 [154] 7.97 [155]
o, — 2911 [156]
N, — 1.7403 [65,66]
SF, 1.05 [157] 6.54 [144]

From Fig. 6.24b, k3 (CH,I) > &%’ (SFy) > ki (c-C,F,), thus indicating that homomolecular
CH,I dimerization (i.e., Eq. (6.4)) is more favorable than heteromolecular CH,l/SF;
dimerization which, in tumn, is more favorable than heteromolecular CH,l/c-C,F;
dimerization. The associative ionization rate must depend upon the polarizability of the
ground-state molecule in the dimer pair (cf. Chapter 3.C.iv), albeit in ways that are
sensitively dependent upon the nature of the potentials chosen to model these interactions.
Therefore, if we assume that the dominant interactions are ion-induced dipole interactions
[113], then k{” should be directly proportional to the polarizability of the ground-state
molecule in the dimer pair. Fig. 6.24b shows that, when k{” is normalized to the ground-
state polarizability in the manner described above, this does in fact hold for CH;I and for
CH,I/SF,, but not for CH,l/c-C,F;. (In Fig. 6.24b, we have normalized to the polarizabilities
given in Table 6.11.) Thus, dimerization involving c-C,F, is not as efficient as dimerization
involving the more spherical molecules CH;,I and SF,.

Finally, under the assumption that the perturber-stabilized associative ionization rate
constants are also linearly dependent on the ground-state polarizability of the perturber,

K should collapse to a single linear correlation for all perturbers. That this is the case for
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CH,I/P (P = Ar, CF,, c-C,F,;, CO,, N, and SF,) is shown in Fig. 6.24c (where the K values
have been normalized to the polarizabilities given in Table 6.11).
F. Summary of Resuits

In this Chapter, subthreshold photoionization results for CH,I, C,H;I and C H, perturbed
by Ar, CF,, c-C,F;, CO,, N, and SF; for variations in temperature, dopant number density pp,
and perturber number density p, have been presented. The electron scattering lengths for the
fluorinated gases CF,, ¢-C,F; and SF, were evaluated and shown to agree with the zero-
kinetic-energy electron scattering lengths obtained from the perturber-induced energy shifts
of the absorption and autoionization structure of the same dopaats, thereby confirming that
the subthreshold photocurrent arises from ionization of high-n Rydberg states.

Temperature studies showed that the subthreshold structure observed in these
dopant/perturber systems did not arise from hot-band or rotational autoionization. The
collisional transfer of translation energy was shown to follow a Boltzmann distribution, and
to contribute only to the rising exponential background. Moreover, this collisional ionization
was shown to be independent of the nature of the perturber, thereby demonstrating the
absence of collisional transfer of vibrational or rotational energy from a molecular perturber
to the excited-state dopant. Furthermore, photochemical rearrangement was ruled out as a
possible mechanism on the basis of energetics.

By varying both p,, and p,, pathway 1 (i.e., Egs. (6.1), (6.2) and (6.10)), which depends
upon direct dopant/perturber interactions, was shown to be sufficient to explain the origin
and behavior of subthreshold photoionization in both C,H,l/SF, and C;H,/SF,. The present
analysis also concluded that the subthreshold photocurrent in CH,I/P (P = Ar, CF,, CO,,N,)

can be modeled solely within the confines of pathway 2 (i.e., Eqs. (6.3) - (6.5) and (6.11)).
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However, the subthreshold photoionization in CH,I/P (P = c-C,F;, SF,) proceeds through
both pathways I and 2 simultaneously (i.e., Egs. (6.1) - (6.5) and (6.12)).

By systematically varying p,, and Py, the effective rate constants for the various processes
leading to subthreshold photoionization were determined. The effective rate constant for
electron attachment to CH;l (i.e., 2" obtained from pure CH,I was shown to agree well with
that obtained from CH,/Ar and CH,I/CF,. Moreover, the CH;I homomolecular dimerization
effective rate constant (i.e., k") obtained from pure CH;I agrees with the same constant
determined for CH,l/Ar, CH,V/CF,, CH,l/c-C,F; and CH,I/SF;, thus demonstrating the
consistency of these analyses.

It was shown that £, k4 and k' scale in a simple fashion with respect to the principal
quantum number » of the dopant Rydberg state. One can conclude, therefore, that the
mechanisms of (saturated) electron attachment and associative ionization are sufficient to
explain the behavior of the subthreshold photocurrent for all of the D/P systems presented
here. Furthermore, for the dopant CH;l, the variation in the effective rate constants for
electron attachment k,* to CH;L, to c-C,F; and to SF, has been shown to scale linearly with
electron affinity. The variation in the associative ionization rate constant k}” has been
shown to be directly proportional to the polarizability of the ground-state molecule in the
CH,I*-*X dimer pair (X = CH;l, SF,). However, a comparison of k;}” for CH;1, c-C,F; and
SF, also showed that heteromolecular dimerization of CH;I to c-C,F, is less efficient than
dimerization either to CH,I or to SF,. Finally, the perturber-stabilized associative ionization
rate constant k. for CH,I/P (P = Ar, CF,, c-C,F,, CO,, N,, SF() has been shown to be

linearly dependent on the ground-state polarizability of the perturber.
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Chapter 7. Conclusion

In this Dissertation, perturber effects on the photoionization spectra of various dopants
were used to probe the nature of dopant/perturber interactions. The presentation of these
results began, in Chapter 2, with a brief introduction to Rydberg states, including the
methods used to generate and study these highly excited states. Some of the various types
of perturber effects on dopant Rydberg states were then reviewed in Chapter 3 in order to lay
a foundation for the results presented in Chapters 5 and 6. Chapter 4 gave a description of
the experimental equipment and procedures used throughout this work. In Chapter 5, the
perturber-induced energy shifts of high-n dopant Rydberg states, determined from the
absorption and autoionization spectra of the dopant, were used to evaluate the zero-kinetic-
energy electron scattering lengths of CF,, ¢-C,F; and SF,. To the best of our knowledge,
these measurements represent the first experimental determination of the zero-kinetic-energy
electron scattering lengths of CF, and c-C,F,, and the first determination of the zero-kinetic-
energy electron scattering length of SF, using high-n dopant Rydberg states. The
investigation of dopant/perturber interactions continued in Chapter 6 with the study of the
subthreshold photoionization of various dopants as a function of temperature and number
density (of the dopant and the perturber).

During the process of investigating the density effects on the subthreshold
photoionization spectra of CH,I, C,H,I and C,H; in various perturbers (Ar, CF,, ¢-C,Fg, CO,,
N, and SF,), the perturber-induced energy shifts of the subthreshold structure was used to
evaluate the zero-kinetic-energy electron scattering lengths for the fluorinated gases CF,,
¢-C,F,, and SF; in Chapter 6.B. Since the zero-kinetic-energy electron scattering lengths

obtained from the subthreshold spectra agree well with those obtained in Chapter § from the
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absorption and autoionization spectra, one can conclude that the observed subthreshold
photoionization structure arises from the ionization of high-n Rydberg states.

Therefore, the main result of this work was to use the temperature dependent and density
dependent behavior of subthreshold photocurrent, observed in various dopant/perturber
systems, to probe the mechanisms leading to subthreshold photoionization. The dopants
chosen for this study were CH, 1, C,H,I and C,H, while the perturbers were Ar, CF,, c-CF;,
CO,, N, and SF;. From the temperature study of this subthreshold structure, hot-band
autoionization and rotational autoionization were ruled out as possible mechanisms (cf.
Chapter 6.C) leading to subthreshold photoionization. Collisional transfer of rotational and
vibrational energy from the perturber to the excited state dopant was dismissed because of

- the similarity of the subthreshold structure for both atomic and molecular perturbers.
Moreover, photochemical rearrangement was excluded on the basis of energetics (cf. Chapter
6.D). Therefore, we proposed two possible pathways which could lead to subthreshold
photoionization (cf. Chapter 6.E). Although both of these pathways invoke the processes of
(saturated) electron attachment and associative ionization, the nature of the dopant/perturber
interactions was different for each of the pathways.

The first pathway (i.e., Egs. (6.1) - (6.2)) invoked direct dopant/perturber interactions in
the form of electron attachment to the perturber and heteromolecular dopant/perturber
dimerization. The second pathway (i.e., Eqs. (6.3) - (6.5)), on the other hand, invoked only
indirect dopant/perturber interactions via perturber-stabilized homomolecular dopant
dimerization. Subthreshold photoionization in C,H,I and C;H, was shown to proceed only
through pathway 1, whereas CH;I was shown to be able to access both pathways 1 and 2.

From these results, several qualitative observations were made:
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(1) Fora dopant/perturber system to be able to access pathway 1, the perturber must possess
a large electron affinity and a large ground-state polarizability. Furthermore, the dopant and
perturber must be able to form heteromolecular dimers in the static gas-phase system.

(2) The second pathway requires that the dopant have a large electron affinity and a large
ground-state polarizability. Moreover, the dopant must be able to form homomolecular
dimers in the static gas-phase system.

By systematically varying the dopant and perturber number densities, the effective rate
constants for electron attachment and associative ionization were determined. The effective
rate constant for electron attachment, k57, was shown to be inversely proportional to the
velocity of the Rydberg electron (i.e., k5™ was shown to scale linearly with n) and directly
proportional to the electron affinity of the neutral ground-state molecule involved in the
electron attachment process. Therefore, one can conclude that the stability of the molecular
anion formed during electron attachment plays an important role in the probability of this
process occurring. The effective rate constants for associative ionization, k™ and £, were
shown to be proportional to the polarizability of the dopant Rydberg state (i.e., ki and £’
were shown to scale linearly with n”). Moreover, the effective rate constant for perturber-
stabilized associative ionization, X%, was shown to be linearly dependent on the ground-state
polarizability of the perturber. However, comparison of the associative ionization effective
rate constant, k5, for CH,1, c-C,F; and SF, showed that heteromolecular dimerization of
CH,I with ¢-C,F, is less efficient than dimerization either with CH;I or with SF,.

In order to probe further the applicability of pathways 1 and 2 as models of subthreshold
photoionization, different dopants and perturbers should be considered. With this in mind,

an attempt to measure subthreshold photoionization spectra of HI was made. However, HI
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caused serious corrosion problems in our vacuum system which led to our discontinuation
of these measurements. Initial results, however, showed that HI exhibited rich subthreshold
photoionization structure which was quadratically dependent on the HI number density,
indicating that pathway 2 is accessible for this system.

Examining the variation of the effective rate constant for electron attachment as a
function of the perturber electron affinity, which might eventually lead to a new method for
probing electron affinities, will require additional studies with different perturbers that can
access pathway 1. Likewise, examination of the variation in the associative ionization rate
constant, which might later be used to probe the type of interaction potential needed to model
various dopant/perturber systems, will require additional studies with different dopants
possessing different molecular symmetries, polarizabilities and electron affinities.

In conclusion, this work has demonstrated that the mechanisms of interaction between
dopants and perturbers can be sensitively probed using number density effects on
subthreshold photoionization structure. The excited-state mechanisms of electron attachment
and associative ionization were shown to lead to subthreshold photoionization in the
dopant/perturber systems examined here. Moreover, variations in subthreshold peak areas,
as functions of dopant and perturber number density, provided a powerful means to
determine effective rate constants for electron attachment and associative ionization. Finally,
these effective rate constants were assessed with respect to dependence upon the principal
quantum number of the dopant excited state, the ground-state polarizability of the perturber

(or dopant) and the electron affinity of the perturber (or dopant).
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Appendix 1. Energy Positions of High-n Rydberg States

A. Photoabsorption and Autoionization [14-16]

Table Al.1. nd and nd’ Rydberg state energies (eV) of C,H,[, as well as I, = I (X, ’E,;,) and
L, = I (X, ’E,,,) obtained by fitting the assigned spectra (cf. Fig. 5.1) to the Rydberg equation,
in selected Ar number densities p,, (10 cm™). (The errors in the energies are + 3 meV.)

Par 10d 11d 12d 13d I,

0.024 9.123 9.169 9.204 9.231 9.348
0.13 9.122 9.168 9.203 9.230 9.347
0.24 9.121 9.167 9.203 9.229 9.346
0.66 9.120 9.165 9.201 9.227 9.345
1.2 9.117 9.163 9.199 9.223 9.340
24 9.110 9.158 9.194 9.218 9.336
3.8 9.104 9.149 9.186 9.215 9.329
4.9 9.100 9.146 9.183 9.207 9.324
Par 10d’ 11d 12d 13d’ 14d’ L

0.024 9.704 9.753 9.787 9.813 9.834 9.931
0.13 9.704 9.752 9.786 9.812 9.833 9.930
0.24 9.703 9.751 9.785 9.811 9.832 9.929
0.66 9.701 9.750 9.784 9.810 9.831 9.928
1.2 9.697 9.747 9.780 9.806 9.828 9.923
24 9.691 9.741 9.775 9.801 9.823 9.918
3.8 9.684 9.736 9.769 9.794 9.912
49 9.677 9.729 9.763 9.789 9.909

119

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



Table Al1.2. nd and nd’ Rydberg state energies (¢V) of CH;L, as well as I, = I E,,) and I,
= I (’E,,) obtained by fitting the assigned spectra (cf. Fig. 5.3) to the Rydberg equation, in
selected CF, number densities pcy, (10° cm™). (The errors in the energies are + 3 meV.)

P, 9d 10d itd 12d 13d 14d I
0.013 9253 9317 9364  9.398 9423 9441 9.537
0.039 9253 9317 9364  9.398 9423 9441  9.537
0.073 9252 9316 9364  9.398 9423 9441  9.537
0.15 9252 9315 9363 9397 9422 9440  9.536
0.18 9252 9315  9.363 9.397 9422 9440 9.536
0.23 9.251 9314 9362 939 9.421 9439  9.535
0.74 9249 9312 9359  9.394 9418 9437  9.533
1.3 9243 9307 9355  9.389 9412 9432 9528
Per, 9d’ 10d’ 1nd 12d’ 13d 14d’ I
0.013 9.867 9938  9.986 10.021 10.046 10065 10.163
0.039 9.867 9938 9986 10.021 10.046 10.065 10.163
0.073 9.867 9938 9985 10.021 10.045 10065 10.163
0.15 9866 9938  9.984 10020  10.044 10064 10.162
0.18 9.866 9937 9984 10020 10.044 10064 10.162
0.23 9.865 9936  9.983 10019  10.043  10.063 10.161
0.74 9.862 9934 9980 10016  10.040 10.060 10.159
1.3 9856 9925 9974 10.010

10.035 10.055 10.155

Table A1.3 nd and nd’ Rydberg state energies (eV) of C,H,I, as well as I, = I( X, ’E,,) and
I, = 1(R, ’E,,) obtained by fitting the assigned spectra (cf. Fig. 5.3) to the Rydberg equation,
in selected CF, number densities pcg, (10% cm®). (The errors in the energies are + 3 meV.)

P, 9d 10d 11d 12d 13d I,

0.24 9.050 9.120 9.168  9.202 9.228 9.346
1.2 9.043 9113 9160  9.195 9.221 9.339
2.4 9.034  9.104  9.151  9.185 9.211 9.329
4.6 9.014 9.083  9.130  9.152 9.309
6.1 9.000 9070  9.117 9.296
Pcr, 9d’ 10d’ 11d 12d 13d' 14d’ I,

0.24 9630 9701 9750  9.784 9.810  9.831  9.930
1.2 9623 9.692 9740  9.775 9.803  9.822 9921
2.4 9613 9684 9733  9.767 9793 9814 9913
4.6 9593  9.665 9713  9.747 9.773 9.894
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Table A1.4. nd’ Rydberg state energies (eV) of CH,l, as well as I, = I (E,,) obtained by
fitting the assigned spectra (cf. Fig. 5.5) to the Rydberg equation, in selected c-C,F; number
densities ¢z, (10" cm™). (The errors in the energies are + 3 meV.)

Pocs 9d’ 10d’ 11d 12d’ 13d’ 14d I

0.12 9.867  9.938  9.987  10.022 10047 10.065 10.163
0.36 9.867 9937 998 10021 10046 10.064 10.162
0.73 9.866 9937  9.985 10020 10045 10.063 10.161
1.4 9.865 9935 9984 10018 10043  10.061 10.158
1.8 9.863 9933 9982 10017 10042 10060 10.157

24 9.862 9.932 9.981 10.016 10.040  10.057 10.153

Table A1.5 nd’ Rydberg state energies (eV) of CH,L as well as I, = I (E,,,) obtained by
fitting the assigned spectra (cf. Fig. 5.7) to the Rydberg equation, in selected SF; number
densities pgz, (10" cm™). (The errors in the energies are + 3 meV.)

Pse, 9d’ 10d’ 11d 12d' I

0.12 9.868 9938  9.988 10022  10.164
0.96 9.867 9937  9.987 10022  10.162
2.0 9.866 9936  9.986 10020  10.162
5.0 9.863 9933  9.980 10013  10.153

10.139

B. Subthreshold Photoionization [14,17]

Table A1.6. nd Rydberg state energies (eV) of CH,, as well as I, = I (E,,) obtained by
fitting the assigned spectra (cf. Fig. 6.1a) to the Rydberg equation, in selected CF, number
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Table Al1.7. nd Rydberg state energies (eV) of CH,l, as well as I, = I (°E,,) obtained by
fitting the assigned spectra (cf. Fig. 6.2a) to the Rydberg equation, in selected c-C,F; number
densities .c.¢, (10" cm™). (The errors in the energies are + 3 meV.)

Pecyr, 11d 12d 13d 14d I

0.12 9365 9398 9423 9441 9.538
0.36 9364 9398 9422 9440 9537
0.73 9363 9396 9421 9439 9536
14 9361 9394 9419 9437 9534
1.8 9360 9393 9418 9436  9.533

24 9.358 9.392 9416 9.434 9.531

s s

Table A1.8. nd Rydberg state energies (eV) of CH,l, as well as I, = I (*E,,) obtained by
fitting the assigned spectra (cf. Fig. 6.3a) to the Rydberg equation, in selected SF, number
densities Pge, ( 10 cm®). (The errors in the energies are + 3 meV.)

Psr, 11d 12d 13d 14d I,

0.13 9363 9397 9423  9.441 9.538
0.49 9362 9396 9422 9441 9536
0.73 9361 9395 9422 9440  9.535
12 9360 9395 9421 9.534
1.8 9359 9393 9421 9.533
2.4 9353 9390  9.417 9.530

Table A1.9. nd Rydberg state energies (eV) of C,H,], as well as I, = [ (X, E,,) obtained by
fitting the assigned spectra (cf. Fig. 6.3b) to the Rydberg equation, in selected SF; number

Psr, 10d 11d 12d 13d 14d I,

0.12 9.122 9171 9203 9228 9249  9.349
0.49 9.120  9.169 9203 9227 9249 9348
0.73 9.119  9.167 9201 9226 9248  9.347
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Table A1.10. nR’ Rydberg state energies (¢V) of C¢H, as well as I, = I CE,)) obtained by
fitting the assigned spectra (cf. Fig. 6.3¢) to the Rydberg equation, in selected SF, number
densities Pg;, (10" cm™). (The errors in the energies are + 3 meV.)

Pse, 8R’ 9R’ 10R' 1R 12R’ I,

0.13 9.030 9.079  9.110 9.134 9.153  9.244
0.24 9.029 9.078  9.110 9.134 9.153  9.243
0.49 9.028 9.077  9.109 9.133 9.152  9.242
0.72 9.027 9076  9.108 9.132 9.151  9.241
L1 9.027  9.075  9.107 9.131 9.150  9.240
22 9.025 9.074  9.106 9.130 9.239
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Appendix 2. Exponential Background Data from
Subthreshold Photoionization

A. Regression Coefficients

Table A2.1. The regression coefficients ¥, for the exponential least-square fit (i.e., e*4E) to
the background of the CH,I/P (P = Ar, CF,, ¢-C,F,, CO,, N, and SF,) ionization threshold.

0.012 x 10" cm™ CH;1/0.49 x 10" cm™ Ar

Temperature (K) ¥ (arbitrary units) T ¥ (arbitrary units)
233 0.313 729
298 0.245 73.0
348 0.210 73.0

0.012 x 10""* cm™ CH,1/0.72 x 10" cm™ CF,

Temperature (K) % (arbitrary units) T ¥ (arbitrary units)
276 0.261 720
298 0.243 72.3
353 0.208 722

0.00024 x 10" cm” CH,1/0.72 x 10" cm™ ¢-C,F,

Temperature (K) % (arbitrary units) T % (arbitrary units)
300 0.247 74.1
320 0.232 74.2
354 0.209 74.0

0.012 x 10" em™® CH,1/0.12 x 10'° cm™ CO,

Temperature (K) ¥ (arbitrary units) T ¥ (arbitrary units)
224 0.329 73.7
262 0.282 73.8
298 0.248 739
332 0.222 73.7
350 0.211 73.8

0.012 x 10" cm™® CH,10.72 x 10" cm® N,

Temperature (K) ¥ (arbitrary units) T ¥ (arbitrary units)
233 0.310 722
298 0.242 72.1
332 0.218 723

0.012 x 10" cm™ CH,1/0.12 x 10" cm™ SF,

Temperature (K) ¥ (arbitrary units) T y (arbitrary units)
243 0.307 74.6
273 0.274 74.8
301 0.248 74.6

332 0.224 74.5
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B. Area of Exponential Background

Table A2.2. The area of the least-square fits to the exponential background of the threshold
region of CH;I perturbed by Ar, CF,, c-C,F;, CO,, N, and SF, at 298 K as a function of
perturber number density p, (10'° cm™). The CF, spectra and c-C,F; spectra (cf. Appendix
2.A) used for this measurement were taken in Cell 1 with a resolutions of ~ 8 meV in
the energy region of interest. All other spectra were taken in Cell 2 with a resolution of
~ 10 meV in the energy region of interest.

Pe P=  Ar CF, ¢-CF, CO, N, SF,
0.12 8.4 8.4 8.4 8.4 8.4 8.4
0.24 8.5 — — — 8.5 8.5
0.36 — — 8.6 8.6 — —
0.39 — 8.7 — — — —
0.49 8.7 — — — 8.7 8.7
0.73 8.9 8.8 8.9 8.8 8.9 8.9
0.98 — — — — — 9.0
1.1 — — — 9.1 — —
12 9.2 — — — 9.2 9.3
L5 — 9.4 9.4 9.4 — —
1.8 — 9.7 9.7 — — —
2.3 — 10 10 — 10 —
L ... . _____
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Appendix 3. Subthreshold Photoionization Peak Areas

A. C,H,I/SF, [14,20]

Table A3.1. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.00024 x 10" cm™ C,HJI in varying SF, number densities

Pss, (10° cm?).

Psz, 10d 11d 12d 13d 14d
0.12 0.0031 0.0065 0.013 0.021 0.028
0.63 0.0067 0.012 0.022 0.034 0.049
0.98 0.0093 0.015 0.028 0.043 0.063
1.3 0.012 0.019 0.034 0.053 0.078
1.8 0.015 0.024 0.042 0.066 0.098
24 0.020 0.030 0.052 0.081 0.12
Regression coefficients

be 0.0022 0.0053 0.011 0.018 0.023
b, 0.0072 0.010 0.017 0.026 0.041

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.2. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.012 x 10" e¢m? C,H,l in varying SF, number densities

Psz, (10 cm?).

Pse, 10d 11d 12d 13d 14d
0.12 0.013 0.043 0.075 0.11 0.15
0.63 0.020 0.067 0.12 0.20 0.31
0.98 0.025 0.083 0.15 0.27 0.42
1.3 0.030 0.10 0.19 0.33 0.52
1.8 0.037 0.12 0.23 0.42

24 0.046 0.15 0.29 0.52

Regression coefficients

b, 0.011 0.037 0.064 0.091 0.12

b, 0.014 0.047 0.091 0.18 0.30
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Table A3.3. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.061 x 10" ¢cm™ C,H,I in varying SF, number densities

Pss, (10" cm).

Psr, 10d 11d 12d 13d 14d
0.12 0.065 0.22 0.38 0.57 0.78
0.63 0.10 0.34 0.62 1.0 1.6
0.98 0.13 0.42 0.78 1.3 2.1
1.3 0.15 0.51 0.94 1.7 2.7
1.8 0.19 0.63 1.2 2.1

24 0.23 0.77 1.5 2.7

Regression coefficients

b, 0.056 0.19 0.32 0.46 0.60
b, 0.073 0.24 0.46 0.92 1.6

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table 3.4. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.12 x 10" cm™® C,H,I in varying SF, number densities

Psz, (10” cm™).

Pss, 10d 11d 12d 13d 14d
0.12 0.13 0.43 0.75 1.1 1.6
0.63 0.20 0.67 1.2 20 3.1
0.98 0.25 0.83 1.5 26 4.0
1.3 0.30 1.0 1.9 33 5.2
1.8 0.37 1.2 23 42

24 0.46 1.5 29

Regression coefficients

by 0.11 0.37 0.63 0.91 1.2
b, 0.14 0.45 0.91 1.7 3.0

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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Table A3.5. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.37 x 10" cm® C,H,l in varying SF, number densities

Pse, (10" cm?).

Pse, 10d 11d 12d 13d
0.12 0.39 1.3 23 3s
0.63 0.62 2.1 3.7 6.2
0.98 0.77 26 4.7 8.2
1.3 0.93 3.1 5.7 10
1.8 1.1 3.8 7.1

24 14 47 8.8

Regression coefficients

b, 0.34 1.2 20 2.8
b, 0.44 14 2.8 55

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

B. CH/SF, [14,20]

Table A3.6. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.0024 x 10" cm™ C.H, in varying SF, number densities

Pse, (10 cm™).

Pse, 8R’ 9R’ 10R’ 1R 12R’

0.12 0.0012 0.0063 0.011 0.016 0.022
0.63 0.0013 0.0084 0.015 0.023 0.034
0.98 0.0014 0.0098 0.017 0.027 0.043
1.3 0.0015 0.011 0.020 0.031 0.051
1.8 0.0016 0.013 0.024 0.037 0.063
24 0.0017 0.016 0.029 0.044

Regression coefficients

b, 0.0012 0.0058 0.010 0.015 0.019

b, 0.00021 0.0041 0.0076 0.012 0.024

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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Table A3.7. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.012 x 10" cm® C.H, in varying SF, number densities

Pss, (10" cm?).

Pss, 8R’ 9R’ 10R’ IR 12R’
0.12 0.0061 0.030 0.054 0.080 0.11
0.63 0.0063 0.034 0.066 0.11 0.16
0.98 0.0065 0.037 0.074 0.12 0.19
1.3 0.0066 0.039 0.082 0.14 0.22
1.8 0.0069 0.043 0.092 0.16 0.27
24 0.0071 0.048 0.11 0.19

Regression coefficients

b, 0.0060 0.029 0.051 0.074 0.097

b, 0.00047 0.0079 0.022 0.049 0.094

Table A3.8. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.063 x 10" cm™ C.H, in varying SF, number densities

Psr, (10 cm™).

Psz, 8R’ 9R’ 10R’ 1R’ 12R’
0.12 0.032 0.16 0.29 0.42 0.57
0.63 0.033 0.18 0.35 0.55 0.82
0.98 0.034 0.19 0.39 0.64 0.99
1.3 0.035 0.21 0.43 0.73 12
1.8 0.036 0.23 0.48 0.86

24 0.037 0.25 0.56 1.0

Regression coefficients

b, 0.032 0.15 0.26 0.39 0.51
b, 0.0025 0.041 0.12 0.25 0.49

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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Table A3.9. Peak areas (by gaussian fits to the photoionization spectra) for the subthreshold
photoionization structure of 0.12 x 10" cm™ CH, in varying SF, number densities

Psx, (10" cm™).

Psr, 8R’ 9R’ 10R’ 1R’ 2R’
0.12 0.061 0.30 0.54 0.80 1.1
0.63 0.063 0.33 0.66 1.0 1.5
0.98 0.065 0.37 0.74 12 1.9
1.3 0.066 0.39 0.81 1.4 2.2
1.8 0.069 0.43 0.92 1.6

24 0.071 0.48 1.1

Regression coefficients

by 0.061 0.29 0.51 0.74 0.97
b, 0.0047 0.079 0.23 0.48 0.94

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.10. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.24 x 10" cm*® C.H, in varying SF; number

densities pg; (10'” cm™).

Psr, 8R’ 9R’ 10R’ 1R 12R’
0.12 0.12 0.59 1.2 1.5 22
0.63 0.13 0.67 1.4 2.0 3.1
0.98 0.13 0.73 1.5 24 38
1.3 0.13 0.78 1.7 2.7

1.8 0.14 0.86 1.9

24 0.14 0.96 22

Regression coefficients

b, 0.12 0.57 1.1 1.4 2.0

b, 0.0094 0.16 0.44 0.98 1.8

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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C. CH,I/’P

i, CH,I/Ar[18,20]

Table A3.11. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.012 x 10" cm® CH,I in varying Ar number
densities p,. (10'° cm).

Par 10d 11d 12d 13d 14d
0.00 0.00 0.0074 0.012 0.018 0.024
0.12 0.00 0.0075 0.012 0.018 0.024
0.63 0.00 0.0077 0.013 0.018 0.024
0.98 0.00 0.0078 0.013 0.019 0.025
1.3 0.00 0.0079 0.013 0.019 0.025
Regression coefficients

by 0.00 0.0074 0.012 0.018 0.024
b, 0.00 0.00035 0.00036 0.00040 0.00057

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.12. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.061 x 10'° cm? CH,I in varying Ar number
densities p,, (10" cm™).

Par 10d 1id 12d 13d 14d
0.00 0.014 0.049 0.084 0.13 0.20
0.12 0.015 0.050 0.086 0.13 0.20
0.63 0.019 0.055 0.090 0.14 0.20
0.98 0.022 0.058 0.094 0.14 0.21
1.3 0.025 0.061 0.097 0.15 0.21
Regression coefficients

b, 0.013 0.049 0.084 0.11 0.19

b, 0.0087 0.0089 0.0095 0.011 0.012

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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Table A3.13. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.12 x 10" cm® CH;l in varying Ar number

densities p,, (10" cm™).

Par 10d 11d 12d 13d 14d
0.00 0.040 0.14 0.22 0.36 0.56
0.12 0.044 0.15 0.22 0.37 0.56
0.63 0.061 0.17 0.24 0.39 0.58
0.98 0.073 0.18 0.25 0.40 0.60
1.3 0.085 0.19 0.27 0.42 0.62
Regression coefficients

by 0.040 0.14 0.22 0.37 0.56
b, 0.033 0.035 0.037 0.039 0.045

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.14. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.37 x 10" ¢cm™ CH,l in varying Ar number

densities p,, (10'? cm?).

Par 10d 11d 12d 13d
0.00 0.21 0.73 1.4 24
0.12 0.25 0.77 1.5 25
0.63 041 0.93 1.7 2.7
0.98 0.52 1.1 1.8 28
1.3 0.64 1.2 1.9 29
Regression coefficients

by 0.21 0.73 14 24
b, 0.32 0.35 0.38

0.33

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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ii, CH,ICE, [19]

Table A3.15. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.012 x 10" cm® CH,] in varying CF, number

densities pcg, (10" cm?).

Pcr, 10d 1id 12d 13d 14d
0.12 0.00 0.0076 0.012 0.017 0.024
0.49 0.00 0.0080 0.013 0.018 0.024
0.97 0.00 0.0083 0.013 0.018 0.025
1.3 0.00 0.0086 0.014 0.019 0.025
1.8 0.00 0.0090 0.014 0.019 0.026
24 0.00 0.0094 0.015 0.020 0.026
Regression coefficients

b, 0.00 0.0075 0.012 0.018 0.024
b, 0.00 0.00082 0.00087 0.00094 0.0010

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.16. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.061 x 10'° cm™ CH,l in varying CF, number

densities Pce, (10" cm™).

Pcr, 10d 11d 12d 13d 14d
0.12 0.016 0.052 0.088 0.14 0.20
0.49 0.023 0.059 0.098 0.14 0.21
0.97 0.033 0.070 0.11 0.15 0.22
1.3 0.041 0.077 0.12 0.16 0.23
1.8 0.051 0.088 0.13 0.18 025
24 0.062 0.10 0.15 0.20 0.26
Regression coefficients

b, 0.014 0.048 0.086 0.13 0.20
b, 0.021 0.023 0.024 0.026 0.029

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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Table A3.17. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.12 x 10" cm™ CH,I in varying CF, number

densities pcg, (10" cm*).

Pcr, 10d 11d 12d 13d 14d
0.12 0.044 0.13 0.24 0.37 0.57
0.49 0.073 0.16 0.26 041 0.60
0.97 0.11 0.21 0.31 0.46 0.66
1.3 0.15 0.23 0.34 0.49 0.69
1.8 0.18 0.27 0.38 0.53

24 0.23 0.32 0.44 0.58

Regression coefficients

b, 0.035 0.12 0.22 0.36 0.55
b, 0.080 0.083 0.089 0.095 0.11

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.18. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.37 x 10" cm® CH;I in varying CF, number
densities Pcg, (10" cm®).

Pcr, 10d 1id 12d 13d 14d
0.12 0.31 0.81 1.5 2.5 4.1
0.49 0.59 1.1 1.8 2.8 44
0.97 0.95 1.5 22 33 49
1.3 1.2 1.8 2.5 3.6 53
1.8 1.6 2.1 29 4.1

24 2.0 2.6 34 4.6

Regression coefficients

b, 0.22 0.71 14 24 4.0
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fii, CHVCOQ, and N, [18]

Table A3.19. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.012 x 10" cm™ CH,! in varying CO, number

densities Pco, (10*° cm?).

Pco, 10d 11d 12d 13d 14d
0.12 0.00 0.0076 0.012 0.018 0.022
0.36 0.00 0.0077 0.013 0.019 0.023
0.73 0.00 0.079 0.013 0.019 0.023
1.1 0.00 0.082 0.014 0.020 0.024
1.5 0.00 0.084 0.014 0.020

Regression coefficients

b, 0.00 0.0075 0.012 0.018 0.023

b, 0.00 0.00062 0.00066 0.00072 0.00079

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.20. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.012 x 10" cm™ CH;I in varying N, number

densities py, (10" em®).

P, 10d 11d 12d 13d 14d
0.12 0.00 0.0075 0.012 0.018 0.022
0.25 0.00 0.0076 0.012 0.018 0.022
0.49 0.00 0.0077 0.013 0.019 0.023
0.73 0.00 0.0078 0.013 0.019 0.023
1.2 0.00 0.0079 0.014 0.020 0.024
25 0.00 0.0084 0.014 0.020

Regression coefficients

by 0.00 0.0075 0.012 0.019 0.023
b, 0.00 0.0037 0.0042 0.0045 0.0048

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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iv, CH,Uc-CF, [19]

Table A3.21. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.00024 x 10'° cm™ CH,I in varying c-C,F, number

densities ., (10* cm?).

Poc 10d 11d 12d 13d 14d
0.12 0.00 0.0063 0.010 0.016 0.022
0.36 0.00 0.0077 0.013 0.021 0.032
0.72 0.00 0.010 0.018 0.030 0.046
14 0.00 0.014 0.027 0.047 0.076
1.8 0.00 0.017 0.031 0.056 0.092
24 0.00 0.021 0.039 0.071 0.12
Regression coefficients

b, 0.00 0.0055 0.0090 0.013 0.017
b, 0.00 0.0061 0.012 0.024 0.041

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.22. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.012 x 10'? cm™ CH,l in varying c-C,F; number
densities P, (10" cm™).

Poc,fs 10d 1ld 12d 13d 14d
0.12 0.0089 0.032 0.054 0.080 0.11
0.36 0.012 0.040 0.068 0.11 0.16
0.72 0.015 0.051 0.091 0.15 0.24
14 0.023 0.075 0.14 0.24 0.39
1.8 0.027 0.086 0.16 0.29 0.46
24 0.034 0.11 0.20 0.36 0.59
Regression coefficients

b, 0.0075 0.028 0.046 0.065 0.086

b, 0.011 0.033 0.064 0.12 0.21
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Table A3.23. Peak areas (by gaussian fits to. the photoionization spectra) for the
subthreshold photoionization structure of 0.061 x 10" cm™ CH,I in varying c-C,F; number

densities P.c g, (10" cm?).

Pecyry 10d 11d 12d 13d 14d
0.12 0.052 0.18 0.30 0.45 0.65
0.36 0.071 0.22 0.38 0.61 091
0.72 0.10 0.29 0.51 0.84 1.3
1.4 0.16 0.43 0.76 1.3 2.1
1.8 0.19 0.50 0.89 1.6 25
24 0.24 0.62 1.1 20 3.2
Regression coefficients

b, 0.041 0.15 0.26 0.37 0.51

b, 0.084 0.19 0.35 0.66 1.1

Table A3.24. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.12 x 10"’ cm™ CH, in varying ¢-C,F; number
densities P g, (10" cm?).

Poc,s 10d 11d 12d 13d 14d
0.12 0.12 0.38 0.65 1.0 1.5
0.36 0.17 0.49 0.83 1.3 20
0.72 0.25 0.65 1.1 1.8 28
1.4 0.42 0.97 1.6 28 44
1.8 0.50 1.1 1.9 33 52
24 0.64 1.4 24 4.1 6.6
Regression coefficients

by 0.090 0.33 0.56 0.83 1.2

b, 0.23 0.45 0.76 1.4 23

137

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



Table A3.25. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.37 x 10'* cm™ CH,l in varying ¢-C,F; number
densities p,.c g, (10” cm®).

Pocyr, 10d t1d 12d 13d 14d
0.12 0.57 1.6 2.8 4.5 6.9
0.49 0.94 2.2 3.6 5.7 8.8
0.97 1.5 3.0 4.7 7.6 12

1.3 2.6 4.6 7.0 11 17

1.8 32 54 8.2 13

24 3.7 6.7 10 16

Regression coefficients

by 0.46 14 24 39 5.8
b, 1.4 23 32 52 8.2

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

v, CH,USF, [17,20]

Table A3.26. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.00024 x 10'° ¢cm™ CH,] in varying SF; number
densities pge, (10" cm®).

Psz, 10d 11d 12d 13d 14d
0.12 0.0017 0.0036 0.012 0.021 0.032
0.63 0.0043 0.0086 0.023 0.038 0.066
0.98 0.0065 0.011 0.028 0.047 0.084
1.3 0.0087 0.015 0.034 0.061 0.10
1.8 0.011 0.021 0.044 0.075 0.12
24 0.016 0.026 0.055 0.092 0.17
Regression coefficients

b, 0.0010 0.0025 0.0094 0.018 0.025

b, 0.0056 0.0095 0.019 0.031 0.060

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).
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Table A3.27. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.012 x 10" cm™ CH,I in varying SF, number

densities pg; (10° cm”).

Pse, 10d 11d 12d 13d 14d
0.12 0.013 0.047 0.078 0.12 0.16
0.63 0.019 0.067 0.12 0.19 028
0.98 0.024 0.080 0.14 0.24 0.37
1.3 0.028 0.094 0.17 0.29 0.46
1.8 0.034 0.11 0.20 0.36 0.58
24 0.042 0.14 0.25 0.45 0.73
Regression coefficients

b, 0.011 0.042 0.069 0.098 0.13
b, 0.013 0.039 0.074 0.14 0.25

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.28. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.0061 x 10'° cm™ CH,] in varying SF; number

densities g (10' cm™).

Psr, 10d 11d 12d 13d 14d
0.12 0.071 0.25 0.42 0.63 0.87
0.63 0.12 0.37 0.63 1.0 1.5
0.98 0.15 0.44 0.77 1.3 2.0
1.3 0.18 0.52 0.91 1.6 24
1.8 0.22 0.63 1.1 1.9 3.1
24 0.28 0.77 14 24 3.8
Regression coefficients

bo 0.060 0.23 0.37 0.54 0.72

b, 0.090 0.25 0.40 0.71 1.3

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

139

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



Table A3.29. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.12 x 10" cm™ CH,I in varying SF, number
densities Pgp, (10" cm™).

Pse, 10d 11d 12d 13d 14d
0.12 0.15 0.53 0.88 14 1.9
0.49 0.27 0.78 1.3 2.1 2.7
0.97 0.35 0.96 1.6 2.7 4.1
1.3 0.44 1.1 1.9 33 5.0
1.8 0.55 1.4 23 4.0

24 0.69 1.7 29 5.0

Regression coefficients

b, 0.13 0.43 0.77 1.2 1.6

b, 0.20 0.50 0.83 1.6 2.6

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

Table A3.30. Peak areas (by gaussian fits to the photoionization spectra) for the
subthreshold photoionization structure of 0.37 x 10" cm™ CH;l in varying SF; number
densities pgr, (10" cm™).

Pse, 10d 11d 12d 13d
0.12 0.67 2.1 35 5.6
0.49 1.4 33 53 8.5
0.97 1.9 4.1 6.5 10
1.3 25 49 1.7 13
1.8 3.2 6.0 9.4

24 4.1 74 12

Regression coefficients

b, 0.49 1.8 3.1 4.9
b, 1.5 23 3.5 5.7

The regression coefficients b, and b, were determined by least-square linear fits to Eq. (6.13).

140

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



Vita

Cherice Marie Evans was born on November 8, 1975, in Baytown, Texas, and is the only
child of James E. Evans and Nita B. Evans. She moved to Negreet, Louisiana, when she was
five years old and graduated from Florien High School (Florien, Louisiana) in 1993. She
then matriculated at the University of Louisiana at Monroe (Monroe, Louisiana) [formerly
Northeast Louisiana University] on scholarship and received the bachelor of science degree
in chemistry in December 1996. During this time she began to do research with Dr.
Gary L. Findley (Professor of Chemistry, University of Louisiana at Monroe), and chose to
continue her studies at the University of Louisiana at Monroe for the master of science
degree in chemistry. On receiving this degree in May 1998, for a thesis entitled Analytic
Solutions to the Lotka-Volterra Model for Sustained Chemical Oscillations, she chose to
pursue the doctor of philosophy degree in chemistry at Louisiana State University under the
direction of Dr. John D. Scott (Adjunct Professor of Chemistry, Louisiana State University),
and with the continued guidance of Dr. Gary L. Findley. She passed her general
examinations during the Fall term 1999 and is currently a candidate for the degree of Doctor

of Philosophy in chemistry.

141

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



DOCTORAL EXAMINATION AND DISSERTATION REPORT

Candidate: Cherice Marie Evans

Major Pield: Chemistry

Title of Dissertation:  Gyhthreshold Photoionization in Molecular Dopant/
Perturber Systems

EXAMINING COMMITTEE:

Ul L flide

Date of Examination:

February 14, 2001

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



	Subthreshold Photoionization in Molecular Dopant/Perturber Systems.
	Recommended Citation

	tmp.1489519448.pdf.mxoLH

