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-Abstract

Electronic excitation spectra and absolute differential oscillator strengths
(cross sections) havé been measured from the visible up to the soft X-ray energy
regions (2-200 eV) for the valence-shell photoabsorption of a series of normal
alkanes (CgHj9, CgHy4, C7H71g, and CgHyg), siﬁgle carbon Freons (CFCl3, CFoCly,
CF3Cl, and CFy), nitrogen dioxide (NOQ),' and phosphorus halides (PFg, PClg, and
PF5) at 1 eV resolution using dipole (e,e) spectroscopy. The absolute differential
oscillator strength data for PF3, PCl3, and PF5 have also been extended through the |
P 2p,2s and Cl 2p,2s inner shells up to 300 eV. In addition, the discrete structures
in the valence region and in the vicinity Qf the P 2p and Cl 2p (PClg) inner shélls of
these molecules have been studied at higher resolution (0.05-0.1 eV. fwhm).
Comparisons have been made to préviously reported optical measurements in those
limited energy regions where such data exist. The accuracy of the absoiute
differential oscillator strength scales have been critically evaluated by comparison of
the static electric-dipole polarizabilities of the normal alkanes, single carbon Freons,
NOg, PClg, and PF; derived from the present data using the S(-2) sum rule with
those determined from i'efractivity and dielectric constant measurements in the
literature. The S(-2) sum rule has also been used with the differential oscillator
strength data to determine the experimental dipole polaﬁzability of PFg for the first
time.

The feasibility of using atomic and molecular mixture ruies as well as group
additivity concepts for predicting differéntiéﬂ oscillator strengths for the valence-
shell photoabsorption of long-chained alkane molecules has been investigated over a
wide energy range from 20 to 200 eV. The predictions are discussed with reference
. to the experimental measurements for the normal alkanes obtained in the present

work (CnHzﬁ +2, n = 5-8) as well as for the smaller alkanes (n = 1-4) previously




i

4:reported in my B.Sc. und‘ergraduate' thesis project. .

Dipole (e,e+ion) coincidence spectroscopy has been used' to obtain the photoibn
branching ratios and absolute photoionization efficiencies of the valence shells of
- C3Hsg, n-C4H10, ahd NOy, (an'd the valence and inner (P-2p,23; Cl 2p,2s) shells of
| PFg, PClg, aﬁd PF5. These data are used together with the absolute photoabéorp—
tion differential oscillator strengths to determine the absolute partial differential
oscillator strengths for the molecular and dissociative photoionization channels of
these moleéul‘és‘,. A consideration of the photoabsorptidn and photoionization
measurements of PFg together with ‘thermodynamic data and ‘results from
previously published photoelectron branching ratios and photoelectron-photoion
coincidence (PEPICO) stﬁdies provides quantitative information on the valence-shell
dipole-induced breékdown pathways of PFg in the photon energy region below 100
. eV. Some qualitative deductions have also been made concerning the dipole-induced
breakdown pathways of C3Hg, n-C4Hj,, PClg, PF5, and NOg under UV and vacuum
UV radiation. |
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Chapter 1

Introduction

Absolute oscillator strengths (cross sections) for photoabsorption and photo-
ionization processes in the visible through to the X-ray regions of the electromag-
netic spectrum provide useful information for the quantitative study of radiation
chemistry, physics, and biology, as well as for aeronomy, astrophysics, laser
development, and electron microscopy [1,2]. Such information is also required for
the quantitative evaluation of quantum mechanical calculations. However, most of
the photoabsorption spectra and photoionization yield curves available in the
literature only provide relative intensities and not absolute cross sections. For
example, in the case of nitrogen dioxide, only two [3,4] of the ~30 experimental
studies of valence-shell excitation and ionization reported absolute data in the near
ultraviolet (UV) region above 5 eV, and the overlap between these two data sets is
very small (< 0.5 eV).

The scarcity of absolute oscillator strengths in the UV, vacuum UV, and soft
X-ray regions can be attributed to the many difficulties involved in making absolute
measurements using conventional optical techniques. In the discrete excitation
region, the resonant characteristic of photon absorption can cause seﬁoué errors in
absolute cross sections determined by Beer-Lambert law photoabsorption. These
“line saturation” effects [5,6] occur when the instrumental bandwidth is greater
than the natural linewidth of the discrete transitions, resulting in serious perturba-
tions in the cross sections subsequently determined from the logarithmic transfor-
mation of intensity ratios using the Beer-Lambert law [5-8]. These errors are

largest for transitions of high cross section and very narrow linewidth. At higher
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excitation energies, optical spectroscopic techniques are further limited by the
lithium fluoride (LiF) cut-off above 11.7 eV and by the availability of continuum
photon sources above 20 eV. It is well known that LiF windows completely absorb
all photons above 11.7 eV, and therefore, spectrometer design and light handling
techniques become very challenging. Specifically, this requires the use of reflection
instead of transmission optics, and the use of a windowless vacuum spectrometer
[9]. Secondly, while the need for continuum photon sources above 20 eV has been
met by synchrotron radiation, its use is affected by monochromator problems such
as low reflectivity at higher energies and contamination from higher order radiation
and stray light. In particular, the presence of higher order radiation can cause
experimental errors in both the shape and magnitude of the photoabsorption cross
sections by up to = 20% between 22-40 eV [10]. In addiﬁon, synchrotron radiation
facilities are expensive and remotely located. It should also be noted that the
measurement of wide-ranging photoabsorption spectra spanning the visible to the
X-ray regions using optical methods is furthermore complicated by the need to use
many different monochromators over selected energy regions, thereby making it
impossible to study the photoabsorption spectrum of a target species from the first
excitation threshold up to several hundred electron volts using one spectrometer.
Alternatively, high energy electron impact spectroscopy can provide an
inexpensive and effective method for the measurement of absolute photoabsdrption
and photoionization oscillator strengths of free atoms and molecules. The general
theoretical background of the inelastic collision of fast charged particles with matter
was first established in 1930 by Bethe [11] based on the Born approximation and
was later reviewed in greater detail by Inokuki [12,13]. Bethe [11] showed that
under certain inelastic electron scattering conditions (i.e., high impact energy and
small scattering angles) such that the momentum transfer (K) is negligibly small,

the electronic transitions of the target atom or molecule obey the same dipole
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selection rules as in optical spectroscopy. In this process the fast, high energy
incident electron imparts a small amount of energy (with respect to its initial
energy) to the target species in order to cause a dipole -transition to occur, and this
“energy-loss” by the scattered electron is comparable to the excitation or photon
energy in optical experiments. The resulting electron scattering cross section has
been shown {11] to be related to the optical (photoabsorption) cross sectionl by
factors which depend only on the excitation energy and the geometry and
kinematics of the experimental apparatus. These Bethe-Born factors can be
determined for any particular electron impact spectrometer and subsequently be
used to mathematically convert electron scattering differential cross sections for any
given free atom or molecule to the corresponding photoabsorption cross sections
[2,5;14—16], and the “energy-loss” of the electron impact process becomes equivalent
to the photon energy.

Three experimental techniques have been developed to achieve the negligibly
small momentum transfer (i.e., K2 > 0) required by the Bethe-Born theory for
obtaining photoabsorption differential oscillator strengths by electron impact. In
order for K2 to be zero, the scattering event must occur with a high4 impact energy
(Eo) and a zero degree scattering angle (8). One method involves the measurement
of electron scattering cross sections over a range of Ej (40-100 eV) at 6 = 0° [17].
This produces a series of electron energy-loss (EEL) spectra, each having a different
momentum transfer. The squares of the momentum trahsfers are then plotted
against df(K,E)/dE, and the optical limit is obtained by extrapolation to K2 =0.

Alternatively, Lassettre [18,19] fixed the impact energy (~500 eV) and measured

1 The optical (photoabsorption) cross section, Op; is directly proportional to the photoabsorption
differential oscillator strength, df/dE (a special case of the generalized differential oscillator
strength, df (K,E)/dE, when K2=0 ), by a constant factor. See section 2.1.1 for details.
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EEL spectra at different scattering angles. Extrapolation of the resulting
df (K,E)/dE data as a function of K2 to zero momentum transfer similarly gives the
optical limit. Unfortunately, the extrapolations required for both of these
techniques can result in large uncertainties [18]. In addition, the experimental
procedures are tedious in that transitions must be studied individually, and as such
no wide range photoabsorption spectra were obtained. A third method developed by
- Van der Wiel [20,21] measures the photoabsorption differential oscillator strength
for discrete and continuum transitions at low resolution (1 eV fwhm) directly by
setting the impact energy to a sufficiently high value (typically several thousand
electron volts) and the scattering angle to a very small cone subtended around zero
degrees so that negligible momentum transfer conditions exist. The latter so called

dipole (e,e) technique has been further developed and used by Brion and co-workers
[2,5,14,22—-24] to extend the measurements of absolute photoabsorption data to high

resolution studies (0.05-0.1 eV fwhm) of the valence and inner-shell regions of
atoms and molecules.

Fast electron scattering techniques at negligible momentum transfer have
continued to provide reliable alternatives to direct optical photoabsorption and
photoionization experiments for the measurement of absolute total photoabsorption
and partial photoionization differential oscillator strengths (cross sections) of atoms
and molecules [2,5,7,8,22-26]. The results obtainable using dipole (e,e) and dipole
(e,e+ion) coincidence spectroscopies have been shown to be quantitatively equivalent
to measurements obtained from photoabsorption and photoionization mass
spectrometry, respectively [2]. In addition to being easily tunable over a wide
energy range (1-1000 eV energy-loss or equivalent photon energy), the technique of
dipole (e,e) spectroscopy can be used to obtain absolute measurements via the S(0)
and S(-2) sum rules [27,28] (see sections 2.1.2 and 3.1.1 below for details) and

therefore does not require determinations of absolute target particle densities
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involved in fhe Beer-Lambert law. Since electron impact excitation experiments are
non-resonant and do not require logarithmic transformé to obtain thebcross secﬁons,
errors due to “line saturation” (bandwidth / linewidth) effects [5-8] cannot occur.
Furthermore, use of the dipole (e,e) method does not involve corrections for higher
order radiation and stray light -which are usually requifed when using

monochromated synchrotron radiation for photoabsorption measurements.

In the present work, dipole (e,e) and dipole (e,e+ion)’coincidence spectrosco-

pies have been used to obtain absolute valence-shell photoabsorption and/or partial

- photoionization differehtial oscillator strengths for a series of atmospheric-related

molecules (CFClz, CFoClg, CF5Cl, CF4, NOg, CgHg, and n-C4Hjg), large normal
alkanes (CsHyg, CgHyg, C7H1g, and C8H18), a.nd phosphorﬁs, halides (PFg3, PClg,
and PF5) from the visible up to the sqft X-ray energy rég‘ions (2-200 eV). The
absolute photoabsorption and partial photoionization data for the phosphorus
halides have been additionally extended through the P 2p,2s and Cl 2p,2s inner
shells up to. 300 eV. The .'atmospheric-brelated molecules were selected for 1.:he'
present study because of their fundamental interest and becalise of the importance

of their interaction with UV, VUV, and soft X-ray radiation in a number of

- applications. In particular, absolute photoabsorption data for the Freons are of

considerable interest due to their role in the catalytic decomposition of atmoSpheric

_ ozone in the stratosphere [29,30]. The release of chlorine atoms through dissociation

by solar UV radiation sets off a chain reaction that results in the net conversion of B
ozone into oxygen. Similarly, nitrogen dioxide (NOy) is also ‘_involved‘ Vin' ‘the
decomposition of stratospheric' ozone via a cyclic catalytic pathway with nitric oxide
[30-32]. Moreover, NOg is also responsible for the formation of photochemical smog
as a result of its production from the combustion of fuels used for heat, power, and
transportation [33]. Propane is also of some interest_in aeronémy due to its abilit);‘

to scavenge chlorine atoms [34], thereby interrupting the chain reactions that can
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lead to ozone depletion. Butane, on the other hand, is used in Britain as an aerosol
propellant substitute for Freons [35]. In addition to the atmospheric-related
molecules, absolute photoabsorption spectra for the large normal alkanes (C,Hg,, .9,
n = 5-8) have been recorded in order to make available the wide-ranging data
required for the evaluation of mixture rules and additivity concepts. These déta
have been used together with those obtained for the smaller alkanes (n = 1-4) in my
B.Sc. undergraduate thesis project [36] in order to estimate differential oscillator
strength distributions from contributing molecular group “fragments” or
“chromophores” for alkanes (i.e.,‘ CHy and CH3 groups), which can subsequently be
summed to provide oscillator strength predictions for radiation absorption by larger
alkanes as well as for estimating contributions from hydrocarbon groupings in more
complex systems (e.g., organic molecules such as carbohydrates and triglycerides).
Finally, the phosphorus halides were selected for the present work because the high
symmetry of these large inorganic molecules makes them a good test-bed for
theoretical calculations. The absolute differential oscillator strengths for the
photoabsorption and photoionization processes of these molecules in both the
valence and inner-shells are also of fundamental scientific interest.

The remainder of this thesis has been organized as follows. Chapter 2
presents the theoretical background behind the use of high energy electron impact
in obtaining absolute photoabsorption and partial photoionization differential
oscillator strengths. A review of some spectral features and processes characteristic
of valence and inner shell excitation and ionization are also given. Chapter 3
describes the dipole (e,e) and dipole (e,e+ion) coincidence spectrometers and the
corresponding procedures used in the determination of absolute “optical” data.
Chapters 4 to 8 present the experimental results and discussions for the normal

alkanes (chapter 4), phosphorus halides (chapters 5 and 6), nitrogen dioxide

(chapter 7), and the single carbon Freons (chapter 8). Some general conclusions and
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suggestions for further work are given in chapter 9. Finally, the appendix at the
end of this thesis contains a numerical compilation of the absolute differential
oscillator strength data and photoionization efficiencies measured in the present

work.

Note that all the results presented in this thesis can be found in the following

publications:

(1) J.W. Au, G. Cooper, G.R. Burton, T.N. Olney, and C.E. Brion, “The valence shell
photoabsorption of the linear alkanes, C,Hy,,,o (n = 1-8): absolute oscillator

strengths (7-220 eV),” Chemical Physics, 173 (1993) 209.

(2) JW. Au, G. Cooper, and C.E. Brion, “The molecular and dissociative
photoionization of ethane, propane, and n-butane: absolute oscillator strengths
(10-80 eV) and breakdown pathways,” Chemical Physics, 173 (1993) 241.

(3) J.W. Au, G. Cooper, G.R. Burton, and C.E. Brion, “An evaluation of additivity
concepts for the estimation of radiation absorption by long-chained

hydrocarbons at vacuum UV and soft X-ray energies,” Chemical physics, 187
(1994) 305.

(4) J.W. Au, G. Cooper, and C.E. Brion, “Photoabsorption and photoionization of the
valence and inner (P 2p,2s) shells of PF3: absolute oscillator strengths and
dipole-induced breakdown pathways,” Chemical Physics, 215 (1997) 397.

(5) J.W. Au and C.E. Brion, “Quantitative studies of the photoabsdrption and
photoionization of PClg in the valence and inner (P 2p,2s; Cl 2p,2s) shell
regions,” Chemical Physics (1997). In press.

(6) J.W. Au and C.E. Brion, “Absolute oscillator strengths for the valence-shell
photoabsorption (2-200 eV) and photoionization (11-80 eV) of nitrogen dioxide,”
Chemical Physics (1997). In press.

(7) J.W. Au and C.E. Brion, “Absolute oscillator strengths for the valence and inner
(P 2p,2s) shell photoabsorption, photoionization, and ionic photofragmentation
of PF5,” Chemical Physics (1997). Submitted.

(8) J.W. Au, G.R. Burton, and C.E. Brion, “Quantitafive spectroscopic studies of the
valence-shell electronic excitation of Freons (CFClg, CFoCly, CF3Cl, and CFy) in
the VUV and soft X-ray regions,” Chemical Physics (1997). Submitted.
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Chapter 2

Theoretical Background

2.1 Photoabsbrption by Dipole (e,e) Spectroscopy

The technique of dipole (e,e) spectroscopy involves the inelastic scattering of
high-energy electrons off gaseous target molecules at negligible momentum transfer
such that dipole selection rules are obeyed. The excitation of a molecule AB in the
ground state to an excited state AB* induced by this process can be compared to

that obtained by the absorption of a photon (hv) in optical spectroscopy,

hv (E) + AB — AB* Photoabsorption (2.1)

e” (Eg)+AB - AB* + e (Eg—E)  Electron impact excitation (2.2)

where E is the energy required to produce the molecule AB* in its excited state and
Ey is the impact energy of the excitation. The electron (¢7) involved in the electron
impact process has an initial (k) and a final (k) momentum, and it is the
momentum transfer (K = k - k) for the electron impact process that determines the
selection rules for the excitation. It will be shown in section 2.1.1 that under the
conditions of mnegligibly small momentum transfer, dipole selection rules
predominate, and the “energy-loss” (E) of the inelastically scattered electron is
equivalent to the resonant photon energy (hv) in the optical process. Moreover, the
transition probability of the electron impact process will be shown to be
quantitatively related to that for the optical (photoabsorption) process. From

equation (2.2) it can also be seen that the dipole scattering of one incident electron

followed by the detection of one scattered electron reflects the term “dipole (e,e)
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spectroscopy”.

The trahsitioﬁ probability can be represénted by a number of different (but
related) quantities such as cross section, differential oscillator strength, molar
absorption coefficient, et cetera. Thé Béer-Lambert law is lisually used in optical
experiments to determine the transition probability or photoabsorption crésé section
(op),

lnI—I0 = Gpnl. ‘ 2.3)

In this relationship, Iy and I are the incident and transmitted light intensities,
respectively, n is the target density, and [ is the path length. The determination of
absolute data using the Beer-Lambert law requires accurate measurements of the
'target density and path length which are often quite difficult, especially in the
windowless VUV region and beyond. In contrast, the dipole (e,e) method establishes
the absolute cross section scale using a simple S(0) or S(-2) sum-rule normalizatidn
proceduré without the need to determine the target density and path 1ength (see
section 2.1.2 for details). ' |

" In this thesis, the optical b.(phovtoabsorption) differential oscillator strength
(df/dE) will be used to describe the dipole transition probabilities, and this quantity
is directly related to the photoabsorption cross section by a constant facfor,

_(e®nh ) df
Gp —( e )a—E— | | (24)

The (totaD dipole or optical oscillator strength (f) for an excitation process is a

dimensionless quantity defined [12] in atomic units as
L2

f=2E,|(n o)l , (2.5)

z
2
j=1

where E,, is the energy required to excite the target species from the ground state
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- |0) to the excited state (n| , Z is the number of electrons in the target, and r; are the
electron coordinafes. - | | |
In practice, rheasured oscﬂlator strengthé ére differential (i.e., df/dE) in both
the discrete and jonization continuum regions. In the case of discrete trahsitions,
this is due to ﬁnite linewidth and speétrometer bandwidth, . whereas in the
ionization region, it is due to the continuous nature of the final states (i.e., the states -
‘n consist of an ion plus a photoéléctron). Therefore, the oscillator strength (f) for
any discrete transition or continuum regioh is obtained by integration according to
r={" (i) E | (2.6)
E, \dE . |
Whei'e E; and Eg are the lower and upper bounds of the absbrptioh band or

continuum rég’ion. The differential oscillator strength is given by [12]

A 2
%=§2En .n

oV sz,-m) @.7)

Z X
er
Jj=1

andﬂhas" units of (energy)~l. The values of 'cp and df/dE are commonly exprésSed in
units of megabarns (1 Mb = 10718 cm_2) and'eV‘l,.respectively, and are related in
these unité byl

o, [Mb] = 109.75% [eV. | (2.8)

2.1.1 Bethe-Born theory |

The Bethe-Born theory was first proposed by Bethe "[11] to describe the
inelastic scattering of fast electrons off matter using the first Born approximation,
which states that for 'sufﬁciently fast collisions:

(1) The incident and scattered électron waves are uﬂdistortéd by the interaction

‘with the target species and thus can be represented by plane waves, and
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(2) Excitation to the final state resuit-from a direct transition from the initiél state
and does not-involve any intermediate states. Therefore, energy and momen-
tum are transferred direcﬂy from the ihcident electron to the target.

Within the first Born approximation, Bethe defined the transition probability for the

electron impact induced excitation process from the ground state to the nth excited

state as the genéralized oscillator strength (GOS) [12]

fon (K, E) = %{7—3 Eon(K)lz _ (29

(given in atomic units), where g n(K) is the matrix element, |

g0, (K) = <n

Z ' ' _
Zexp(iK-rj) 0>. _ (2.10)
J=1 .

The generalized oscillator strength is a dimensionless quantity defined for discrete
excitations, but for ionization processes in the continuum, the (differential) GOS

becomes a continuous function of energy,

~

dfy, (K, E) 9E,, o2
_ﬁE_E_zz 2|0, (K 3(E, - E). | (2.11)

n K

In an electron impact experimént, where the incident electrons are,scattered

inelastically into a cone of solid acceptance angle (dQ), the electron scattering

differential cross section is given by [12]

d%,(K,E) -y 4K
dEdQ k| K

'n

|4 leon®F 8(E, ~E). (2.12)

Comparing equations (2.11) and (2.12), it can be seen that the electron scattering

differential cross section is-quanfitatively related to the differential GOS by

d% (K,E) [ 2K
dE .

dEdQ || [KI°E,

)dfOn(K’ E) AT (2.13)




|
|
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The differential GOS can in turn be related to the optical (photoabsorption)
differential oscillator strength (df/dE) as follows. The exponential term in the

transition probability matrix element can be expanded in a Taylor series,

_ , iKY (K
exp(zK-rj)=1+LK-rJ-+ 5] + 31 + e (2.14)

From the orthogonality requirement, (n | 0) =0, equation (2.10) becomes
gonK) = 0+ 0, GK) + 05 iK)? + a3 (GK)3 + - (2.15)

where o, is the «tP order multipole matrix element,

0>. (2.16)

Therefore, the differential generalized oscillator strength can be written as a power

series of momentum transfer by substitution of equation (2.15) into equation (2.11):

dfon K, E)

g = 22En[ocf + (0% — 201,00 K + (03 + 201,01 — 200,00 )K* + - ] 3E,-E)

Ao (E) | A5, K B) oo Hfu (KD s

2.17
dE dE dE ( )

The first term of the differential GOS, df;) (E)/ dE, is the dipole (or photoabsorption)
differential oscillator strength1 as defined earlier by equation (2.7), and the higher
terms, dfy’, (K,E)/dE, represent the «tB order multipole (e.g., quadrupole, octapole,
etc.) differential oscillator strengths. Clearly, at the limit of zero momentum

transfer (i.e., K > 0), the differential GOS becomes equivalent to the optical value,

1 Note that for simplicity, the indexes in the dipole differential oscillator strength (dﬁ,on(E )/ dE)
will be dropped after section 2.1.1 and will simply be written as df/dE.
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0
lim dfOn(K’E) — dfOn(E) ,
K250 dE dE

(2.18)

and the electron scattering differential cross section in equation (2.13) is therefore

related to dfy, (E)/ dE by

d%,(K, E) =[ 2 |k’

. dfy (E)
1 n 2.19
W5z |y |K|2En) 219

dE

or

(2.20)

i (E) _( k| [KPE, |d%0, (K, E)
dE 2 |k’ dEAQ

In practice, dzce(K,E)/ dEdQ is integrated over the acceptance angles (Q) of the

spectrometer, and this gives a simplified form of equation (2.20):

df(')on(E) - B(E) dGe(E) o (2.21)
dE dE '

where B(E) is the Bethe-Born factor, which is proportional to E2 in the hypothetical
case of zero angular resolution. Since the Bethe-Born factor is a function of the
experimental scattering geometry and the energy loss (E,)) of the scattered electron,
it can be determined for any particular electron impact specfrometer from the
scattering geometry [15,16] or by scaling to a known continuum differential
oscillator strength spectrum [5,14], and subsequently be used to convert the
measured electron scattering differential cross sections for any target species to
optical (photoabsorption) differential oscillator strengths.

The conditions required for a negligibly small momentum transfer such that
the limit K2 — 0 is experimentally achieved can be seen by considering the

conservation of momentum,

K = k- k| = |k +|k’

* 2k

kl

cos 9, (2.22)
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where 6 is the polar scattering angle, and the conservation of energy,
E, = %|k|2 (2.23)

and

E, = %_(|k|2 ), (2.24)

for the electron impact event where k and k’ are the initial and final momenta of the

incident electron. Substituting equations (2.23) and (2.24) into equation (2.22) gives

K = 2E, + (2Ey ~2E,) - 2,2Eq {2E, - 2E,, (cos)

E E
=2E)|2-—2-2 |1-—2 0)|. 2.25
0[ oA / A (cos )} ( )

Hence, for the optical limit K2 > 0 to be approached,
(1) The incident electron energy (Ey) must be much higher in energy than the
energy-loss (E,,) of the scattered electron, i.e., Eq >> E,, , and

(2) The scattering angle (6) must be ~0°.

2.1.2 Sum rules

Integral sums of photoabsorption differential oscillator strength distributions
(df/dE) can be related to important physical properties of the target species in the

ground state. These “sum rules” are defined by [37,38]

(=]

S(w) = J[EEET (S-E’ij dE, (2.26)

EI

where E’ is the electronic excitation threshold and Ey is the Hartree energy

constant (27.217 €V). Different values of the exponent, u, correspond to different
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molecular properties. Of particular interest to the present work are the S(0) and

S(-2) sums.

The S(0) or Thomas-Reiche-Kuhn ('TRK) sum rule,
v df) v
SO0)=Zp=||-—= |dE, 2.27
0=z~ (£ | 2.0
EI

is equal to the total number of electrons (Zp) in the target atom or molecule and can
be used to normalize relative. photoabsorption differential oscillator strength
measurements onto an absolute scale. However, this procedure is not always
experimentally feasible becaﬁse use of the S(0) sum rule requires a corﬁplete
knowledge of the differential oscillator strength distribution from the first excitation
threshold up to infinite energy, encompassing the valence-shelll and all thé inner-
shell regions. In practice, a valence-shell modification of thé S(0) sum ‘rule'is used,
such that the resulting S,,;(0) sum is equal to thé totai number of valence-shell
electrons (Zyq)) plus a small correction (Z,) for Pauli-excluded transitions from the

inner-shells to the occupied valence-shell orbitals [27]:
S0at(0) = Zygy + 7 = J‘(i) dE. (2.28)
dE
_ o

This relationship is also known as the valence-shell Thomas-Reiche-Kuhn (VITRK)
sum rule. Equation (2.28) can be applied by combining relative valence-shell df/ dE
measurements obtained up to high energy (~200 eV) with an. accurate estimate of
the valence-shell differential oscillator strength from 200 eV to infinite energy via a
curve-fitting and extrapolation procedure outlined in section 3 1.1.

The S(-2) sum is equivalent to the static electric-dipole polarizability (o) of

the target species,
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o0

=2

S(-2) = ay = J(Eﬂj (%} dE, (2.29)
H

E/

and can also be used to normalize relative spectral intensities to absolute differen-
tial oscillator strengths if the electric-dipole polarizability of the target atom or
molecule is known [28]. The S(-2) sum (equation (2.29)) differs from the S,,;(0) sum
rule in that the former is weighted heavily in the low energy region (< 100 eV) due
to the E~2 term, whereas the latter is uniformly weighted over all energies. In this
regard, application of the S(-2) sum rule does not necessarily require differential
oscillator strength data to be available up to infinite energy, since anything above
~100 eV would not make a significant contribution to the S(—2) sum. Therefore, the
S(-2) sum rule provides a good normalization alternative to the Sye1(0) sum rule,
especially when the latter technique cannot be employed because of complications in
the photoabsorption spectrum from low energy inner-shell thresholds, Cooper
minima, and shape resonances. In cases where the absolute differential oscillator
strength scale has been established using the VTRK sum rule, equation (2.29) can
additionally be used to critically evaluate the accuracy of the absolute data.
Moreover, the S(—2) sum rule can provide an experimental value for the static
electric-dipole polarizability of a given target species in the absence of such data in

the literature.

2.2 Photoionization by Dipole (e,e+ion) Coincidence

Spectroscopy

The dipole ionization of a molecule AB to form an ion AB* can be studied both

by photons (hv) and by high-energy electrons (e¢7):
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hv (E) + AB - AB* + €y Photoionization (2.30)

e"(Eg) +AB > AB* + ¢, + ¢ (Eg—E) Electron impact ionization  (2.31)
where e;; is the ejected photoelectron and (E) is the energy loss of the scattered
electron, which is equivalent to the photon energy (hv) in the photoionization
process. In both situations, the energy E is transferred to form AB* and e;;. The
transition probability or partial photoionization differential oscillator strength
(PPOS) for the production of the molecular (AB*) and dissociative (A*, B*) ion
fragments can be obtained by photoionization mass spectrometry (PIMS) or by the
complementary technique of dipole (e,e+ion) coincidence spectroscopy. Similar to
dipole (e,e) spectroscopy, under the condition of negligibly small momentum
transfer, ionization processes induced by the latter method would be governed by
dipole selection rules, and the energy-loss (E) would be analogous to the photon
energy (hv). From equation (2.31) it can be seen that the term “dipole (ee+ion)
coincidence spectroscopy” describes the dipole scattering of one incident electron,
followed by the coincident detection of one scattered electron and the associated ion.

The total photoabsorption differential oscillator strength, (df/ dE)‘;,bs,
discussed earlier in section 2.1, can be represented at each energy by the sum of the
differential oscillator strengths for all neutral species, (df/ dE)':;,eu, and ions,

(af / dE)™:

e e

The energy-dependent photoionization efficiency (n;) is defined to be the ratio of the

total number of ionization events to the total number of photons absorbed,

_ Total number of ionization events
Total number of photons absorbed ’

(2.33)

L

and gives a measure of the degree of ionization per photon absorbed as a function of
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energy. It is related to the total photoabsorption and photoionization differential

oscillator strengths by

i ion_ .iabs
(dE)T _nl(dE)T ' (234

The total photoionization differential oscillator strength can be partitioned

on

F )

-

or into PPOS of electronic ion states, (df / dE)g’”,

(%)Z(é‘%) 236

The PPOS of ion fragments and electronic ion states are generally obtained from

into PPOS of molecular and dissociative ion fragments, (df / dE)

photoionization mass spectrometry and from tunable energy photoelectron
spectroscopy, respectively, as a function of photon energy. Photoion branching
ratios (BRp) for the various ionic épecies }(F) can be determined from the integrals
(Ng) under the appropriate ion peaks in the mass spectra and represent the fraction

of the total number of ions formed:

BRy = (2.37)

> Np

F

The PPOS for the production of molecular and dissociative ions are then given by
the triple product of the photoion branching ratio, photoionization efficiency, and

total photoabsorption differential oscillator strength, as a function of photon energy,

(i)m - BRp 1, (i)abs - BRF(i)ion. @39

T

dE dE dE

F T
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Similarly, electronic ion state branching ratios for the various ion states, S, can be
determined from the integrals (Ng) under the appropriate electronic state peaks in
the photoelectron spectra and represent the fraction of the total number of electronic

states formed:

BRg = (2.39)

2> Ng’

S

At each photon energy, multiplication of the electronic state branching ratio with
the photoionization efficiency and total photoabsorption differential oscillator
strength gives the PPOS for the production of that electronic state,

i ion_ . i abs_ (i)ion ‘
(dE)S = BRgm; (dE)T = BRg| . (2.40)

Since the total photoionization differential oscillator strength can be represented as
sums of ion fragments or sums of electronic ion states, detailed quantitative
information on the dipole-induced breakdown pathways for a molecule can be
obtained. Above the upper energy limit of the Franck-Condon region for production
- of a given electronic jon state, fragmentation ratios for dissociative photoionization
from that electronic ion state should be constant, except in local regions where
autoionization effects are significant or where multiple photoionization is
appreciable [39]. Therefore, the PPOS for a given ion may be expressed as a linear

combination of electronic ion state PPOS and vice versa.

2.3 Photoabsorption and Photoionization Processes

In the molecular orbital (MO) model, molecular orbitals are formed by linear

combination of atomic orbitals (LCAQO). In a given molecule, the molecular orbitals
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consist of (1) occupied valence-shell and inner-shell (bonding and non-bonding)
orbitals, and (2) unoccupied virtual valence (anti-bonding) and Rydberg (largely
non-bonding) orbitals. The two types of occupied orbitals differ in that the valence-
shell orbitals are generally delocalized over the molecule and thus are mainly
responsible for all molecular properties including bonding, while inner-shell orbitals
(which have higher binding energies) are largely localized near the corresponding
atomic centers and therefore have a dominant atomic character. Given sufficient
energy, electrons from any of the occupied orbitals can be excited to various virtual
valence and Rydberg orbitals, or be directly ionized into the continuum. Other
processes that result in the formation of an ion include autoionization, Auger
processes, and resonant Auger processes. These non-radiative processes are shown
schematically in figure 2.1. Such electronic transitions are manifested by the many
different features observed in the photoabsorption spectrum. Some of the features
which are relevant to the present work will be reviewed in section 2.3.1. In addition,
various decay processes associated with the dissipation of energy froin a high-energy
hole state formed from the excitation or ionization of an electron from an occupied

orbital will be discussed in section 2.3.2.

2.3.1 Spectral features

In the discrete portion of the photoabsorption spectrum, the observed
absorption bands typically arise from a combination of Rydberg and virtual valence
transitions. Additional spectral features such as window resonances, shape
resonances, and Cooper minima can also appear in the ionization continuum.
Rydberg orbitals are large, diffuse, atomic-like orbitals which are located well
beyond the occupied valence orbitals of ground state molecules. Within this model,

a Rydberg transition from the ground state corresponding to an excitation energy E
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is characterized by an angular momentum (/) dependent quantum defect (§;) and a
term value (T),

Er

T=Eyp-E=—"8—,
VT (n-5)?

(2.41)

where n is the principal quantum number of the final orbital, Evypp is the vertical
ionization potential to which the Rydberg series converges as n approaches infinity,
and Eg is the Rydberg energy constant (13.606 eV). The close similarity of equation
(2.41) to the Rydberg formula for the hydrogen atom, where §; is zero, is due to the
fact that Rydberg transitions are characteristic of a one-electron system in which
the excited electron is located so far away from the positively charged molecular core
that it “sees” the core as a point charge (+1). Therefore, Rydberg term values are
independent of the originating molecular orbital and thus can be transferred
between different transitions to the same final orbital. In multi-electron systems,
the quantum defect reflects the penetrability of the final orbital and takes on
different values depending on the subshell of the Rydberg orbital. When the excited
electron is situated far away from the molecular core (e.g., the 3d orbital of CFy),
there is no penetration of the c'ore, so0 84 is zero. In contrast, an electron in the 3s
orbital of CF4 can penetrate the core and become more tightly bound; in this case
the quantum defect () is approximately one. According to Robin [40], the quantum
defects for first and second row atéms take on values in the ranges of 0.8-1.3, 0.5—
0.9, and 0-0.3 for the ns, np, and nd Rydberg series, respectively. For molecules
containing third or higher row atoms, the §; values increase by a integral number
with respect to the principal quantum number of the lowest unoccupied s, p, or d
type orbitals of second row atoms (i.e., 3s, 3p, and 3d). For example, in the case of
PFg, which has lowest unoccupied Rydberg orbitals of 4s, 4p, and 3d, the quantum
defects fall within the ranges of 1.8-2.3 (3;), 1.5-1.9 (3,), and 0-0.3 (84).
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Rydberg profiles are generally characterized by sharp peaks in the discrete
region of the photoabsorption spectrum. Beyond the first ionization potential, they
may be lifetime broadened by autoionization, resulting in either broad bands super-
imposed on the continuum (constructive interference) or in window resonances
(destructive interference). In the latter case, the Rydberg profiles appear as dips in
the continuum (e.g., see the NOgy valence-shell spectrum in chapter 6). Absorption
bands should ideally be assigned based on oscillator strength and excitation energy
ab initio calculations. However, in practice such calculations may not exist or are
inaccurate due to difficulties in modeling the excited state wavefunction. In these
circumstances, equation (2.41) caﬁ sometimes be used as an empirical alternative in
assigning observed Rydberg spectral profiles.

In contrast to Rydberg orbitals, virtual valence orbitals are localized and are
of similar size to the occupied valence orbitals. Consequently, term values for
transitions to virtual valence states are not transferable from one ionization
manifold to another, since the excited electron now “sees” the details of the
remaining localized valence-shell electronic structure instead of a point charge.
Transitions to virtual valence orbitals can be identified by their term values, which
are often larger than those of the lowest Rydberg transitions, as well as the
generally broad nature of these profiles in the photoabsorption spectrum.

In addition to Rydberg and virtual valence transitions, sometimes the close
proximity of the lowest Rydberg orbital to a localized virtual valence orbital can
cause Rydberg-valence mixing to occur. This results in a higher term value than
predicted by equation (2.41) for the corresponding Rydberg transition, and therefore,
it can no longer be transferred from one ionization manifold to another. For
example, Rydberg-valence mixing is observed in the phosphorus 2p inner-shell
spectrum of PF3 (chapter 5) where the broad 9a; absorption band is situated

beneath the sharp 4s Rydberg band. Consequently, the 4s « 2p 3;21 transition has a
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term value of 3.17 eV, which is higher than that of 2.75 eV for the 4s « 8aj!
transition in the PFg valence-shell spectrum.

Although transitions to virtual valence orbitals usually arise at lower energy
than the corresponding Rydberg transitions from the same initial molecular orbital,
sometimes intense virtual valence type transitions (shape resonances) can also be
observed to higher lying neutral states above the ionization threshold in the inner-
shell region (e.g., see PFg and PF5 in chapter 5). On the basis of multiple scattering
calculations, Dehmer and Dill [41,42] rationalized that this redistribution in
oscillator strength intensity from the weak Rydberg pre-edge bands to the strong
post-edge shape resonances can be attributed to the interaction of the excited
electron with the anisott“opy of the molecular field, causing it to be trapped
temporarily behind the centrifugal barrier until it has sufficient kinetic energy to
tunnel out by reaching an outgoing channel (dominated by high angular momentum
partial waves), which penetrates the barrier. Such rapid penetration of the
centrifugal barrier results in a resonant enhancement of selected outgoing electron
partial wave channels. For example, recent continuum MS-Xo calculations [43]
predicted the two strong shape resonances observed in the phosphorus 2p ionization
continuum of PFg at 146 and 159 eV arise, respectively, from the a; channel
associated with the p-wave (I = 1) of the fluorine ligands, and from both the a; and e
channels of the atomic-like phosphorus 3d orbitals (I = 2).

Another spectral feature commonly present in the ionization continua of
molecules containing atoms that have subshells with radial nodes (e.g., PClg) are
Cooper minima (i.e., local minima in the differential oscillator strength curve). This
phenomenon arises from the zero net overlap in the dipole matrix element of the
initial and final state wavefunctions in the vicinity of the radial node. In the case of

PClg, one radial node is present in the chlorine 3p wavefunction, and as such a

Cooper minimum is observed in the valence-shell photoabsorption spectrum.
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2.3.2 Decay processes

High energy hole states created by photoexcitation and photoionization of an
electron from a valence-shell or inner-shell orbital at an energy E can undergo a
number of competing decay processes in order to dissipate the excess energy. An ion
(AB") produced from the initial photoionization of a molecule (AB) in the ground

state can decay by Auger processes, dissociation, or fluorescence:

E+AB — AB*+ €

\ Auger process (2.42)
ABZ* 4 ¢ |

E+AB — AB*+ ¢

d Dissociation (2.43)
At +B

E+AB —» AB*Y* 4+ ey

J Fluorescence (2.44)
AB* + hv

where e,; is the ejected photoelectron and e, is the Auger electron. In the
fluorescence process, AB** denotes the AB* ion in an excited ion state. Similarly, a
molecule in an excited state (AB*) can decay by autoionization, resonant Auger

processes (a special case of autoionization), predissociation, or fluorescence:

E+AB — AB* — AB*+e;, Autoionization; Resonant Auger process (2.45)
— A*+B Predissociation (2.46)
— AB +hv  Fluorescence (2.47)

Auger emission (dotted arrows in figure 2.1) is a two-step process involving
three electrons that result in the formation of a doubly-charged cation. In the first
step, an electron (e;;) from a valence-shell or inner-shell orbital is ionized to form a

hole state (represented by an open circle in figure 2.1). This is followed by the
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simultaneous relaxation of a less tightly bound electron to fill the hole and
ionization of a third electron (e4) from the energy released in the relaxation of the
second electron. An Auger process is denoted by three letters corresponding to the
type of subshell from which the electrons originate in the initial ionization,
relaxation, and final ionization pathways. For example, a KLL Auger process
involves ionization of a K-shell electron, followed by relaxation and ionization of two
L-shell electrons. In contrast, a VVV Auger process begins with the ionization of an
inner-valence electron, followed by the subsequent relaxation and ionization of two .
outer-valence electrons.

A resonant Auger process is similar to the Auger process described above
except that the initial formation of a hole state results from excitation rather than
ionization of an electron. Figure 2.1 shows two types of resonance Auger processes.
A participator resonance Auger emission (dash-dot-dot arrows) occurs when the
electron from the initial excitation becomes ionized in the second step.
Alternatively, if a different electron is ionized, the process is termed a spectator
resonance Auger emission (dashed arrows), since the excited electron from the first
step acts as a spectator in the second step. As indicated by equation (2.45), a
resonance Auger process produces a singly-charged cation. In fact, resonant Auger
is a special case of autoionization (dash-dot arrows in figure 2.1) in which an excited
state of a more tightly bound electron is first formed above a lower ionization
continuum. The excited state then decays into the lower ion state continuum,
thereby forming a singly-charged ion.

Alternatively, hole states can decay by direct dissociation or by predissocia-
tion. This involves the transfer of excess energy to bond breaking and to the kinetic
energies of the resulting fragments. Finally, fluorescence can also release excess

energy via the emission of a radiative photon (in contrast to Auger emission,

resonant Auger emission, and autoionization which are all non-radiative processes).
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Chapter 3

Experimental Methods

The measurements reported in this thesis have been obtained using two high
energy electron impact spectrometers, operating at a mean scattering angle of zero
degrees, so that negligible momentum transfer conditions exist. The low resolution
spectrometer [15,16,39,44,45] utilizes an 8000 eV incident electron beam and has a
resolution of 1 eV fwhm. It can operate in two different modes: Measurements
obtained in the dipole (e,e) mode are used for photoabsorption studies, while those .
obtained in the dipole (e,e+ion) coincidence mode are used for photoionization
studies. In addition, a high resolution dipole (e,e) spectrometer [5,46] operating at
3000 eV incident electron energy has been employed to determine absolute oscillator
strengths in the discrete excitation region in both the valence-shell (0.05 eV fwhm)
and selected inner-shell (0.1 eV fwhm) regions of the 'photoabsorption spectra
presented in chapters 4-8. Since details of the construction and operation of these
two spectrometers have been fully described in refs. [5,14-16,39,44-46], only brief
accounts of the instruments will be presented in this chapter. The experimental
procedures used in the determination of absolute photoabsorption and partial
photoionization differential oscillator strengths from electron energy-loss (EEL) and
time-of-flight (TOF) measurements obtained directly from the two spectrometers

will also be outlined in the corresponding sections below.

3.1 The Low Resolution Spectrometer

The low resolution, high energy electron impact spectrometer (1 eV fwhm)

[15,16,39,44,45] is shown in figure 3.1. The various electrostatic deflectors used to
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guide the electron beam are labeled by DO to D3, while the apertures through which
the electron beam passes are represented by PO to P3. Note that the TOF tube is
actually positioned at 90° to the focal plane of the electron analyzer (i.e., pointing
outwards from the face of the page). This spectrometer can be used to study the
photoabsorption or photoionization of a given target species by operating in either
the dipole (e,e) or dipole (e,e+ion) coincidence mode. In the dipole (e,e) mode (see
section 3.1.1), electron energy-loss spectroscopy is used to obtain long range absolute
photoabsorption spectra from the first excitation threshold up to several hundred
electron volts, while the dipole (e,e+ion) coincidence mode (section 3.1.2) employs
time-of-flight mass spectroscopy to determine absolute partial differential oscillator

strengths for molecular and dissociative photoionization.

3.1.1 The dipole (e,e) mode

In the dipole (e,e) mode [15,16,39,44,45], an electron energy-loss spectrum is
measured as follows. A narrow beam of electrons is produced by a barium oxide
cathode in a black and white television tube gun (Phillips 6AW59), which is floated
at a potential of —4000 V. The electron beam is accelerated to 8000 eV and
electrostatically deflected into the collision chamber (floated at +4000 V) where it
scatters off the gaseous target sample. Only those electrons scattered in the forward
direction within a small cone of 1.4 x 1074 steradians subtended about a zero degree
scattering angle are allowed to pass through an angular selection aperture (P3 in
figure 3.1). In the electron scattering process, each of these scattered electrons loses
a small amount of energy (E in equation (2.2)) in the collision with the target, and it
is this “energy loss” that is transferred to the target to produce a dipole-allowed

electronic excitation. After entering the forward scattering angular selection

aperture, the (scattered and main beam) electrons are refocussed, selected for a
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particular energy loss (E), and decelerated to (50+E) eV before entering the
hemispherical analyzer (floated at -3950 V). In the deceleration step, the 50 eV
energy represents the analyzer pass energy. The electrons then pass through the
analyzer and are detected in the saturated pulse counting mode by a channeltron
electron multiplier (Mullard B419AL). The resulting electron signal (i.e., relative
electron scattering differential cross section) is processed by an IBM compatible
computer (Intel 80286) using data acquisition software written by Dr. G. Cooper of
this laboratory. The computer also serves to control the energy loss to be selected by
the decelerating lens and the analyzer/detection system in a tunable fashion during
the data acquisition process in order for an EEL spectrum to be obtained, as a
function of energy loss. Note that most of the remaining electrons that were not
selected to pass through the analyzer are collected at the beam dump at the back of
the analyzer. The spectrometer is also designed with mumetal shields and
Helmholtz coils to shield the electron trajectories from external magnetic fields.

As a first step in obtaining a long range, absolute photoabsorption spectrum,
electron energy-loss spectra are measured in several overlapping energy loss regions
(e.g., 4.5-40, 30-80, 60-134, 120-155, 145-195, 185-220, 210-280, and 260-350 eV
in the case of PClg). This procedure is necessary because the electron scattering
differential cross section decreases very rapidly with increasing energy loss (in the
order of E-3). Therefore, in order to maintain good signal-to-noise ratios at
increasing energy loss, the electron current is increased with each higher energy
region measured. For each EEL spectrum measured at full pressure (~8 pTorr), a
background EEL spectrum is obtained immediately afterwards at one-quarter the
pressure (~2 uTorr) which is then subtracted from the full pressure spectrum. This
background-subtraction procedure serves to remove any contributions from non-

spectral electrons and background residual gases in the spectrometer. The resulting

background subtracted EEL spectra are normalized to one another to form a long




Chapter 3. Experimental Methods 31

range spectrum (e.g., 4.5-350 eV in the example of PClg above), which is
subsequently converted to a relative photoabsorption differential oscillator strength
spectrum using the known Bethe-Born factor for the spectrometer [15,16] according
to equation (2.21). As a result of this transformation, the energy loss becomes
equivalent to the photon energy. Finally, the relative photoabsorption spectrum is
normalized onto an absolute differential oscillator strength scale using the valence-
shell Thomas-Reiche-Kuhn (VTRK) or Syq(0) sum rule given by equation (2.28). In
the present work, the S(-2) sum rule has not been used for absolute scale
determination. Instead, the S(-2) sum rule has been employed to critically evaluate
the absolute data obtained via the VTRK sum rule by comparing the resulting static
electric-dipole polarizability (o) with published values. In the case of PF3, no
experimental oy data are available in the literature; therefore, differential oscillator
strength measurements obtained in the present work have been used to provide the
first such value.

The use of the VIRK sum rule with the dipole (e,e) method provides a simpler
and often more accurate alternative to the direct optical method involving the Beer-
Lambert law for obtaining absolute photoabsorption cross sections (oscillator
strengths), since neither path length or particle density determinations are
required. In the VTRK sum rule normalization procedure, the contribution of the
target molecule to the valence-shell photoabsorption above the upper limit of the

measured valence-shell spectrum is estimated by fitting a polynomial of the form

9 _ AE?,BES:CE™* (3.1)
dE

to the high energy, smooth continuum region of the relative photoabsorption data
and extrapolating to infinite energy. The relative valence-shell photoabsorption
spectrum is then integrated from the first excitation threshold to infinite energy,

and the total area is set to an oscillator strength value corresponding to the number
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of valence electrons (Z,,;) in the target molecule, plus a small estimated contribu-
tion (Z,) for Pauli excluded transitions from the inner-shells to the occupied valence-
shell orbitals [47,48].

The total valence-shell oscillator strength estimates (Z,,; + Z,) used in the
present work (see equation (2.28)) have been obtained using atomic calculations of
oscillator strength contributions for excitations from each of the individual shells of
atoms [48]. These calculations have been used to estimate the valence-shell
oscillator strengths for different molecules as follows. For one-center hydrides such
as CHy, the valence-shell contribution is modeled using that for an atom with which
the molecule is isoelectronic. For example, since CHy is isoelectronic with neon, the
valence-shell oscillator strength estimate for CH,4 (8.33) is determined by summing
the oscillator strength calculations for the np < 2s, nd <« 2p, and ns < 2p
excitations of neon [48]. For molecules with more than one central heavy atom such
as n-pentane, the normalization factor for the S,;;(0) sum rule is determined by first
breaking the molecule down into components that can be represented by
isoelectronic atoms, followed by summing the corresponding atomic valence-shell
oscillator strength contributions. In the present work, the valence-shell oscillator
strength estimates (Z,,; + Z,) used to establish the .absolute oscillator strength
scales for the photoabsorption spectra reported in chapters 4-8 via the VTRK sum
rule are listed in table 3.1.

The low resolution photoabsorption data obtained in the present work have
been energy calibrated by adjusting the electron analyzer pass energy in the
spectrometer such that the positions of the observed spectfal profiles match those
obtained in the high resolution spectrum (see section 3.2 below) after it has been
convoluted with a 1 eV fwhm gaussian function (in order to mathematically degrade
the resolution of the high resolution spectrum to the 1 eV fwhm of the low resolution

spectrum).
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Table 3.1

Valence-shell oscillator strength estimates used to establish the absolute
photoabsorption differential oscillator strength scales of molecules reported
in this thesis via the VTRK sum rule

Molecule Number of Isoelectronic Tot.al valence-shell
valence-shell oscillator strength
electrons (Z,,,) atoms estimate (Zq; + Z,)
n-pentane: CH5(CHy)3CH, 32 F+30)+F 33.17
n-hexane: CH3(CH,),CHj 38 F+4(0)+F 39.38
n-heptane: CH3(CH,);CHj4 44 F+50)+F 45.59
n-octane: CH3(CH,);CHy 50 F+60)+F 51.80
CFCl, 32 C+F+3(CD 33.15
CF,(Cl, 32 C+2(F) + 2(Ch 33.16
CF3Cl 32 C+3(F)+Cl 33.17
CF, 32 C+4(F) 33.18
NO, 17 N+ 2(0) 17.57
PF, 26 P + 3(F) 27.00
PCl, 26 P+ 3(ChH A 26.98
PFy 40 P + 5(F) 41.55

3.1.2 The dipole (e,e+ion) coincidence mode

The dipole (e,e+ion) coincidence mode of operation [15,16,39,44,45] involves
the detection of a forward scattered electron subtended in a small cone of 1.4 x 1074
steradians about a zero degree scattering angle in coincidence with a positive ion
produced in the electron scattering process. A dipole (e,e+ion) experiment therefore
requires the use of all components of the spectrometer in the dipole (e,e) mode for
the detection of the scattered electron at a particular energy loss, plus an additional
time-of-flight tube for extracting the positive ions (see figure 3.1). In this procedure,

as the scattered electron travels through the angular selection aperture (and is
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eventually detected as described earlier in section 3.1.1), the positive ion produced
in the collision chamber is simultaneously extracted at 90° to the incident electron
beam into a TOF tube by a 400 V-em™! electrostatic field that is applied across the
collision region. The ion travels down the 10 cm TOF tube and is detected in the
saturated pulse counting mode by a double microchannel plate ion detector (Electro-
Optical Sensors, model VUW-8920ES). The design of the ion extraction voltages
and TOF analyzer lens system [15,16] ensures uniform collection of ions with up to
20 eV excess kinetic energy of fragmentation. This is essential if accurate branching
ratios and absolute partial differential oscillator strengths are to be obtained for
molecular and dissociative photoionization. In determining the flight time, which is
proportional to the square root of the m/e ratio for a particular ion, a single-stop
time-to-amplitude converter (TAC) is used. The TAC is started by a pulse signal
from the ion channel and stopped by a pulse from the (delayed) electron of a given
energy loss. The time between the start and stop pulses (typically in the range of
5-10 psec) is then converted to a DC amplitude and processed by an IBM compatible
computer (Intel 80286) via an analog-to-digital converter. The computer keeps
track of the number of electron-ion coincidences as a function of flight time at a
particular energy loss over a selected time period and converts the resulting data

into a TOF mass spectrum.

As a first step in studying the molecular and dissociative photoionization of
the molecules reported in this thesis, TOF mass spectra for each molecule have been
collected as a function of energy loss (i.e., equivalent photon energy) at an ambient
sample pressure of ~4 pTorr in several overlapping energy regions and analyzed
individually. Photoion branching ratios are determined by integrating the ion peaks
in each of the baseline-subtracted TOF mass spectra and then correcting the peak

areas for the mass (m/e) sensitivity of the microchannel plate ion detector using the

response function reported in ref. [45]. For each fragment ion formed, the branching
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ratio, representing the fraction of the total number of ions produced, is obtained as
given by equation (2.37).

In the dipole (e,e+ion) experiment, the relative photoionization efficiency is
defined to be the ratio of the total coincidence ion signals to the total number of
forward scattered electrons as a function of energy loss in the given time period.
When these values for a target molecule become effectively constant within
experimental uncertainty (e.g., above 17.5 eV in the case of PFj3), it is reasonable to
assume that the photoionization efficiency (n;) has reached a magnitude value of
unity. This usually occurs at energy losses above 14-25 eV, depending on the target
molecule. The absolute photoionization efficiencies can therefore be obtained by
normalizing these values that have leveled off to a value of one (e.g., the 1; values
above 17.5 eV in PF3 have been normalized to unity). It should be noted that the
detection efficiency of the ion extraction and transportation system of the TOF mass
spectrometer is ~10 % using the microchannel plate ion detector [45]. Therefore,
both ions formed in Coulomb explosions in dissociative double ionization processes
(i.e., AB2t - A* + B*) will be detected in approximately equal proportions (i.e., 10%
for the fastest, lower m /e ion and 9% (10% of 90%) for the slower, higher m /e ion).

Finally, absolute partial photoionization differential oscillator strengths
(PPOS) for the production of molecular and dissociative fragment ions from the
target molecule at 1 eV fwhm resolution can be determined from the triple product
of the absolute total photoabsorption differential oscillator strength (obtained as
detailed in section 3.1.1), the photoionization efficiency, and the photoion branching
ratio for each ion, as a function of photon energy (equation (2.38)).

The energy loss (equivalent photon energy) scales for the photoionization
data reported in the present work have been calibrated by measuring an EEL
spectrum under the experimental conditions of the dipole (e,e+ion) coincidence

i

experiment and referencing the spectral features to those of the energy-calibrated
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EEL spectrum obtained earlier either in the low resolution dipole (e,e) mode (see
section 3.1.1) or in the high resolution spectrum (see below) after it has been

convoluted with a 1 eV fwhm gaussian function.

3.2 The High Resolution Dipole (e,e) Spectrometer

The dipole (e,e) spectrometer [5,14,46] used to obtain high resolution
electronic spectra and absolute differential oscillator strengths for the molecular
species reported in this thesis in the valence-shell (0.05 eV fwhm) and iﬁner-shell
(0.1 eV fwhm) discrete regions is shown in figure 3.2. This spectrometer operates at
an incident electron impact energy of 3000 eV and a mean scattering degree of zero
degrees such that the momentum transfer is negligible and -electric-dipole
transitions dominate the electron energy-loss spectra. The high resolution is
achievéd primarily by the addition of a large (19 ¢cm mean radius) electrostatic,
hemispherical electron monochromator, which selects out a small section of the
~broad Maxwell-Boltzmann energy distribution of the incident electron beam, and
the use of an identical hemispherical electron analyzer. This is furthermore aided
by the presence of high precision electron optics in the form of seven electron lens
elements (L.j-L#), which serve to focus, accelerate, and decelerate the electron beam,
and nine sets of quadrupole deflectors (Q{—Qg) that guide the beam of electrons
through eight apertures (P1—Pg).

The spectrometer resolution is largely governed by the pass energies of the
monochromator and analyzer. In the valence-shell region (1-60 eV) where the
electron scattering cross section is high, the pass energies of both the monochroma-
tor and analyzer can be set to 10 eV. This setting produces an incident electron
beam with an overall energy spread of 0.035 + 0.003 eV fwhm as measured by

recording the main beam passing through both the monochromator and the
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Figure 3.2: Schematic of the high resolution dipole (e,e) spectrometer [5,14,46].
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analyzer. This translates to a ~0.05 eV fwhm resolution for the inelastically
scattered beam when measured on the 21P « 118 transition of helium [5]. In the
inner-shell region (e.g., between 128-150 eV in the vicinity of the P 2p discrete
spectrum of PF3), the inelastic electron scattering cross sections become very small.
Therefore, in order to obtain a reasonable signal-to-noise ratio, the pass energies of
the monochromator and analyzers must be increased to 30 eV, at the expense of
lower resolution (~0.1 eV fwhm in the inelastically scattéred electron beam).

A high resolution electron energy-loss spectrum is measured as follows.
Within the electron gun chamber, electfons are produced by a heated thoriated
tungsten cathode (C) in a Cliftronic CE5AH gun body, accelerated into a 3000 eV
electron beam by the grid (G) and anode (A), and focused by a lens element (F). At
Lj the electron beam is decelerated to the pass energy of the monochromator, which
serves to reduce the energy spread of the 0.8 eV fwhm incident electron beam. The
monochromated beam is again accelerated to 3000 eV and focused by Lg and Lg into
the collision chamber (CC) where it scatters off the target gaseous sample. Only
those electrons scattered in the forward direction into a very small cone of 3.0 x 10
steradians ‘about a zero degree scattering angle are allowed to pass through the
angular selection aperture (Pjy). These inelastically scattered electrons are then
refocused and decelerated before being admitted into the hemispherical analyzer.
At the other end of the analyzer, the electrons are detectéd in the saturated pulse
counting mode by a channeltron multiplier (Mullard B419AL), and the resulting
signal is processed by an IBM compatible computer (Intel 80386). The computer
also controls the energy-loss selection by the decelerating lenses (Lg and L) so that

a tunable energy EEL spectrum can be obtained. Note that the monochromator and
electron gun chambers are floated at a potential of —-3000 V, and the analyzer is

floated at (-3000 + E) eV, but the collision chamber is held at ground. The design of

this spectrometer also incorporates hydrogen annealed mumetal shielding, which is
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used to shield the electron trajectories from external magnetic fields.

For each of the valence-shell and inner-shell high resolution photoabsorption
spectra reported in the present work, EEL spectra are measured at an ambient
sample pressure of ~20 pTorr in two overlapping regions (e.g., 7-30 and 20-60 eV in
the case of CF9Cly), corresponding to the discrete portion where sharp structures
are observed and a higher energy continuum portion. These spectra are background
subtracted at one-quarter of full pressure (~ 5 uTorr) and normalized to one another.
The resulting EEL spectrum is converted to relative photoabsorption differential
oscillator strengths using the Bethe-Born conversion factor for the high resolution
spectrometer [5,14]. Finally, the absolute differential oscillator strength scale is
established_by single-point normalization of the relative data to the absolute low
resolution photoabsorption spectrum (obtained as described in section 3.1.1) in the
smooth continuum region where no sharp structures are present. The absolute
oscillator strength data determined in this way are estimated to have an accuracy of
better than +5%. The reliability and accuracy of the dipole (e,e) method has been
confirmed by the excellent agreement of the experimental oscillator strengths for
helium [5] and molecular hydrogen [7] with highly accurate ab initio calculations.

The absolute energy scale for the high resolution data have been calibrated

by simultaneous admission of the target sample and helium and referencing the

spectral features of the target to the 21P « 11S transition of helium at 21.218 eV

(49].

3.3 Sample Handling

The stated purity and commercial supply company for each of the samples

used in the present work are listed in table 3.2. The gaseous samples of CgHg,

n-C4Hyg, CF9Cly, CF3Cl, CF4, NOg, and PF3 were used without further purification.
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Table 3.2

Sources and purities of samples used in the present work

Sample Supply company Stated purity (%)
CgHg Matheson Chemical Inc. 99.5
n-C4Hyg Matheson Chemical Inc. 99.0
n-CsHio BDH ' 99.0
n-CgHy4 Aldrich Chemical Company 99.0
n-C7H1g BDH _ 99.5
n-CgHqg BDH 99.0
CFClj Aldrich Chemical Company 99.0
CF5yCly Matheson Chemical Inc. 99.0
CF3Cl Matheson Chemical Inc. 99.0
CF, Matheson Chemical Inc. 99.0
NOg Matheson Chemical Inc. 99.5
PFg Ozark-Mahoning 99.0
PClg Aldrich Chemical Company 98
PF5 Strem Chemicals Inc. 99

Appropriate gas regulators were placed on the CgHg, CF3Cl, CFy4, and PFg cylinders
before they were introduced into the spectrometer inlet systems. The liquid samples
of n-CsHqg, n-CgHyy, n-C7Hyg, n-CgHyg, CFClg, and PClg were transferred into
glass-based sample holders in a nitrogen atmosphere, mounted onto the
spectrometer manifold via a swage lock connection, and degassed by repeated
freeze-pump-thaw cycles before being admitted into the spectrometers. The PFj
liquid sample was supplied in a lecture bottle and was thus used directly without
the need for degassing. Except for small amounts of impurities detected in the TOF

spectra of PFg, NOg, C3Hg, n-C4H{( (see below), there is no evidence of impurities in
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the TOF mass spectra of the remaining samples.

Small amounts of POF3 were detected in the TOF mass spectra of PFg, and
corrections in the branching ratios were made to account for this. In this procedure
TOF mass spectra were obtained for POF3. The péak areas of the POFJ ion peak
(the dominant ion in the POFg mass spectra) were matched up with those observed
in the PF spectra so that the corresponding ratios of the peak areas for PF; (x = 0—
3) and F* in the PF5 TOF spectra can be subtracted. While extremely small
impurity peaks in the sample are also observed at 10.99, 11.05, 11.39, and 12.92 eV
in the valence-shell photoabsorption spectrum, their intensities are negligible
compared to the PFg excitations and therefore should not affect the presently
reported absolute oscillator strength values. _

In the cases of C3Hg and n-C4Hy, very sxﬁall impurity peaks (likely due to
an air leak) at m/e values of 32 (03), 28 (N3), 16 (O*), and 14 (N*) were detected,
and corrections for these contributions to the corresponding dissociative ions
produced from C3H8- and n-C4H;¢ (having the same m/e values) were made in the
determination of branching ratios and PPOS using the photoion branching ratios of

5, N3, 0%, and N* derived from ref. [2].

In the case of NOgy, a very small impurity (< 1%) from oxygen in the sample

was detected in the TOF mass spectra, and corrections have been made to the

branching ratios and PPOS for the production of O and O* from nitrogen dioxide

using the absolute PPOS data for the production of O3 and O* from oxygen [2].
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Chapter 4

Photoabsorption and Photoionization Studies of
Normal Alkanes

i

4,1 Introduction

The photoabsorption and photoionization of the normal alkanes are of
considerable fundamental as well as applied interest. The saturated hydrocarbons
have been chosen for the present study since hydrocarbon structures are a major
constituent of larger organic molecules, including those of biochemical and '
radiological significance. Moreover, hydrocarbons are important in a number of
applications involving interaction with energetic electromagnetic radiation.
Propane (C3Hg), for example, is of interest in aeronomy due to its ability to scavenge
chlorine atoms [34], thereby interrupting the chain reactions that can lead to ozone
depletion. Butane (n-C4H;pg), on the other hand, is used in Britain as an aerosol
propellant substitute for Freons [35]. In view of this, it is therefore surprising to
note that no absolute photoionization data exist for the molecular and dissociative
photoionization of propane and n-butane other than the limited measurements
below 25 eV reported by Schoen [50] in 1962. However, the accuracy of these data
[50] is questionable since they were obtained using a sector-type mass spectrometer,
and it is well known that such instruments suffer from serious fragment ion kinetic
energy and mass discrimination effects. In other work, a few measurements of
relative photoionization yield curves [51-53] and appearance potentials [54-56]
have also been reported.

In photoabsorption work, relatively little absolute differential oscillator
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strength information exists for the photoabsorption of the larger normal alkanes

(C,Hog,, 19, n = 5-8). In fact, other than the previously reported measurements made
using conventional optical methods below 12 eV for n-pentane to n-octane [57,58],
between 10-41 eV for n-hexane [59], and in the region 7-25 eV for n-pentane [50], to
date no other absolute experimental data or ab initio calculations are available for
the absolute oscillator strengths of these larger alkanes in the VUV and soft X-ray
regions. Moreover, the previously published absolute differentiai oscillator strength
data show significant differences in both shape and magnitude, and comprehensive
data are unavailable for the valence-shell spectra over wide energy ranges.

In the present work, photoion branching ratios and photoionization
efficiencies for the molecular and dissociative photoionization of propane and
n-butane are reported from the first ionization potential up to 80 and 50 eV,
respectively. These data are used together with the earlier reported photoabsorp-
tion data [36] to derive the absolute partial photoionization differential oscillator
strengths (PPOS) for molecular and dissociative photoionization and to investigate
the dipole induced breakdown pathways of these molecules following the absorption
of energetic radiation in the VUV and soft X-ray regions.

In addition, the photoabsorption spectra of the larger normal alkanes,
C,Hg,,2 (n = 5-8), have also been measured in the present work for two main
reasons. Firstly, the absolute photoabsorption differential oscillator strength data
" available for these molecules is very limited. The present work therefore provides -
the widest ranging oscillator strength distribution data yet available and the only
data above 41 eV for any of these molecules. Secondly, such wide-ranging data for a
homologous series of molecules, such as the normal alkanes (n = 1-8 from previous
[36] and present studies in this laboratory), are important for the quantitative

assessment of atomic and molecular mixture rule calculations. These mixture rules

can be used to (1) provide estimates of absolute oscillator strengths for larger
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molecules, including those of biochemical and radiological significance, where direct
measurement may be difficult, and (2) predict absolute oscillator strengths in
energy regions where measured experimental data are unavailable. It should be
noted in the latter context that molecular mixture rules have been used by Meath
and co-workers for constructing dipole oscillator strength distributions (DOSD’s) for
a variety of molecules including the normal alkane series [60]. Indeed, since
DOSD’s are constructed from the electronic absorption threshold to infinite energy,
and since experimental photoabsorption data for these molécules are limited,
mixture rules and other empirical concepts played a crucial role in the DOSD
construction. The present study thus provides the first experimental test of these
procedures for the normal alkanes, at least up to 220 eV. In section 4.3, the
presently reported absolute differential oscillator strength data will be used
together with earlier measurements for the smaller alkanes (n = 1-4) [36] to provide
a detailed quantitative assessment of the use of atomic and molecular mixture rules
and also group additivity concepts for the estimation of photoabsorption differential

oscillator strengths in hydrocarbon based systems.

4.2 Results and Discussion
4.2.1 Electronic Structures

The point group symmetries of propane and n-butane are Co, aﬁd Cohs
respectively. The breakdown pathways of these molecules under energetic radiation
will be discussed in sections 4.2.2 and 4.2.3 with reference to the following ground
state valence-shell electronic configurations in the independent particle model:

propane: (3a1)2(2b2)2(4a1)j (ibl)z(5a1)2(3b2)2(1a2)2(4b2)2(6a1)2(2b1)2

Inner valence QOuter valence
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n-butane:  (3a,)(3b,)%(4a,)%(4b,)?

Inner valence

(1a,)(5a,)?(1b, )2 (5b,,)2(6b, ) (6a,)?(2a,)%(2b,)%(Ta,)?

QOuter valence

The outer and inner valence shell vertical ionization potentials (VIP’s) as
determined by photoelectron spectroscopy [61,62] for propane are: 11.51 (2bq),
12.14 (6ay), 12.6 (4by), 13.53 (1ag), 14.2 (3by), 15.33 (5ay), 15.85 (1by), 19.15 (4a,),
22.1 (2by), and 24.5 eV (3ay). For n-butane the VIP’s are [61,62]: 11.09 (7ag), 11.66
(2bg), 12.3 (2ay), 12.74 (6ag), 13.2 (6by), 14.2 (5by), 15.0 (1by), 15.59 (5ag), 15.99
(1ay), 18.80 (4by,), 20.7 (4ay), 23.0 (3by), and 24.7 eV (3ag). To date no
measurements or calculations of electronic state partial photoionization differential

oscillator strengths have been reported.

4.2.2 Molecular and dissociative photoionization of propane

TOF mass spectra of propane were obtained at equivalent photon energies
from the first ionization potential up to 80 eV. In the TOF mass spectrum obtained
at 70 eV (figure 4.1), eighteen positive ions were detected: CsH} (x = 1-8), CoH;
(x = 1-5), CH} (x = 1-3), and H] (x =1-2). It is not possible to unambiguously
identify stable doubly charged species due to the (m/e) degeneracy with singly
charged ions of half the mass. However, electron impact studies of isotopically
substituted molecules [63] have indicated that the amount of stable double
ionization occurring in hydrocarbon molecules is extremely small. The role of
multiple ionization in alkanes has been further discussed by Field and Franklin
[64], and individual doubly charged ion peaks were found to have intensities of less

than 0.1% of the most intense peak in the mass spectrum. It was suggested [64]

that the small amount of stable double ionization observed in hydrocarbons may be
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due to the rapid decomposiﬁon (Coulomb explosion) of doubly charged ions into two
enérgetic, singly charged ions. The fact that the CH; and CH; ion peaks in the
presently determined TOF mass spectrum at 70 eV (figure 4.1) are relatively broad
indicates that they are formed with considerable kinetic energies of fragmentation
at this photon energy. The CHJ peak becomes significantly broader above ~34 eV,
which is in the expe(;ted region for the onset of double ionization [64]. However, the
presence of double dissociative photoionization can only be confirmed by photoion-
photoion coincidence (PIPICO) (e.g., see ref. [65]) or photoelectron-photoion-photoion
coincidence (PEPIPICO) [66] studies. In recently published PEPIPICO measure-
ments (without photoelectron energy analysis) using He (II) radiation (40.8 eV),
Hagan and Eland [66] have studied the stable and dissociative double
photoionization of propane and n-butane, and have reported the yields to be very
small (< 1 % and 5-10 % of singly charged yields for stable doubly charged ions and
dissociated doubly charged ions, respectively).

In a dipole (e,e+ion) experiment, the ratio of the total coincident ion signal to
the forward scattered electron energy-loss signal at each energy loss yields the
relative photoionization efficiency, which has been normalized to a value of unity
above 15.5 eV where the values become effectively constant., These are shown in
figure 4.2 and given numerically in the last column of table A.1 in the appendix.

From the photoion branching ratios for propane shown in figure 4.3, it is clear
that CoHZE, CoHy, and CyH3 are the dominant ions produced from propane above
~30 eV photon energy. The branching ratios for the molecular ion and the other ions
having three carbon atoms are noticeably lower than those for the fragment ions of
ethane [36] having two carbon atoms. Moreover, when comparing the measured
intensities of cations with the same number of carbon atoms from CgH7 to CoH*, the

dissociative ions containing an odd number of hydrogen atoms tend to have higher

intensities than those with an even number of hydrogens. Field and Franklin [64]
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‘Figure 4.3: Branching ratios for the molecular and dissociative photoionization of
propane. The vertical arrows indicate calculated thermodynamic appearance

potentials (calculated using heats of formation of neutral and positively charged ion
data from ref. [67]), while the vertical lines represent vertical ionization potentials
[61,62] for the production of electronic states of C3H3.
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have suggested that this tendency may be due to the entropy of activation for
processes leading to products with an odd number of hydrogens being lower than for
the processes leading to products with an even number of hydrogens. The former
processes involve only simple bond fission reactions, whereas the latter require
higher entropy transition states where several atoms come together to form neutral

molecular products plus the fragment ion.

The shapes of the presently obtained absolute partial photoionization
differential oscillator strengths (figure 4.4 and table A.1) for production of the
molecular and dissociative ions of propane are in reasonable agreement with the
relative photoionization yield spectra reported by Chupka and Berkowitz [52] over
the limited energy range from 10.7 to 14.0 eV. However, the absolute cross sections
reported earlier by Schoen [50] below 25 eV show appreciable differences in both -
shape and magnitude from the values in this work for some of the ions.

The appearance potentials for the production of the positive ions from
propane measured in the present work are summarized in table 4.1, where they are
compared with previously published experimental data [50-52,55,56]. The
presently obtained values are seen to be within the ranges previously reported in
the literature [50-52,55,56], except in the cases of CHj and CH*, for which the
values measured in the present work and those compiled by Rosenstock et al. [56]
from electron impact based experiments show substantial disagreement. Thermo-
dynamic thresholds, calculated usihg heats of formation of neutral and positively
charged ions [67], and assuming zero kinetic energy of fragmentation, are denoted
by vertical arrows in figures 4.3 and 4.4. The vertical ionization potentials [61,62]
for production of the electronic ion states of the respective molecular ions, also
shown on figures 4.3 and 4.4, provide some indication of the possible dipole induced

breakdown pathways following the initial absorption of a photon.

From a consideration of the measured (table 4.1) and calculated appearance
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Figure 4.4: Absolute partial photoionization differential oscillator strengths for the
molecular and dissociative photoionization of propane. The vertical arrows indicate
calculated thermodynamic appearance potentials (calculated using heats of
formation of neutral and positively charged ion data from ref. [67]), while the
vertical lines represent vertical ionization potentials [61,62] for the production of
electronic states of C3Hg. The dashed lines correspond to estimated contributions
from higher energy processes.
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Table 4.1

Experimental appearance potentials for the production of
positive ions from propane

Ion Appearance potential (eV)

This work Photoionization Electron impact

(x1eV) | ref [61] ref [52] ref. [50] | ref. [65] ref. [56]

CsHE 10.5 10.95 11.1 11.05 11.1 11.09
CsHy 10.5 11.00 11.5 11.53 11.3 11.52
CsHg 11.5 11.75 12.2 11.15
CgHZ 13.5 14.1 14.76
CoHj 14.5 14.7
CgH3 16.5 16.8
CsH3 25.5
CsH* 29.0
CoH: 11.0 11.90 12.2 12.02
CoHj 10.5 11.72 ‘ 11.7
CoH3 | 14.0 ' 14.5
CyHj3 14.5 | 141
CoH" 32.0 ' 30.4
CH3 20.5 | 25.0
CH; 25.0
CH" - 40.0 26.0
H3 43.0
H* 22.0
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potentials (AP’s) and VIP’s of propane, together with the shapes of the branching
ratio curves (figure 4.3) and of the partial differential oscillator strengths (figure
4.4), the following details of the dipole induced breakdown of propane may be
inferred. The ions CsHj (x = 4-8) and CoH} (x = 3-5), as well as parts of C3HZ and
CoHJ arise from a combination of the outer valence states of CsHy (see section
4.2.1). The higher photon energy parts of the C3H3 and CyH3 ion yields, and all
remaining smaller fragment ions, must therefore come from dissociative photoioni-
zation of the 4a7!, 2bz!, and 3a7’ inner valence states of CgHE. It is clear from the
high values of the measured appearance potentials for these smaller fragment ions
that many of these inner valence contributions come from higher energy many-body
ion states of C3Hg at ~30 eV and ~40 eV, similar to the situation for ethane [36]. A
more detailed analysis of the breakdown pathways of propane must await
photoelectron energy resolved PEPIPICO studies and electronic ion state partial
differential oscillator strength measurements using variable energy PES, as well as

EMS or PES studies of the inner valence regions.

4.2.3 Molecular and dissociative photoionization of n-butane

TOF mass spectra of n-butane were measured in the equivalent photon
energy range 10-50 eV. At 50 eV the TOF mass spectrum (figure 4.5) shows the
presence of 22 positively charged ions: C4H (x = 1,2,4,5,7-10), CsH} (x = 1-7),
CoH! (x = 2-5), CHJ (x =2-3), and H*. Similar to the situation for propane, no
stable doubly charged ionic species were observed. Field and Franklin have
reported that in electron impact mass spectra the amount of double ionization is
very small and decreases as the molecular weight of the alkane increases [64]. Asin

the case of propane, the widths of the CHj peak (above ~30 eV) and also the CH}

ion peak indicate that these ions are produced with considerable kinetic energies of
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fragmentation, which is consistent with the observations of Steiner et al. [53] (see
also above comments for propane concerning stable double photoionization and
double dissociative photoionization). For n-butane only a small amount of H* was
detected in the TOF mass spectra, and no Hj ion was observed, in contrast to the
results for propane.

The absolute photoionization efficiencies for n-butane shown in figure 4.6
(table A.2) have been normalized to a value of unity above 13.5 eV where the values
become effectively constant. It can be seen that the presently measured photoioni-
zation efficiencies for n-butane are in reasonable agréement with those reported by
Person and Nicole [68], given that the uncertainty of the energy scale in the present
low resolution work is 1 eV and the resolution is ~1 eV fwhm.

The photoion branching ratios for the molecular and dissociative photoioni-
zation of n-butane (figure 4.7) show C3H7, C3HE, CoHE, CoHY, and CyH3 to be the
dominant ions produced at photon energies above ~30 ¢V. The molecular ion C4H7,
and the other ions having four carbon atoms are produced in very small quantities,
which is similar to the situation for propane, where those fragment ions having
three carbon atoms showed relatively low intensities compared with the lower mass
fragment ions. In fact, at 40 eV, only 4 % of the total ion signal is due to C;H7, and
the photoion branching ratios for C4H (x= 1-9) range from 0-0.7 %. The
dissociative ions produced from n-butane which have an odd number of hydrogens
have higher partial differential oscillator strengths than those with an even number
(see figures 4.5 and 4.7), and this has been attributed to the loss of neutral CHg
from the molecular ion followed by subsequent losses of CH4 and Hg [69]. Moreover,
it can be seen in figure 4.5 that the production of ionic fragments tends to favor the
breaking of C—C bonds rather than C—H bonds. These observations are consistent
with those reported for electron impact mass spectra by Field and Franklin [64], as

discussed in section 4.2.2 above.
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Figure 4.7: Branching ratios for the molecular and dissociative photoionization of
n-butane. The vertical lines represent the outer and inner valence VIP’s {61,62] for
the production of electronic states of C4H7, (see section 3.2.1).
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Table 4.2

Experimental appearance potentials for the production of
positive ions from n-butane

Ion Appearance potential (eV)
This work Photoionization Electron impact
(£1eV) ref. [51] ref. [52] ref. [55) ref. [56]
C.Hjip 10.0 10.55 10.56 10.7
C4HS 10.5 10.9 11.0
C,Hj 10.5
C,H% 14.5
C.HE 26.0
C.H} 28.0
C.H3 33.0
Cc,H* 30.0
CsHY 10.0 11.18 11.10 11.10
CsHE 10.0 11.18 11.09 13.40
CsHZ 12.5
CsHZ 14.0
CsH3 17.0
CsHj 34.0
CsH* 39.0
CoHZ 11.5 11.94 ' 12.55
CoHj 10.0 11.65
CoH3 13.5
CoH3 20.5
CHj3 23.5 29.7
CH; 29.5
H* 22.0
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The shapes of the presently obtained absolute PPOS for the production of the
molecular and fragment ions of n-butane (figure 4.8 and table A.2) are in good
agreement with those for the relative spectra obtained by Chupka and Berkowitz
[62] in the rather limited energy region from 10.3 to 14.0 eV. The experimental
appearance potentials for the production of positive ions from n-butane obtained in
the present work (table 4.2) are seen to be in reasonable agreement with those
obtained from photoionization experiments [51,52] and electron impact based
methods [55,56]. The only disagreement is found between the present value for CHj
and that reported by Rosenstock et al. [56].

From similar considerations to those used above for propane, the following
qualitative deductions can be made concerning the dipole induced breakdown of
n-butane. The ions C4H; (x = 7-10), CsH, (x = 3-7), and CoH! (x = 3-5) arise from
dissociation of the oﬁter valence electronic. states of C4Hj,. In contrast, all smaller
ions plus C4HY (x = 1,2,4,5) and C3H] (x = 1,2) must come from the inner valence

ion states [62] of C4H7,.

4.2.4 Photoabsorption of n-pentane, n-hexane, n-heptane, and

n-octane

The absolute differential oscillator strengths for the valence-shell photoab-
sorption of n-pentane, n-hexane, n-heptane, and n-octane measured in the present
work at low and high resolution are plotted as a function of photon energy in figures
4.9-4.12, respectively. In each of figures 4.9-4.12, part (a) shows the differential
oscillator strength spectrum over the whole energy range measured (the insert
shows the fitted valence-shell extrapolation curve), part (b) presents the data
between 7-60 eV in more detail, and part (c) shows the data between 7-13 eV.

Parts (b) and (c) of each of figures 4.9-4.12 also provide a critical comparison of the



Chapter 4. Photoabsorption and Photoionization of Normal Alkanes 59

", | ‘;a) 124 ~—— Polynomial Fit CSH12 - 160
% : ‘\‘ 0.8 4 |

o 801\ eedlrer—= - 80
P : 140 160 180 200 220
.._C_‘ 0 - T T ¥ ' ' t * ' 0 3
& 0 40 80 120 160 200 =
S |b) & T K
D 1601 P =
o \ o PhAbs [50] - 160 8
ot Avg. DOSD {60} 0
S 120 - )
[3) - 120 o
5 S
O g0 L O
Z 5
g 40 L 40 B
0 S
= D
5 0 T T T ¥ T T 0 _(%
= 10 20 30 40 50 60 S
"g - 160 _8
3 ] o
2 120 o
D
-c% 80 1 80
e
g 40° - 40
£
o 0 5

7 8 s 10 11 12 13
Photon Energy (eV)

Figure 4.9: Absolute differential oscillator strengths for the valence-shell
photoabsorption of n-pentane: a)7-220 eV (inset shows the polynomial fit to the
130-220 eV region; note offset vertical scale); b) 7-60 eV; c) 7-13 eV.
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Figure 4.11: Absolute differential oscillator strengths for the valence-shell
photoabsorption of n-heptane: a)7-220 eV (inset shows the polynomial fit to the
130-220 eV region; note offset vertical scale); b) 7-60 eV; ¢) 7-13 eV.
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photoabsorption of n-octane: a) 7-220 eV (inset shows the polynomial fit to the 130-
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present measurements for the normal alkanes, with such previously reported
absolute photoabsorption data as is available from measurements obtained using
tunable light sources [57-59], electron energy loss spectroscopy [70], as well as
recommended average dipole oscillator strength distribution (DOSD) values [60]
estimated from previously published experimental data [50,57,59,70] and mixture
rules. The numerical values of the oscillator strengths measured in the present
work at 1 eV fwhm resolution for n-pentane to n-octane are listed in tables A.3-A.6,
respectively, in the appendix.

The absolute scales of the photoabsorption differential oscillator strengths for
n-pentane, n-hexane, n-heptane, and n-octane were established by VTRK sum-rule
normalization [27] of the low resolution, Bethe-Born converted, EEL spectra to total
valence-shell oscillator strengths of 33.17, 39.38, 45.59, and 51.80, respectively, as
discussed in section 3.1.1. Each value corresponds to the total number of valence
electrons in the molecule plus small estimated contributions (~5%) for Pauli
excluded transitions from the inner shells to the already-occupied valence orbitals
[47,48]. In the curvefitting and extrapolation procedure using equation (3.1), the
percent area from 220 eV (the upper limit of the present measurements) to infinite
energy for each of the alkanes, C, Hy, .o (n = 5-8), was found to be ~4.5 % with
respect to the total integrated area from the first excitation threshold.

A method by which the accuracy of the absolute photoabsorption differential
oscillator strengths can be critically evaluated is by comparing the experimental
static electric-dipole polarizability (o) for the molecule of interest with that derived
from the oscillator strength data using the S(-2) sum-rule [28], given by equation
(2.29). The S(-2) sum is heavily weighted at low energies due to the E~2 term and
therefore can be used to determine the electric-dipole polarizability with good
accuracy of a given molecule when absolute differential photoébsorption oscillator

strengths up to ~100 eV are available [28]. Using the absolute data presently
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obtained for the normal alkanes and equation (2.29), electric-dipole polarizabilities
of 95.79 x 10725, 114.47 x 10725, 132.88 x 10725 and 149.22 x 10725 ¢m3 have been
derived for n-pentane, n-hexane, n-heptane, and n-octane, respectively. From table
4.3 it can be seen that these values are in very good agreement (within 1-3 %) with
the experimental polarizabilities directly determined from dielectric constant
[71,72] and refractivity [71] measurements. This good agreement supports the
accuracy of the presently determined absolute oscillator strength scales. It should
be noted that the oy values presently derived from the df/dE data are in closer
agreement with those obtained from dielectric constant and refractivity
measurements as compiled by Stuart [71] than with those reported in the Maryott

and Buckley compilation [72].

Table 4.3

Experimental static electric-dipole polarizability values of
n-pentane, n-hexane, n-heptane, and n-octane

Normal Static electric-dipole polarizability (10725 ¢cm?3)
alkane From df/dE | From dielectric constants | From refractivity
This work ref. [71] ref. [72] ref. [71]
n-pentane 95.79 96.32 99.88 99.43
n-hexane 114.47 116.18 118.70 117.79
n-heptane 132.88 133.51 136.92 135.50
n-octane 149.22 152.63 158.56 154.41

The shapes of the presently obtained absolute photoabsorption differential

oscillator strength spectra for n-pentane, n-hexane, n-heptane, and n-octane (figures
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4.9-4.12, respectively) are in reasonable agreement with those reported by Lombos
et al. [57] and Raymonda and Simpson [58] below ~10 eV. However, although the
overall shapes of the differential oscillator strength distributions reported in refs.
[67,58] are generally quite similar to those in the present work, the magnitudes are
30-40 % higher. In the cases of the n-pentane and n-octane spectra, the work of
Lombos et al. [57], show additional broad structures not seen in the present work.
For n-pentane (figure 4.9), the data reported by Schoen [50] are consistently 10-15
% higher than the present results. Similarly, while the measurements obtained by
Person and Nicole [59] for n-hexane are in excellent agreement with the present
high resolution data at lower energies (figure 4.10(c)), the data become progressively
higher beyond 9.6 eV, again showing the largest absolute difference with the present
work at the spectral maximum (figure 4.10(c)). However, beyond 25 eV the data of
ref. [59] are in reasonable agreement with the present results. The differential
oscillator strengths for n-hexane obtained from relative EEL measurements by
Huebner et al. [70] clearly have a similar overall shape to the presently reported
spectrum. The differences in the magnitudes (with respect to the present work) of
the differential oscillator strengths are due to the fact that Huebner et al. [70]
normalized their results to the measurements of Raymonda and Simpson [58] at
10.067 eV.

The average DOSD values recommended by Jhanwar et al. [60] (constructed
empirically by applying TRK sum rule and molar refractor& constraints to the very
limited available experimental data [50,57,59,70] in the region 7.5-9.2 eV and using
mixture rules beyond 9.2 eV) are in reasonable agreement with the present results
for all four normal alkanes. While there is clearly some scatter in the DOSD values,
from figures 4.9-4.12 it can be seen that the average DOSD results of Jhanwar et al.

[60] are generally in close agreement with the present differential oscillator strength

data over the entire energy range shown (up to 60 eV). In fact, of all the previously
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published data sets shown in figures 4.9-4.12, the (semi-empirical) average DOSD

results agree best with the present differential oscillator strength values, even
though assessments and, in some cases, rescaling of the other data sets [50,57,59,70]
were involved in constructing the initial DOSD’s. This can be clearly seen in the 10—
12 eV energy region of figures 4.9(c)-4.12(c), where the DOSD technique predicts
values which are in excellent agreement with the present data, yet are lower than
those reported by Lombos et al. [57]. Moreover, it is interesting to note that while
molecular mixture rules were used to predict the oscillator strengths above ~9 eV for
n-pentane to n-octane, these estimates [60] follow the present results very closely.
The two prominent discrete spectral features observed in the high resolution
spectra of n-pentane (figure 4.9(c), 8.4 eV, 9.0 eV), n-hexane (figure 4.10(c), 8.2 eV,
8.8 eV), n-heptane (figure 4.11(c), 8.1 eV, 8.7 eV), and n-octane (figure 4.12(c), 8.0
eV, 8.6 eV) clearly correspond to similar features identified as Rydberg transitions
in propane and n-butane [36]. Therefore, it is probable that these bands contain
significant contributions from electronic transitions from the two outermost valence

molecular orbitals to 3p Rydberg states.

4.3 Atomic and Molecular Mixture Rules and Group
Additivity Concepts

Absolute photoabsorption and photoionization differential oécillator strengths
for large molecules in the vacuum UV and soft X-ray regions are required for a
quantitative understanding of the interaction of highly energetic radiation with
matter in a wide range of chemical, physical, biological, and medical applications
[1,2]. Therefore, probabilities for radiation absorption and for the subsequent
decomposition of these molecules by ionic photofragmentation [2] are of significant

interest. In most cases, measured absolute differential oscillator strengths are not
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available for large molecules, and furthermore, the complexity of such targets
precludes accurate ab initio quantum mechanical calculations of the transition prob-
abilities from the ground electronic state to either discrete or continuum final states.
In such circumstances empirical estimates of the oscillator strengths are the only
recourse, and both atomic and molecular mixture rules involving linear combina- -
tions of oscillator strengths for “component” atoms and molecules have been used for
these vpurposes (for example, see refs. [60,73-77]).

Over the past few years Meath and co-workers have employed various types
of mixture rulés to estimate oscillator strength data over selected energy ranges for

the construction of dipole oscillator strength distributions (DOSD’s) for a variety of

molecules including the normal alkane series from methane to n-octane [60,73-77].
Mixture rules were used in the initial construction of the DOSD’s {60,73-77] to
supplement the limited experimental data (of varying accuracy) available in the
literature. With the further application of constraints based on molar refractivity
and sum rule considerations, improved (integrated) DOSD’s are obtained and have
then been used by Meath and co-workers as input data for calculating a wide range
of other molecular dipole properties [60,73-77] and for investigating their additivity
[38,78-80]. However, it is important to note that, while the constraint procedures
result in a generally improved global accuracy of the overall integrated DOSD’s
which is sufficient for calculating reasonably accurate values of the dipole
properties, such results do not necessarily provide a sensitive test of the accuracy of
the differential oscillator strengths predicted (by mixture rules) or measured at
specific energies. The important fact that global accuracy in the constrained DOSD
does not necessarily imply high local accuracy in the (measured or predicted)
oscillator strength values has been emphasized earlier by Meath and co-workers
[74,75].

Until recently it has not, in general, been possible to test the accuracy and
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reliability of mixture rule procedures for predicting dipole differential oscillator
strengths at specific local energies, since sufficiently high quality experimental data
have not been available for large molecules over wide energy ranges. While the
availability of monochromatized synchrotron radiation and, in particular, dipole
electron scattering techniques have in the past decade dramatically increased the
amount and scope of accurate absolute differential oscillator strength data for small
molecules [2,5,8,14,22-25], no comprehensive wide energy range measurements
have been available for a sufficient range of any homologous series of molecules,
which includes larger homologues. In view of this, such wide ranging photoabsorp-
tion measurements have been reported in this thesis (section 4.2.4) for the larger
normal alkanes, C,,Hy,, ,o (n = 5-8), which supplement those obtained earlier in this
laboratory for the smaller alkanes in the series (n = 1-4) [36], from 7 to 220 eV using
dipole (e,e) spectroscopy. In addition to providing a consistent “test-bed” for atomic
and molecular mixture rule differential oscillator strength estimates, such data for
an homologous series also afford the possibility of an alternative group (fragment)
additivity approach to the empirical prediction of oscillator strengths for large mole-
cules of related type. In particular, the absolute photoabsorption data in section
4.2.4 and in ref. [36] for a homologous series can be used to estimate differential
oscillator strength contributions from contributing molecular group “fragments” or
“chromophores”, which would be the methylene (CH,) and methyl (CHj) groups in
the case of the. alkanes. These component differential oscillator strength
distributions could then be summed to provide oscillator strength predictions not
only for radiation absorption by larger alkanes, but also to estimate contributions
from hydrdcarbon groupings in larger and more complex molecular systems. For
example, long hydrocarbon chains are major structural components of bio-organic
molecules such as carbohydrates and triglycerides.

Additivity concepts in the total electron impact ionization cross sections of
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series of organic molecules, including alkanes, have been discussed earlier by Grosse
and Bothe [81] and Schram et al. [82], and have been reviewed by de Heer and
Inokuti -[83]. Using photoabsorption differential oscillator strengths for C,Hy,, .o
(n = 1-9) in the limited photon energy range of 6.2-11.7 eV, Raymonda and Simpson
(58] found a linear dependence of the oscillator strengths on the number of C-C
bonds in the molecule. It should also be noted that while the concept of group
additivity has not previously beeﬁ used to predict or test dipole differential oscillator
strengths at specific energies for large moleéules, “molecularized” additivity
concepts have been used and extensively discussed by Meath et al. [38,78-80] to
predict a range of other molecular properties based on sum rules. Since these other
properties depend only on the accuracy of the integrated DOSD’s in a global sense, it
is of interest to investigate the applicability of group additivity concepts to the
predictions of differential oscillator strengths at specific (i.e., local) energies.

The applicability of mixture rules or additivity concepts for the estimation of
dipole differential oscillator strengths for large species from those measured or
calculated for smaller ones is based on the isolated species approximation [73],
which treats a large molecule as an assembly of non-interacting atoms, molecules,
and/or groups. Using this type of model, the dipole oscillator strength (df/dE) of a
molecule having the general form, A,,B,,, can be approximated at any given photon

energy, E, by
L' _ z 9
dE(AmBn)— . xldE(CL) (4.1)

where the C; can be atoms, molecules, and/or functional groups, whose linear
combination (with coefficient x;) comprises A, B,. Such an equation is often known

as a mixture rule [73].

In the present work, previously published absolute photoabsorption and
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photoionization data for atoms [84—-86] have been used to assess the effectiveness of
atomic mixture rules for estimating the differential oscillator strengths for the
alkanes (C,Hg,,,9, n = 1-8). In addition, the differential oscillator strengths for
larger alkanes have been predicted using published experimental data for H, [2]
and measurements for the lower alkanes [36] in a variety of molecular mixture
rules. The possibility of using a group additivity approach have also been
investigated using the absolute photoabsorption data in section 4.2.4 and those in
ref. [36] for the alkane series, C,Hy, .o (n =2-7), to assess systematically the
differential oscillator strength contributions for the methylene (CHs) and methyl
(CHg) groups in the long-chained alkane environment. The estimation of the photo-
absorption spectrum for n-octane (CgH,g) using these CHy and CHg group
differential oscillator strengths is then compared with the experimental measure-

ments presented earlier in section 4.2.4.

4.3.1 Measured absolute photoabsorption differential oscillator

strengths for the normal alkanes

The absolute photoabsorption spectra (1 eV fwhm) of the normal alkanes,
C,Ho,, 9, reported in section 4.2.4 (n = 5-8) and in ref. [36] (n = 1-4), are plotted
together as a function of photon energy in figure 4.13. The structured, low energy
pre-edge regions héve also been investigated (section 4.2.4 and ref. [36]) at much
higher resolution (0.05 eV fwhm). The absolute differential oscillator strength
scales for these measurements are estimated to have an uncertainty of less than
+ 5%, which is confirmed by the oy values obtained by using the S(-2) sum rule (see
section 4.2.4). Figure 4.13(a) shows the photoabsorption spectra over the entire
energy range studied (7-220 eV), while figure 4.13(b) presents the data between 7-

50 eV on an expanded scale. The spectra are generally characterized by a broad
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Figure 4.13: Systematic comparison of the absolute differential oscillator strengths
measured at a resolution of 1 eV fwhm for the valence-shell photoabsorption of the
normal alkanes, C,,Hy, 9, reported in section 4.2.4 (n=5-8) and in ref. [36] (n=1-4):
(a) 7-220 eV (inset shows the region 80-220 eV on an expanded scale); (b) 7-50 eV.
The dots represent the experimentally measured data, while the lines represent the
result of a smoothing procedure applied to the data in order to remove non-spectral
fluctuations due to random noise in the experimental measurements.
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absorption region between ~12 to 25 eV, with the spectral maximum converging to
~16 eV as the size of the alkane molecule increases. A notable feature in these
spectra is the essentially linear increase in the magnitude of the differential
oscillator strength at a given photon energy with increasing length of the carbon
chain in the molecule. This trend can be attributed to the fact that the overall
spectral shapes are similar and that the area under each spectrum (i.e., the
oscillator strength from the first excitation threshold to infinity) must reflect the
total number of valence electrons (plus a small correction due to Pauli-excluded
transitions from the inner shells) according to the valence shell Thomas-Reiche-
Kuhn (VTRK) sum rule [2,27]. Thus, as the hydrocarbon chain is lengthened by an
increase in the number of CHy units, the oscillator strength is expected to increase
proportionally. These observations and considerations suggest that mixture rules
and group additivity concepts utilizing the differential oscillator strength data for
small “gomponent” atoms, such as for normal alkane molecules and Ho, may be
suitable for estimating the continuum differential oscillator strengths for much
larger alkane molecules. No attempt has been made to assess additivity relations
below 18 eV, since the detailed spectrum of each molecule in this energy region is
characterized by different discrete transitions and as such is unsuitable for the
present type of investigation.

It is important to note that the use of an experimental data set for a range of -
molecules obtained from the same laboratory, as in the present work, is likely to
provide a much more objective evaluation of the effectiveness of mixture rules and
additivity concepts than previous work. Earlier mixture rule studies [60,73-79]
have typically employed a variety of data sets, originating from different laborato-
ries and obtained using various techniques, over different energy ranges. Variations
in both the shapes and magnitudes of differential oscillator strengths from different

sources can often be quite large due to systematic errors. In contrast, the more
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unified approach employed in the present work largely avoids any effects of
systematic experimental errors in either the input or the test data. Furthermore,
the accuracy of the dipole (e,e) method used for obtaining the absolute differential
oscillator strength data for the normal alkanes in section 4.2.4 and ref. [36] has been
demonstrated in earlier work by comparison of the measured oscillator strengths for
helium [5] with highly accurate ab initio calculations and the results of other
measurements [87].

In order to facilitate a comparison of the various molecular mixture rules over
wide energy ranges, the calculated differential oscillator strength data for each
mixture rule (see sections 4.3.3 and 4.3.4 below) have been least squares fitted with
polynomial functions which largely reduces any local short term (non-spectral)

fluctuations due to random noise.

4.3.2 Atomic mixture rules

The simplest mixture rule for predicting the oscillator strength distribution of
a saturated hydrocarbon of the form C,Hs,, o, which also satisfies equation (4.1), is

the atomic mixture rule (AMR) defined as
d .
%(CnH%ﬂ)=n%(C)+(2n+2)Ef(H), 4.2)

where the differential oscillator strength distribution of the species of interest
(C,Hg,40) is assumed to be a linear combination of those of its constituent atoms.
Such a simple approach clearly ignores any chemical bonding or molecular
resonance effects. Experimental [84] and calculated [85,86] atomic differential

oscillator strength data have been employed separately in equation (4.2) for alkanes

with n = 1-8. Absolute differential oscillator strength values for the hydrogen atom,
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derived from the exact formula for the differential oscillator strength distribution for
transitions from the ground electronic state to the continuum as given by Inokuti
[12], were used to supplement the calculated data for the carbon atom in ref. [85].
In general, while the experimentally and theoretically based AMR estimates agree
reasonably well with one another, they provide a poor estimate of the experimen-
tally measured oscillator strengths for each of the normal alkanes. For example, in
figure 4.14, comparison of the photoabsorption spectrum of CgH;g obtained
experimentally (in section 4.2.4) with that derived from atomic mixture rule sums
shows that such sums have an overall different shape. A similar disagreement in
shape between the AMR’s and the measured differential oscillator strength data is
likewise observed for the other alkanes (n = 1-7). In the typicél case of CgHg (figure
4.14), it is clear that “cross overs” of the AMR and experimental differential
oscillator strengths occur. The low AMR values at lower energies reflect the fact
that atomic differential oscillator strength data neglect the contributions from near-
edge molecular effects which are present in the experimental data. The consistency
between the theoretically and experimentally based AMR estimates suggests that
these atomic data [84-86] are reasonably accurate and that any uncertainties in
these values [84-86] are not responsible for the observed deviation from the
experimental measurements for CgH,s. The observed “cross overs” in the AMR and
experimental data are expected to occur because the VIRK sum rule must apply to
both atomic and molecular systems. From these results it is clear that atomic
mixture rules are unsatisfactory for accurately predicting differential oscillator
strengths for valence-shell photoabsorption of alkane molecules throughout the

vacuum UV and soft X-ray regions.
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Figure 4.14: Comparison of atomic mixture rules (AMR’s) determined using both
experimentally [84] and theoretically [85,86] based data with directly measured
photoabsorption differential oscillator strengths (1 eV fwhm) in the continuum
energy region for normal octane: (a) 18-50 eV; (b) 50-100 eV; (c) 100-220 eV. The
theoretical values for atomic hydrogen used to obtain the AMR represented by the
triangles were derived from the exact formula for the differential oscillator strength
distribution of the hydrogen atom for transitions from the ground electronic state to
the continuum as given by Inokuti [12].
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4.3.3 Molecular mixture rules

In addition to atomic mixture rules, equation (4.1) also permits molecular
mixture rules (MMR’s) to be constructed from linear combinations of data for
smaller component molecules (C;). Using the experimentally measured photoab-
sorption differential oscillator strengths for the lower alkanes, C,,Hg, o (n = 1-5),
(section 4.2.4, ref. [36]) and for molecular hydrogen [2] in place of C; , a range of
MMR’s can be constructed. These mixture rules have been employed to estimate the
differential oscillator strengths for C;H,y, CcHyy, C;Hy4, and CgH;g. Since the data
reported for H, [2] only extend to 124 eV, they have been estimated at higher

energies up to 220 eV by extrapolating a curve of the form

4 _ i n-B
dE_AE , (4.3)

which was fitted in the 60 to 124 eV region to the measured data (A and B are best
-fit parameters). Such fitting procedures and extrapolation to higher energies have
been found to provide reliable oscillator strength scales in previous work [5,8,14]
and therefore can be expected to provide reasonably accurate predictions for Hy over
the 124-220 eV energy range.

The various molecular mixture rules have been conveniently categorized into
general classes of types I to IV (and labeled as equations (4.4) to (4.13)), as shown in
table 4.4. These can in turn be further classified as being either Hy-dependent
(types I to III) or Ho-independent (type IV). In the present work for alkanes, the
coefficients (e.g., q, [(n/2)-1], and [(n—1)/2] in table 4.4) have been limited to integral
values. MMR’s of type I comprise integral multiples of differential oscillator
strengths for individual normal alkanes, ranging from CHy to C4H;( in equations
(4.4) to (4.7), respectivelyl. An appropriate amount of differential oscillator

strength contribution from Hy must also be subtracted from the total in order for the
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number of hydrogen atoms in the mixture rule to be consistent with that required
for the alkanes. Type II MMR’s are constructed from the differential oscillator
strength sum of two alkanes, less the differential oscillator strength value for one Hy
molecule. In the present work, the first of the two alkane molecules is chosen from
either CHy, CoHg, or C3Hg (i.e., equations (4.8) to (4.10), respectively)!. Since the
coefficient is one for the second alkane species, its size must be dependent on rn, the
carbon chain length for the alkane whose differential oscillator strength distribution
is being predicted. While MMR’s of type III appear similar to those of type II in the
kinds of component molecules employed in the mixture rule, type III differs in that
the differential oscillator strengths for CH,4 are present in both equations (4.11) and
(4.12), and that there is no dependence on n for the number of carbon atoms present
in the second alkane species. Instead, type III MMR’s estimate the differential
oscillatof strengths for larger alkane molecules by taking multiple sums of oscillator
strengths for CoHg or C3Hg! together with the corresponding values for CHy. It is
clear that type III cannot be applvied in the case of even values of n (e.g., CgH;g) if
the coefficients in the mixture rule are integral. In contrast to the other three types
of MMR, type IV (equation (4.13) in table 4.4) is independent of any differential
oscillator strength data for molecular hydrogen. As such, formulations of type IV
depend, as in the case of group additivity (see section 4.3.4 which follows), only on
measurements for the alkanes reported in this laboratory (section 4.2.4 and ref.
[36]). This type IV mixture rule can be uséd for estimating the differential oscillator
strength distribution for C, Ho, .o by adding the differential oscillator strength data
for a small alkane molecule (C,Hy,,,0) to those for a chain of CHy fragments,

obtained from the difference between the differential oscillator strengths for any two

1 It should be noted that equations (4.4) to (4.12) in table 4.4 can be extended to involve higher
homologues as appropriate.



Table 4.4

Types of molecular mixture rule (MMR) employed in the estimation of the absolute photoabsorption
differential oscillator strengths for the normal alkanes, C, Hy,, .o

Molecular Mixture Rule (MMR)!

Q

>

3

5

N

)

g

Type _ §
General formulation for C, Ha,, o 2 Explicit formulation for CgH g4 >3

Qo

3

I n dffdE (CH,) — (n-1) df/dE (Hy) (4.4) | 8df/dE (CH,) - 7 df/dE (H,) §‘
(n/2) df/dE (CyHg) — [(n/2)-1] df/dE (Hy) (4.5) | 4df/ldE (C,Hy) — 3 df/dE (H,) Q

(n/3) df/dE (C3Hyg) — [(n/3)-1] df/dE (H,) (4.6) | not applicable? 3,

(n/4) dfidE (C H,,) — [(n/4)-1] df/dE (H,) (4.7) | 2 df/dE (C,H,,) — df/dE (H) I

Q

ete. §.

S

11 | dfdE (CHy) + df/dE (C,_H,,) — df/dE (H,) (4.8) | df/dE (CH) + df/dE (C;H,z) — df/dE (H,) 8
dfidE (CoHy) + df/dE (C,_oH,,, ) — df/dE (H,) (4.9) | df/dE (C,Hg) + df/dE (CgH,y) — df/dE (Hy) g
dfldE (C3Hg) + df/dE (C,_sH,,_,) — df/dE (H,) (4.10) | df/dE (C3Hy) + df/dE (C;H,,) — dffdE (H,) ;

etc. Eg,

11 | d7dE (CHy) + [(n-1)/2] df/dE (CoHg) — [(n—-1)/2] df/dE (Hy) (4.11) | not applicable® S,
df/dE (CH,) + [(n-1)/3] df/dE (C4Hy) — [(n—1)/3] df/dE (H,) (4.12) | not applicable? 2

3

etc. §

v | dfdE (C Hy,,s) + q [df/dE (C,Hy, ,) — df/dE (C.H,,5)l; ‘ see text for details §
n=p+q@r-s) (4.13) §

7]

1 Absolute oscillator strength data (df/dE) estimated for C H,_ ,,.
2 All coefficients (e.g., g, [(n/2)-1], and [(n-1)/2]) are integral.

8L
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alkanes, i.e., g [df/ldE (C,Hy, o) — df/dE (C;Ho,,9)], such that n=p + g (r —s). Since
the values for each of p, r, and s can vary between one to five (as the data for CH4 up
to C5Hjg are used in the present work), many possible MMR combinations can
result from this equation. |

In the prese’n_t work, the MMR’s described above have been evaluated by
comparison with experimentally measured data forv the higher normal alkanes,
C,Ho, .0 (n = 5—8)vreported in section 4.2.4. It should be noted that only MMR’s
independent of any particular C,Hy, .o data have been utilized for estimating the
dipole differential oscillator strengths for that alkane. In total, 15, 25, 31., and 30
MMR’s involving all four types (see table 4.4) have been evaluated for CsHjyo,
CgHq4, C7H16, and CgHyg, respectively. Of thése mixture rules, approximately 80%
are of type IV (equation (4.13)). In all instances where linear combinations of
integral multiples of componenf molecules (i.e.., sinall alkane molecules and/or Hy)
can be obtained for equations (4.4) to (4.13), relative departures_from experiment
are found to be typical for a given MMR for each of C5H9, CgHy14, C7Hqg, and
CgHjg. Therefore, a representative range of MMR’S for CgHyg are shown in figure
4.15, and the explicit formulations of types I-IV in the case of 'Csng aré shown in
the right hand panel of table 4.4. Although as noted above no applicable MMR’s of
type III can be derived for CgH;g, it has been foﬁnd.th.at in those alkanes (e.g.,
CsH{9 and C;H;g) where type IIIl MMR’s are applicable, agreement of this type of
molecular mixture rule with experiment falls in between types I and II.

Curves a and b in figure 4.15 represent MMR’s involving Hy (i.e., selected
from types I and I in table 4.4), which show the best and worst agreement,
respectively, with the experimentally measured data. Note that the experimental
oscillator strengths for CgHy4 and CyHig were also used in the second term of

equations (4.9) and (4.8), respectively, for the construction of molecular mixture

rules for estimating the differential oscillator strengths of CgHyg. Curves ¢ and d
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Figure 4.15: Comparison of selected molecular mixture rules (MMR’s) with experi-
mentally measured photoabsorption differential oscillator strengths (1 eV fwhm) in
the continuum energy region for normal octane: (a) 18-50 eV; (b) 50-100 eV;
(c) 100-220 eV. Curves a and b represent MMR’s involving Hq (i.e., selected from
types II and I in table 4.4), which show the best and worst agreement, respectively,
with the experimentally measured data. Curves ¢ and d represent two of the Ho-
independent MMR’s assessed in the present work (i.e., derived from type IV in table
4.4) showing the best agreement with experiment, while curves e and f depict two
extreme cases where there is poor agreement with the experimental data. The sets
of values, {p, q, r, s}, for curves ¢, d, e, and f are {2, 2, 5, 2}, (2, 4, 3, 1}, {7, 2, 4, 3}, and
{7, 2, 5, 4}, respectively (see text for details).
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represent two of the 24 Hy-independent MMR’s assessed in the present work (i.e.,
derived from type IV in table 4.4) which show the best agreement with experiment.
The two sets of values, {p, g, r, s}, for curves c and d are {2, 2, 5, 2} and (2, 4, 3, 1},
respectively. In contrast, curves e and f depict two extreme cases of type IV where
very poor agreement with experiment is found. The {p, g, r, s} values for these two
curves are {7, 2, 4, 3} and {7, 2, 5, 4}, respectively. In order to facilitate comparison
of the various molecular mixture rules, the curves (a to f) shown in fig. 4.15 are the
result of a least squares fit procedure involving polynomial functions, which has
been applied to the final MMR sums. This procedure reduces any non-spectral
fluctuations due to random noise in the experimental data [36].

In general, the present evaluation of the various types of molecular mixture
rules shows that MMR’s provide very variable estimates of the photoabsorption
oscillator strengths for CsHq9, CgH14, C7H1g, and CgHqg. Of the molecular mixture
rules involving Hy in the linear combination (types I to III in table 4.4), those of type
II (e.g. curve a in figure 4.15) provide the best estimates of the experiﬁlentally
measured differential oscillator strengths for the normal alkanes, especially when
the largest possible alkane subcomponent is used. In contrast, MMR’s belonging to
types I (see for example curve b) and III show fair to poor agreement with

~experiment. Within each type of MMR, in some cases agreement with experiment
tends to become progressively better as the alkane component molecule in the
mixture rule increases in size. For example, equation (4.7) provides a better
estimate of the oscillator strengths for CgH;g than do equations (4.4) and (4.5);
however, equation (4.5) actually departs from the experimental data more than
equation (4.4). In view of these considerations, curves a and b in figure 4.15
illustrate the best and worst photoabsorption differential oscillator strength

estimates for CgHg selected from MMR’s of types I to III. All remaining molecular

mixture rules of these types (I to III) predict values which fall within the range
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between curves a and b in the case of CgHjg. Analogous results are found for

CrsHyg, CgH14, and C7Hg.

Molecular mixture rules of type IV (equation (4.13) in table 4.4) afford by far
the largest number of MMR’s to be constructed, since many different combinations
of p, q, r, and s can result when differential oscillator strengths for C,Hy,, .5 (n = 1-
5) [36] are used as input data. In the present work, all 24 possible MMR’s of this
type were constructed and assessed for CgHg. Similar to the situation for types I to
ITI, MMR’s derived from type IV result in very variable estimates of the photoab-
sorption differential oscillator strengths for the higher alkanes (n = 5-8). Although
good agreement with experiment is obtained with some linear combinations, many
others result in substantial errors (~ 10-30 % over the 18-220 eV range). For
example, in figure 4.15 curves ¢ and d illustrate two MMR’s which show good
agreement with the experimentally measured data above 25 eV for CgH;g, while
curves e and f illustrate two extreme cases where very poor agreement with
experiment for both magnitude and shape is observed. In general, these MMR’s
provide progressively better estimates of the oscillator strengths for CsHy9, CgHy,
Cr7H;4, and CgH;g as the following two conditions for the p, g, r, and s values in
equation (4.13) are met in order:

(1) Firstly, the difference (r — s) should be as large as possible, i.e., the values for r
and s must result in differential oscillator strengths for as long a chain of CHy
fragments as is possible, when differences between the differential oséillator
strengths for C,Ho,,o and C;Hgg, o are taken.

(2) Secondly, p should also be as large as possible. As a result, ¢ will be small, in
keeping with the values of r and s.

The validity of these conditions can simply be attributed to the fact that differential

oscillator strengths for long chains of CHy fragments, and for large alkane species,

contain more molecular effects characteristic of long-chained hydrocarbon molecules.
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In view of these considerations, it can be seen from figure 4.15 that the two sets of
values, {p, g, r, s}, for curves ¢ and d which show good agreement with the
experimental data for CgHqg are {2, 2, 5, 2} and {2, 4, 3, 1}, respectively. Likewise, it
is found that the MMR (not shown in figure 4.15) having the set of values, {1, 5, 4,
1}, for {p, g, r, s} provide similarly good estimates of the dipole differential oscillator
strengths for octane. In contrast, the {p, q, r, s} values for curves e and f, which
depict fwo extreme cases where very poor agreement with experiment occurs, are {7,
2, 4, 3} and {7, 2, 5, 4}, respectively. All remaining MMR’s for CgH;g derived from
equation (4.13) provide photoabsorption oscillator strength estimates that fall in
between curves e and fin figure 4.15.

| From the present assessment of the feasibility of using molecular mixture
rules for predicting dipole differential oscillator strengths for the higher alkanes (n =
5-8), it is found that while MMR’s constructed using differential oscillator strengths
for larger alkanes tend to give better estimates of the experimentally measured
data, no other a priori physical or chemical reasons can be advanced for any
- particular choice of MMR. Therefore, the molecular mixture rule procedure can be
considered unsatisfactory for general application,‘ particularly for the prediction of
differential oscillator strengths for much larger alkane homologues unless data for

nearby homologues are available.

4.3.4 Group Additivity

As mentioned previously in section 4.3.1 and illustrated in figure 4.13,
continuum photoabsorption differential oscillator strengths at any given photon
energy for CHy to CgH;ig increase essentially linearly with increasing number of

carbon atoms in the molecule. Since the linear alkane chain elongates by addition of

CHj, units, it seems likely that such an addition is directly related to the increase in
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oscillator strength between any two consecutive hydrocarbon molecules. Therefore,
taking equation (4.1) with C; as the functional group entities, CHy and CHgs, we can

obtain a mixture rule using group additivity,
d d
Ef(CnHmHz) =9 Ef(CHg) +(n- z>§%(CH2), (4.14)

where df/dE (CH;) and df/dE (CH,) are “average” oscillator strengths for the
methyl (CHg) and methylene (CHs) groups, respectively, in the alkane environment.
The value for CHg has been obtained in the present work by averaging the results

obtained from all fifteen possible combinations within the summation,

1

d
m[%«zzﬂm)—é(Ckszﬂ)], (4.15)
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using the complete experimental data for C, H,, ., (n = 2-7) reported in section 4.2.4
and in ref. [36]; thus, all data have been used and no a priori choice of any particular
molecular data set is involved. The differential oscillator strength values for CHy
have been excluded since the chemical environment for the CHy; and CHjg
components in the CH4 molecule differs appreciably from that in the higher alkanes.
The importance of incorporating the considerations of a relevant chemical environ-
ment in additivity schemes has been stressed earlier by Meath and co-workers in
the context of other dipole properties [80]. The average (dots in figure 4.16) of the
complete range of results from 18 to 220 eV, evaluated according to equation (4.15)
for all possible combinations of n = 2-7, was least squares fitted with (overlapping)
polynomial functions of the form given earlier by eduation (3.1) to remove the effects
of random noise on the originally measured data (see figure 4.13). The best fit
parameters, A, B, and C, for the polynomial functions are given in table 4.5, and the

resulting average values for df/dE (CH,) as a function of photon energy are shown
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Figure 4.16: Average dipole differential oscillator strengths for the methylene
(CHy) group fragment, derived from photoabsorption measurements in section 4.2.4
and in ref. [36] for the homologous series, C,Hy,,,9 (n = 2-7), using equation (4.15):
(a) 18-50 eV; (b) 50-100 eV; (c) 100-220 eV. The line represents the result of a
least squares fit procedure involving polynomial functions (see table 4.5 for details)
applied to the averaged data (shown as dots).
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Figure 4.17: Average dipole differential oscillator strengths for the methyl (CHg3)
group fragment, derived from photoabsorption measurements in section 4.2.4 and in
ref. [36] for the homologous series, C Hy,., (n = 2-7), using equation (4.16): (a) 18-
50 eV; (b) 50-100 eV; (c) 100-220 eV. The line represents the result of a least
squares fit procedure involving polynomial functions (see table 4.5 for details)
applied to the average data (shown as dots).




Table 4.5

Best fit parameters determined by least squares fits of the average differential oscillator strengths for the methylene
(CHy) and methyl (CHg) alkane group fragments using the polynomial function given by equation (3.1)

The methylene (CHy) group fragment? The methyl (CH3) group fragment!
Energy A B c Energy A B c
region region
(eV) (eV) (eV?2) (eV3) (eV) (eV) (eV?) (eV3)

18-43 | -4.9674x101 6.8878x103 -7.8171x10* | 18-40 |-1.6300x10! 55842x 103 -5.9895x 10%

43 - 59 2.4133x 101  1.5822x 102  1.4097x10* | 40-64 6.3181x 101  4.7683x 103 -5.3315 x 104

59-82 |-1.7901x101 §.5162x 103 -1.3178x10° | 64-82 |-2.7251x10!  8.9675x 105 —-2.0928 x 105
82 — 102 1.0040 x 102 -1.2332x10*  6.1696x10° | 82-100 7.1467 x 101  —-6.7404 x 103 4.1416 x 10°
102-142 | 36355x 101  1.9431x102 7.4152x103 | 100-144 | 55180x 10! -3.5570x10%  2.6000 x 105
142-220 | 8.1266x 101 -1.3450x 10*  1.0409x 108 | 144-220 | 1.3134x 102 -2.5411x10% 1.8268 x 106

! The differential oscillator strengths (dffdE), obtained by substitution of these parameters into equation (3.1), may be converted to
absolute photoabsorption cross sections using the relation, ¢ [Mb] = 1.0975 x 102 (df/dE) [eV-1.
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by the line through the data points in figure 4.16.
Using the df/dE (CH,) data derived from equation (4.15), df/dE (CH;) has
been determined by averaging the results obtained from all possible combinations

within the summation,
A g s 7 Af er o
1
Ef(CHg,) - z [%(CnHszrz) —(n- 2)3—2—(CH2)}. (4.16)
n=2

The average differential oscillator strengths for the CHg group were then smoothed
with a similar polynomial fitting procedure as employed in the case of CHy. The
best fit parameters, A, B, and C, obtained for the CHg group fragment are also given
in table 4.5, and the resulting average values for m as a function of

photon energy are shown in figure 4.17.

Using the values derived for df/dE (CH,) and df/dE (CHj) in the formula-
tion of equation (4.14), it can be seen from figure 4.18 that excellent agreement (<
2% difference at any given photon energy) is obtained between the group additivity
sum (solid line) and the presently measured differential oscillator strengths (dots)
for CgH1g over the entire energy region studied (18-220 eV). In order to provide a
more direct comparison with the molecular mixture rules, which were constructed
using only certain selections of the differential oscillator strengths for CHy to CsHqo
[36] in section 4.3.3, modified sets of average differential oscillator strengths for the
methylene and methyl groups, df/dE—(CHz-)— and dfkdE—(CH:g), have also been
derived using only the data for CoHg to C5Hyg in equations (4.15) and (4.16). The
resulting photoabsorption differential oscillator strength estimate for CgH;ig is
plotted as a function of photon energy in figure 4.18 in the form of a dashed line. It
can be seen that the dashed line shows as good agreement with the experiinentally

measured data as that given by the solid line derived using data for CoHg to C7Hg.

Equally excellent agreement with experiment is also obtained for CgH14 and C7Hqg
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Figure 4.18: Comparison of (2 CHg + 6 CHy) differential oscillator strength sums,
obtained using group additivity involving the values in figures 4.16 and 4.17, with
directly measured photoabsorption differential oscillator strengths (1 eV fwhm) in
the continuum energy region for normal octane: (a) 18-50 eV; (b) 50-100 eV;
(c) 100-220 eV. The differential oscillator strengths for CoHg to C7Hg and for
CoHg to C5H 19 were used in the group additivity estimate for CgH1g, and these are
represented by the solid and dashed lines, respectively. See text for details.
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when the appropriately modified data sets (i.e., using the data from CQHG to C5H12)

for df/dE (CH,) and df/dE (CH;) are employed in equation (4.14). .'I“he ‘good
agreement bétween the present groﬁp additivity investigations for CgHg using data
for CoHg to CgHyg, or alternatively for CoHg to C7Hyg, suggests that “convergenée”
of the m and —d_W—CHa) group diffevrential oscillator sfrengths has
essentially been reached, and thus' lends further suppoi't to the accurécy of these -
procedures. Therefore,‘in_the case of group additivity, good predictions for higher{v
members of an homologoﬁs serieé can be expected using data for a limited but
sufficient number of lower hOmolqgues.’ The fequiremenf found earlier for MMR’s
(see section 4.3.3), that the best results are obtained usi(ng‘ data for a similarly large
member of a series, is not esser_ltial.in the case of group additivity. These .'ﬁndings'
suggest that group add1t1v1ty using data for the first four to six homologues in the
series (excluding CHy) is a far more reliable and generally applicable techmque than
MMR’s for the estimation of photoabsorption differential oscillator strength distri-

butions for long-chained élkane molecules.

4.3.5 Conclusions

The feasibility of using atomic aﬁd molecular mixture rules >as well as group
additivity concepts for predicting differential oscillator strengthé (cross sections) for
the valence-shell vphotoabsorptiOn' of long-chained alkane molecules has bbeen
investigated over a wide energyv range from 18 to 220 eV. It has been found that
atomic mixture rules (AMR’s) Based oni both theoretical and experimental atomic
oscillator strength data are unsatisfactory, giving ver& large errors at most photon
energies. Such departlires from experiment are to be expected due to the intrinsié
neglect of cohtributions froni'mol_ecﬁlar effects in the AMR vaiues. In the case of

molecular mixture rules (MMR’s), although good agreement with experiment is
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obtained with some linear combinations, many others result in substantial errors.
While it is found that MMR’s constructed using differential oscillator strengths for
larger component alkanes tend to give somewhat better estimates of the
experimentally measured data, no other a priori physical or chemical reasons can be
advanced as general criteria for choosing reliable MMR’s for predictions for much
larger species. In contrast, a group additivity procedure based on estimates of the
oscillator strengths for CHy and CHjg functional group fragments, derived from
photoabsorption measurements for lower members of the homologous series [36],
C,H,, .5, provides excellent agreement with the measured differential oscillator
strengths for CgH ;4 over the entire energy range studied (18-220 eV).

The results of the present assessment suggest that the isolated species
appfoximation [73], given by equation (1), provides the best differential oscillator

strength estimates when the component species, C; , are molecules or functional

i
groups closely related in terms of chemical environment to the species of interest (in
this case the long-chained, saturated hydrocarbons). These conclusions are
consistent with the findings of Meath et al. [38,80] for prediction of other dipole
properties and also with the concept of bond transferability within the alkane series
[88]. The applicability of group additivity clearly reflects the preservation of alkane-
like molecular effects in the differential oscillator strength estimates for the CH,
and CHg components. The present group additivity work furthermore suggests that
accurate differential oscillator strength measurements for the first four to six
members of an homologous series will, in general, provide an adequate input

database for the accurate prediction of radiation absorption by larger homologues

and corresponding hydrocarbon groupings involved in other large molecules in the

vacuum UV and soft X-ray region above 20 eV.
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Chapter 5

Photoabsorption Studies of Phosphorus Halides

5.1 Introduction

The phosphorus halides, PF3, PClg, and PF5, have been chosen for the
present valence and inner shell photoabsorption study because the absolute
oscillator strengths for third row molecules are of fundamental scientific interest,
given that very few experimental studies have been made for such species compared
to second row molecules. In particular, phosphorlis is interesting among the third
row atoms in that it can form stable neutral molecules having either three or five
ligands. Although the large number of electrons in PFg, PClg, and PF5 present a
challenge to theoretical studies, the high symmetry of these molecules make them a
good test-bed for theory.

In the case of phosphorus trichloride (PClg), there is also considerable
industrial interest in quantitative photoabsorption data, since PClg is a widely used
chemical reagent in the synthesis of organic and inorganic molecules. For example,
photochemical reactions involving PClj [e.g., 89-92] have been documented over the
past decade. PClg also finds applications in surface science as a dopant of silicon
surfaces [93], in photo-assisted chemical vapor deposition, in gas phase etching of
indium phosphide [94] and in dry plasma etching of semiconductors [95].

The valence shell spectral data | available in the literature for electronic
excitation of phosphorus trifluoride (PF3) is very limited, with few measurements of

absolute differential oscillator strengths. Following the relative photographic work

of Humphries et al. [96] in the limited valence-shell region, 6.9-11.8 eV, McAdams
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and Russell [97] reported absolute optical density measurements from 5 to 10 eV.
Inner-shell excitation in PFg has been examined by synchrotron radiation
[98,99,100], but only the work of Ishiguro et al. [98] reported absolute photoabsorp-
tion spectra for the P 2p and 2s inner-shell regions. In other related work, Sodhi
and Brion [101,102] obtained relative intensities for valence and inner shell (P 2p,2s
and F 1s) excitation of PFg using electron energy-loss spectroscopy at 2.5 keV impact
energy. |

The spectroscopic information available in the literature for photoabsorption
of PClg is similarly very limited. Following the photographic work of Huniphries et
al. [96] between 6.2-9.5 eV, Halmann [103] and McAdams and Russell [97] recorded
the absolute valence-shell photoabsorption spectrum of PClg over the energy ranges
of 5.0-6.7 and 5-10 eV, respectively. In the phosphorus and chlorine 2p and 2s
inner shell regions, relative [104] and absolute [98] cross sections have been
measured using monochromated synchrotron radiation. X-ray emission spectra for
the valence and 2p (phosphorus and chlorine) shells of PClg have been obtained and
assigned, based on SCF-Xa-SW calculations, by Topol et al. [105]. In other work,
Sodhi and Brion [101,102] obtained» the valence (5-25 eV) and inner (P 2p,2s;
Cl 2p,2s) shell EEL spectra of PCl3 using high impact energy and small scattering
angles, but no absolute measurements were made. In this latter work [102], the
phosphorus 2p spectrum unexpectedly showed a prominent transition at 135.11 €V,
which was not observed in either of the photon-based studies [98,104]. Impurities
were seemingly ruled out as the cause of this transition from a careful consideration
of the high resolution valence shell EEL spectrum. Since this peak was found to
increase in intensity with increase in momentum transfer (achieved by measuring
the spectrum over a small range of scattering angles), the authors [102] attributed it

to a dipole-forbidden transition even though such a possibility was surprising in

view of the low momentum transfer conditions.
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In the case of phosphorus pentafluoride (PFj5), the valence [101] and inner
(P 2p,2s; F 1s) [106] shell electronic spectra have been previously investigated by
electron energy-loss spectroscopy in 1985, and tentative spectral assignments were
then made based on term values and quantum defects. More recently, two optical
studies [107,108] have been reported over a very limited energy region (135-180 eV)
of the phosphorus 2p shell spectrum, but to date no absolute photoabsorption data
have been reported for either of the valence or core regions of PF5.

In the present work, the absolute photoabsorption spectra of PF3, PClg, and
PF5 have been measured by low resolution (1 eV fwhm) dipole (e,e) spectroscopy over
wide energy ranges spanning the valence and inner (P 2p,2s; Cl 2p,2s) shells from 5
- to 300 eV. High resolution dipole (e,e) spectroscopy has also been used to obtain

absolute oscillator strengths for the discrete profiles observed in the valence and

inner (P 2p, Cl 2p) shell regions at 0.05-0.1 eV fwhm.

5.2 Results and Discussions

The VTRK sum-rule [27] has been used to normalize the long-range, relative
photoabsorption spectra (1 eV fwhm) of PFg, PCl3, and PF5 obtained in the present
work to absolute values. In this procedure the contribution of each of the
phosphorus halides to the valence-shell photoabsorption above 130 eV (the onset of
the P 2p spectrum) was estimated by fitting a polynomial of the form given by
equation (3.1) to the relative valence-shell photoabsorption data (df /dE) over thei
energy range, 85-130 eV, and extrapolating to infinite energy. Each of the relative
valence-shell photoabsorption spectra was then integrated from the first excitation
threshold to infinite energy, and the total area were normalized to total valence-

shell oscillator strengths (Z,,; + Z,) of 27.00, 26.98, and 41.55 for PF3, PClg, and

PF5, respectively (see section 3.1.1 and table 3.1 for details). The parameters, A, B,
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and C given in table 5.1 have been normalized such that the absolute valence-shell
contribution to the total photoabsorption of PF3, PClg, and PF5 can be estimated in
the inner-shell regions above 130 eV by direct substitution into equation (3.1). This
permits estimates of the inner shell (P 2p,2s; Cl 2p,2s) oscillator strengths to be
obtained from the total differential oscillator strength values in tables A8, A10, and
A12, respectively, by subtracting the corresponding valence-shell contributions

determined from equation (3.1).

Table 5.1

Best fit parameters determined by fitting equation (3.1) to the valence-shell
differential oscillator strengths at high energy for PF3, PClg, and PFj

Phosphorus Best fit parameters !
halide A (eV) B (eV2) C (eV3)
PFy ~2.3274 x 10% 2.2561 x 107 ~1.1931 x 10°
PCl, 3.9361 x 10* ~5.1302 x 10° ~8.3066 x 107
PFy 3.9311 x 10% 2.1274 x 107 -1.2251 x 10°

1 Coefficients in equation (3.1)

5.2.1 Electronic structures

Both phosphorus trifluoride (PF3) and phosphorus trichloride (PClg) have
trigonal pyramidal geometry and belong to the Cg,, symmetry group. Phosphorus
pentafluoride (PF5) has Dgp, symmetry and trigonal bipyramidal geometry. The
photoabsorption spectra of these molecules will be discussed with reference to the
electronic ground state, molecular orbital configuration in the independent particle

model:
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PF3 : Pls Fls P2s P2p (5a)%(3e)*
N Me— ———
Inner shells Inner valence

(6a7)%(4e)*(7a1)%(5e)* (1a5)%(6€)*(8a,)?

Outer valence

(7€)°(9a1)°(10a;)°(11a,)°(8€)°(9e)°

Virtual valence

PCly : Clis P1s Cl2s Cl2p P2s P2p (9a)%(7e)?

— | —
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Virtual valence
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(Ta?(4e)*(4a5)*(1e”)* (5e")* (1a5)*(8a})* (5ap)? (6e’)* (2e”)*

QOuter valence

(9a7)°(7e)°(6a2)° (3¢”)° (8¢")°(10a))°.

Virtual valence
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In the case of PF3, the 11a;, 8e, and 9e virtual valence orbitals involve P 3d

character [43,108] . The vertical ionization potentials (VIP’s) for the seven outer-

valence ion states have been determined to be 12.27 (8afl), 15.88 (6e™1), 16.30

(1az)), 17.46 (5e71), 18.60 (7a1l), 19.50 (4e71), and 22.55 eV (6a7l) using He (I) and

He (II) photoelectron spectroscopy [109]. No experimental data or many-body

Greens’ Function calculations are available for the two inner-valence ionization

processes (3e™! and 5a11), which are each expected to be split into a range of final

ion states (poles) by electron correlation effects [110]. Therefore, in the present work

the independent particle orbital energies of 35.48 and 36.47 eV, respectively, from
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the continuum MS-XOL calculations of Powis [43.] have been used as average
estimates of the VIP’s for these ionization processes. The ordering of the virtual
valence orbitals is that determined from ab initio [98] and MS-Xo [43,108]
calculations. The mean binding energy for the P 2p edge, as measured by XPS
[111], is 142.07 eV, and values of 0.86 eV [99] and 0.90 eV [102] have been reported
for the spin-orbit splitting between the 2p 3;21 and 2p 1;21 components. Based on a
statistical weighting of 2:1, the 2ps, and 2p;, edges have been estimated to be at
141.77 and 142.67 eV [102]. The value for the P 2s VIP, as measured by XPS [111],
is 199.49 eV.

The vertical ionization potentials for the seven outermost orbitals of PClg, as
measured using He (I) resonance radiation [112], are 10.52 (12a11), 11.69 (la'z'l),
11.97 (10e7), 12.94 (9¢71), 14.23 (11a71), 15.19 (8¢7Y), and 18.81 eV (10a7!). Since
no experimental data or many-body Greens’ Function calculations are available for
the two inner-valence ionization processes (7e”! and 9a11), the average independent
particle orbital energies of 24.70 and 26.62 eV, respectively, from the SCF-Xo-SW
calculations of Xin et al. [113], have been used in the present work as estimates of
the average ionization energies for the inner-valence orbitals. The ordering of the
virtual valence orbitals given above for PClg is that determined from ab initio [98]
and MS-Xo [108] calculations. X-ray photoelectron spectroscopy has been used to
obtain the mean binding energies for the P 2p (140.14 eV) [111] and for the Cl 2p
(206.6 V) thresholds [114]. The positions of the 2ps, and 2p;, spin-orbit
components at 139.84 (P 2ps,), 140.74 (P 2py,), 206.1 (Cl 2ps,), and 207.7 eV
(C1 2py,) were previously determinéd [102] based on a statistical weighting of 2:1
and spin-orbit separation estimates of 0.90 {115] and 1.6 eV [116] for the P 2p and
Cl 2p edges, respectively. The P 2s (197.47 eV) and Cl 2s (278.2 eV) VIP’s were
taken from refs. [102,114].

In the final case of PFj, the vertical ionization potentials for the first nine
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outer-valence orbitals have been determined by PES [112,117] to be 15.54 (2e”),
16.46 (6¢’), 16.75 (5a3), 17.13 (8a}), 17.79 (1a3), 18.43 (5¢’), 19.1 (1e”), 19.5 (4a3),
and ~21 eV (4e’). The VIP for the 7a] molecular orbital has been calculated by
Berry et al. [118] to be ~23 eV. No experimental data or many-body Greens’
function calculations are available in the literature for the four inner-valence
ionization processes. The ordering of the virtual valence orbitals given above is that
determined from MS-Xo calculations [108]. X-ray photoelectron spectroscopy
studies have reported a mean binding energy of 144.68 eV [111] for the P 2p
ionization threshold, and the positions of the 2ps, and 2p:, components were
determined [106] to be 144.38 and 145.28 eV based on a statistical weighting of 2:1
and a spin-orbit splitting estimate of 0.90 eV [115]. The ionization potential for the
P 2s ionization threshoid (201.87 eV) was taken from ref. [111].

5.2.2 Phosphorus trifluoride
5.2.2.1 Long range photoabsorption spectrum

The low resolution (1 eV fwhm) absolute photoabsorption spectrum of PFg
spanning the valence, P 2p, and P 2s regions (5-300 €V) is shown in figure 5.1(a).
Panels (b) and (c) show the valence (5-130 eV) and inner (P 2p,2s) shell regions,
respectively, in greater detail on expanded scales, and the corresponding data are
given numerically in tables A.7 and A.8 in the appendix. Aiso shown for comparison
in figure 5.1(c) is the synchrotron radiation data above 142 eV reported by Ishiguro
et al. [98], which are in excellent agreement with the present work except in the
vicinity of the second continuum shape resonance (159 eV) where their data lower

than the present measurements by ~6%. The dashed curves in (a) and (c) represent

the estimated contribution from the valence-shell spectrum (determined from the
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Figure 5.1: Absolute photoabsorption differential oscillator strengths for PF3
obtained at a resolution of 1 eV fwhm: (a) Long-range spectrum measured from 5 to
300 eV; (b) the valence region (5-130 eV); and (¢) the P 2p and 2s inner-shell
regions (125-300 eV) shown on an expanded scale. The dashed lines represent the
valence-shell extrapolation curve obtained by fitting equation (3.1) to the high-
energy portion of the valence spectrum from 85 to 130 eV (see sections 3.1.1 and 5.2
for details).
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VTRK sum-rule normalization and extrapolation procedure discussed earlier in
sections 3.1.1 and 5.2) to the total photoabsorption above 130 eV.

Experimental [84] and theoretical [86] atomic differential oscillator strength
sums (or atomic mixture rules (AMR’s)) for the constituent atoms (P+3F) are plotted
together with the present photoabsorption results in figure 5.1(b) and (c). The
theoretical [86] valence-shell atomic data have also been used to model the
underlying valence contribution (figure 5.1(c)) in the P 2p,2s photoabsorption region
above 130 eV, and are in good agreement with the extrapolation based on the curve
fit to 300 eV. It can also be séen in figure 5.1(b) and (c) that such atomic sums
provide good estimates of the oscillator strengths in the valence continuum above 40
eV and in the core continuum above ~170 eV (i.e., in regions, away from the
ionization edges, where any molecular effects become negligible).

The static electric-dipole polarizability (o) of a molecule can be determined
from the S(-2) sum rule (equation (2.29)) if a sufficiently accurate absolute photoab-
sorption spectrum is available up to ~100 eV [28] (data above 100 eV in general
contribute less than 1% to the summation). Alternatively, equation (2.29) may be
used to establish the absolute oscillator strength scale if a sufficiently accurate
value of the static dipole polarizability is available [28]. Since the low energy region
of the oscillator strength is heavily weighted by the E‘2 factor in the S(-2) sum rule,
the absolute photoabsorption data (5-300 eV) obtained in the present work are more
than sufficient for deriving the electric-dipole polarizability for PF3. This is of some
interest since no experimental values of oy for PF3 have been published thus far. In
sections 5.2.3.1 and 5.2.4.1 below, equation (2.29) has been used to obtain oy values
from the VTRK sum-rule normalized spectra for other phosphorus halides, PClg and
PF5, which are in good agreement with experimental and theoretical estimates

reported in the literature [119-122] for these molecules. In the present work, the

electric-dipole polarizability of PFg has been determined to be 44.32 x 10725 ¢m3
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using the photoabsorption data in tables A.7 and A.8 in equation (2.29). This value
differs significantly from the theoretical estimates performed by Lippincott et al.
(29.02 x 10725 ¢m3) {123] and Pandey et al. (29.154 x 10725 ¢cm3) [124] obtained
using the delta-function potential model. However, it should be noted that
difficulties in computing the dipole polarizabilities for group 15 trifluorides have
been reported by these authors [123,124] since the experimental data upon which
the necessary polarity corrections can be based are not available. Therefore at best
the theoretical values of oy reported for PFg [123,124] are questionable.
Furthermore, the reliability of the presently reported oscillator strength scale is
supported by the good agreement with the data of Ishiguro et al. [98] in the P 2p,2s
region and with the atomic sums [84,86] over a wide range in both the valence and

inner shell continuum regions.

5.2.2.2 Valence-shell spectrum

The valence-shell absolute photoabsorption spectrum of PFg from 5 to 50 eV
obtained at 0.05 eV fwhm resolution in the present work is presented in figure 5.2(a)
together with the positions of the vertical ionization potentials of the seven outer-
valence ion states as given in section 5.2.1. Figure 5.3 shows an expanded view of
the discrete region (7-23 eV) of the spectrum; the assignments given on the
manifolds have been taken from ref. [101] with the exception of feature 3 which was
attributed [101] to both the 4s Rydberg and 9a; virtual valence transitions. In
reference [101], transferability of both virtual valence and Rydberg term values was
assumed in assigning the valence shell spectrum. Therefore, the positions shown for
the virtual valence transitions will be, at best, very approximate.

The Jahn-Teller split band (see features 1 and 2 in figure 5.3) centered at a

mean energy of 8.06 eV were previously assigned to 7e « 8&111 [97,101]. The
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Figure 5.2: (a) Absolute high resolution (0.05 eV fwhm) photoabsorption spectra of
the valence-shell region of PF3 from 5 to 50 eV. The hatched lines indicate positions
~ of the outer valence VIP’s as determined by high resolution PES [109]. Panel (b)
shows the two vibronic progressions in the bands at 9.52 and 11.08 eV. Note that
the photoabsorption differential oscillator strengths can be converted to absolute
photoabsorption cross sections using the relation, 6 (Mb) = 109.75 x (df/dE) (eV-D),
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valence-shell absolute photoabsorption spectrum from: (a) 7 to 14 eV and (b) 14 to
23 eV. The assignments are taken from ref. [101]. The integrated oscillator

strengths for the eight energy regions separated by vertical dotted lines are given in
table 5.2. :
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integrated oscillator strength value of 0.4604 (table 5.2) presently determined for
this transition is very close to the value of 0.48 reported in the optical density study

by McAdams and Russell [97].

Table 5.2

Absolute photoabsorption oscillator strengths for regions of the
valence-shell spectrum of PFg

Integrated energy Oscillator strength (10~2)
region 1
(eV) Present work Ref. [97]
7.39-8.68 - 46.04 48
8.68-10.26 25.42 28
10.26-12.16 28.42
12.16-13.62 41.56
13.62-16.24 117.43
16.24-17.34 42.78
17.34-18.54 58.23
18.54-20.88 136.80

1 See figure 5.3 for the respective spectral regions.

Two vibronic progressions centered at 9.52 and 11.08 eV (figure 5.2(b)) are
clearly observed in the presently reported spectrum. The relative [96] and absolute
[97] optical absorption spectra previously measured in the very limited energy
regions, 6.9-11.8 and 5-10 eV, respectively, also showed these vibrational
structures. In the present work, 23 vibronic bands have been deconvoluted from the

first progression and 29 have been identified from the second. The energy positions
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for these vibronic bands are in good agreement with those reported by Humphries et
al. [96] within experimental uncertainty. The average vibrational separation, 460
em™1 (0.058 eV), for both progressions corresponds closely to the vy symmetric
bending mode of PFg (487 ¢m™)) in the infrared spectrum [125].

The HOMO (8a;) of PFg is primarily the phosphorus lone-pair orbital [126],
and ionization of an electron from the HOMO results in the manifestation of
vibronic structures in the 8ay' ion ground state with an interval of 470 em™!
(averaged from v'=5 to v'=20) in the high resolution photoelectron spectrum
reported by Maier and Turner [109]. The intensity distribution and width of the
Franck-Condon vibrational envelope of the 9.52 eV band of the dipole (e,e) excitation
spectrum as shown in figure 5.2(b) corresponds very closely with that observed in
the 8aI1 photoelectron spectrum [109]. This similarity with ionization would be
expected for a Rydberg transition since Rydberg orbitals are generally diffuse and
atomic-like with the Rydberg electron viewing the positively charged ion core as a
point charge. These observations therefore strongly support the assignment of the
first vibronic progression centered at 9.52 eV solely to the 4s « 8@1]1 Rydberg
transition [97] with no underlying contribution from a 9a; « 8aj! virtual valence
transition. Sodhi and Brion [101], whose data are not sufficiently resolved to show
any vibronic structﬁres, had earlier suggested that the 9a; virtual valence transition
might also be contributing to the band at 9.52 eV. Table 5.3 gives the absolute
oscillator strength values for each of the 23 vibronic peaks shown in figure 5.2(b).
The oscillator strength for the entire band from 8.68 to 10.26 eV, 0.2542 (table 5.2),
is in good agreement with the value of 0.28 reported earlier [97]. This good
agreement and also that for the band from 7.39 to 8.68 eV (see above) further
supports the accuracy of the presently determined absolute oscillator strength scale
and the resulting value of the static dipole polarizability (see Sec. 5.2.2.1).

Based on a quantum defect of 1.78 determined for the 4s « 8aI1 transition at
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Table 5.3
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Absolute oscillator strengths for the 4s « 8a7! vibronic bands of the valence-shell

photoabsorption spectrum of PFg

Vibrational quantum Photon energy Oscillator strength
number (v') (V) (1072)
0 8.82 0.09
1 8.91 0.15
2 8.98 0.32
3 9.04 0.49
4 9.10 0.70
5 9.16 0.92
6 9.22 1.20
7 9.28 1.45
8 9.33 1.70
9 9.39 1.87
10 9.45 1.98
11 9.50 2.04
12 9.56 2.02
13 9.62 1.96
14 9.68 1.73
15 9.73 1.52
16 9.79 1.27
17 9.85 1.02
18 9.91 0.82
19 9.97 0.61
20 10.04 0.45
21 10.11 0.31
22 10.19 0.18
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9.52 eV, the Rydberg formula (equation (2.41)) was used in ref. [101] to determine
the position of the 5s Rydberg. This is shown on the 8aI1 manifold in figure 5.3(a),
and it can be seen that, as expected, the occurrence of a second vibronic envelope
(feature 4) matches very well with the predicted position of the 5s < SaI1 transition.
Therefore, while the broad band at 11.08 eV also possibly has contributions from 7e
« 6e’! and 1aj!, the vibrational structures must presumably arise from the
transition to the 5s Rydberg state. An oscillator strength value of 0.2842 has
presently been obtained for this band (integrated over the 10.26-12.16 eV region).
The oscillator strengths for five more energy regions, shown by the dotted vertical
lines in figure 5.3, are listed in table 5.2. This represents an extensioﬁ of the very
limited absolute data (5-10 eV) [97] for the valence-shell photoabsorption of PFg
that is currently available in the literature. It should be noted that while the
spectral features in figure 5.3 correspond well to the 7e and ns Rydberg assignments
[101], transitions to the np and nd orbitals are also formally-allowed for PFg and
may be expected to contribute [40].

Recent theoretical investigations using continuum MS-Xa calculations
[43,127] suggested the presence of two shape resonances in each of the a; and e
continuum channels in the valence-shell ionization continuum. The partial
photoionization cross sections were calculated over the electron kinetic energy
range, 0-30 eV, for each of the three outermost valence orbitals, 8a;, 6e, and lag
[43]. The lower energy resonance (9a; « 8a7h), which was found to be characterized
by sp type wavefunctions from the P atom and p type wavefunctions from the F
ligand, was predicted [43,127] to be located ~3 eV above the ionization threshold. In
contrast, the remaining a; and e shape resonances were calculated to be dominated
by d type continuum functions. This suggests that similar to the P 2p spectrum (see
section 5.2.2.3 below), the broad continuum peak observed at ~35 eV in figure 5.1(b)

can be attributed to valence-shell excitations to the 10ay virtual valence orbital.
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5.2.2.3 P 2p,2s inner-shell spectra

In addition to the low resolution data shown in figure 5.1(a) and (c), the
absolute differential oscillator strengths in the discrete P 2p inner-shell region of
PF4 have been further investigated in the present work at higher resolution (0.1 eV
fwhm), and the data are shown as solid circles in figure 5.4(a) together with the
optical work (line) of Ishiguro et al. [98], which xﬂatches closely with the dipole (e,e)
data in both shape and magnitude.

The bands situated from 134 to 137 €V in figure 5.4(a) have been previously
assigned [98,102] to the virtual valence transitions, 7e « 2p~1. The phosphorlis 2p
orbitals of PFg transform as a; and 2e under Cg, symmetry. The direct product of
the initial 2p(e) and final 7e orbitals indicates the existencel of two dipole-allowed
excited states, 1A1 and 1E, which are épin-orbit split into four transitions [98,102].
However, only three peaks are apparent in this energy region. The assignments in
refs. [98,102] indicated that the center band represents the sum of 7e(c*) : 1E «
2p 3;21(e) :1A; and 7e(6®) : 1A; « 2p ;j(e) : 1A.1 (98,102]. It can be seen that the
main peak energies of features 1-3 (134.93, 135.70, and 136.48 V) also reflect the
2py, and 2py, spin-orbit splitting (0.86 eV [99]) for transitions to both the 1E and

1A, excited states. Recently, a high order ab initio calculation and synchrotron

“radiation study [100] predicts that feature 3 is in fact an LS coupled 7e(c™) : 1A1 «

2p31(e) : 1A, state which has no spin-orbit partner.

The series of absorption bands from 137 eV up to the P 2p ionization
thresholds arise from transitions of the 2p core photoelectrons to Rydberg orbitals
[102]. Features 5 and 7 at 138.60 and 139.40 eV, respectively, have been assigned
to 4s « 2p%,1;21 [102] based on their splitting and also because of the sharpness of
their profiles which is typical of Rydberg transitions [40]. The positions of the 4s

Rydbergs correspond to larger term values than those expected for an ns quantum
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Figure 5.4: (a) The absolute photoabsorption differential oscillator strengths
(0.1 eV fwhm) measured in the P 2p discrete region (solid circles) compared with the
optical spectrum (line) previously obtained using synchrotron radiation [98]. The
integrated oscillator strengths for the six energy regions separated by dotted
vertical lines are given in table 5.4. Panels (b) and (c) show the P 2p post-edge and
P 2s regions respectively: The solid circles represent the high resolution (0.1 eV
fwhm) dipole (e,e) data, while the open circles show the lower resolution (1 eV
fwhm), long-range data. The dotted lines at the base of the spectra in panels (a)-(c)
represent the contributions to the absolute oscillator strengths for inner-shell
photoabsorption from the underlying valence-shell estimated from the fitting and
extrapolation procedures (see sections 3.1.1 and 5.2 for details).
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defect of 1.75 eV determined from the valence shell (see section 5.2.2.2 above). This
can be attributed to Rydberg-valence mixing with the underlying virtual valence
transition to the 9a; orbital (see below). Ishiguro et al. [98] later interpreted these
two peaks as being due to transitions to the 4p Rydberg orbitals based on an
average term value of 2.5 eV and a quantum defect of 1.67. However, with the
P 2py, and P 2py, VIP’s occurring at 141.77 and 142.67 eV [102], the term value
(T =VIP-E) for each of the two sharp structures clearly cannot be 2.5 eV. Since
| VIP’s of 141.04 and 141.97 eV were used in assigning the optical spectrum [98], it
appears that the authors had misinterpreted the VIP’s reported in ref. [114].
Minimal basis set ab initio calculations performed by Ishigﬁro et al. [98] predicted
that np Rydbergs occur in the photoabsorption spectrum of PF3 because of the Cg,,
symmetry of the molecule. However, it has been found in previous studies that
atomic-like selection rules are a useful guide to relative intensities in the interpre-
tation of molecular core excitation spectra to Rydberg states, since the initial and
final states are both essentially atomic in character. On this basis, 4p « 2p~1
transitions would not be expected to make a larger contribution than 4s « 2p‘1, and
thus the latter assignments as in ref. [102] are preferred for peaks 5 and 7 on figure
5.4(a). The shapes of the two bands in the 137-139 eV region suggest that the
shoulders on the lower energy sides of the 4s Rydberg transitions (features 4 and 6)
arise from the underlying 9a; « 2p3/2,1;21 transitions [102]. However, both the
minimal basis set ab initio [98] and the MS-Xo continuum [43] calculations in the
literature predicted the 9a; virtual valence orbital to be situated near the
continuum, but this is not experimentally observed. Nevertheless, it is possible that
the a; anti-bonding orbital theoretically determined [98,43] is in fact the 10a;.

The tentative assignments of the higher Rydberg features converging to the

ionization continua in figure 5.4(a) have been guided by those in ref. [102]. Since the

calculated term values and quantum defects used in ref. [102] were not given, the
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positions of the 5s and 4d Rydbergs indicated on the manifolds have been
determined in the present work using the Rydberg formula (equation (2.41)) with
estimated quantum defects of 1.75 and 0.2, respectively. The value of 1.75 in the
former case has been taken from the 4s « 831]1 valence-shell transition, since there
is no evidence of Rydberg-valence mixing in the valence spectrum in contrast to the
P 2p region. The nd quantum defect of 0.2 is as suggested by Robin [40] for
~ transitions involving third row elements.

Table 5.4 compares the absolute oscillator strengths for the P 2p discrete
photoabsorption of PF3 (plus the underlying valence continuum) for the six regions
separated by the vertical lines in figure 5.4(a) determined from the present
measurements, with those of the optical work of Ishiguro et al. [98]. It can be seen
that there is generally good agreement between the two sets of data in all regions
within experimental error. Also given in table 5.4 are the partial oscillator
strengths for the P 2p shell component of the spectrum obtained by subtracting the
valence-shell contributions estimated from the fitting and extrapolation procedures
in section 5.2.

Two strong shape resonances are observed in the P 2p ionization continuum
at 146 and 159 eV (figure 5.4(b)). Recent continuum MS-Xa calculations [43] have
predicted that the first resonance structure (feature 12 at 146 eV) results from the
a; channel associated with the /=1 component of the fluorine ligands. This is
consistent with earlier ab initio calculations which suggested an assignment of 10a;
« 2p(ay)~1 [98]. However, the small shoulder (feature 11 at 144.5 eV) situated at
the leading edge of this resonance has not been modeled by any of the theoretical
methods [43,98,108]. This feature, which is also evident in the optical absorption
[98] and electron-energy-loss [102] spectra, has been ascribed [102] to a double

excitation process (i.e., simultaneous excitation of a 2p and a valence electron).

In contrast, the broader resonance located ~16 eV above the P 2p edge
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Table 5.4

Absolute photoabsorption oscillator strengths for regions of the
P 2p inner-shell spectra of PFg

Integrated Oscillator strength (1072)
energy region ! Present work Ref. [98]

V) IY ;;erslﬁ;;—s P 2p shell Valence + P 2p shells
133.60-136.10 13.29 2.53 13.52
136.10-137.07 5.81 1.72 5.84
137.07-139.19 11.69 3.09 12.20
139.19-139.64 2.66 0.86 3.22
139.64-140.06 2.20 0.54 2.27
140.06-141.01 4.79 1.12 4.88

1 See figure 5.4 for the respective spectral regions.

(feature 13 at 159 eV) is attributed to excitation from the 2p core to the phosphorus
continuum 3d orbitals according to the MS-Xo calculations [43]. The ordering of the
atomic-like 3d « 2p~! transitions, 3d 2(11a;) < 3dy, 4,(8e) < 3dx2_y2,xy(9e) [108], is
" reflected by the relative energy positions of the a; and e channel partial photoioni-
zation cross sections theoretically determined in ref. [43].

The two pre-edge structures in the P 2s spectrum (figure 5.4(c)) have been
previously observed in both the electron-energy-loss [102] and optical absorption
[98] spectra. They were assigned to the 7e « 2571 (192.0 eV) [98,102] and 4p « 2571
(197.5 eV) [102] excitations. Above the P 2s threshold, the very broad resonance at
~219 eV arises from the a; continuum-channel and is analogous to the 10a; «

2p%,1;21 transition in the P 2p spectrum [43]; therefore, it has been tentatively

assigned to 10a; « 2571 in the present work.
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5.2.3 Phosphorus trichloride

5.2.3.1 Long range photoabsorption spectrum

The low resolution (1 eV fwhm), absolute photoabsorption spectrum of PClg
obtained in the present work, spanning the valence and inner (P 2p,2s; Cl 2}5,23)
shells from 5 to 350 eV, is shown in figure 5.5, and the data are presented in tables
A.9 and A.10 in the appendix. The hatched lines indicate the positions of the
P 2ps,,,,, P2s, Cl2ps,,,, and Cl 2s ionization thresholds. The dashed curve
represents the contribution of the valence-shell spectrum (determined from the
VTRK sum rule normalization and extrapolation procedures discussed in sections
3.1.1 and 5.2) to the total photoabsorption above 130 eV.

The phosphorus trichloride electronic photoabsorption spectrum below 350 eV
(figure 5.5) consists of three very distinct regions: (1) the valence shell, (2) the
P 2p,2s inner-shells, and (3) the Cl 2p,2s inner-shells. The valence-shell differential
oscillator strength rises to a maximum at 13.5 eV, followed by a steep decline to a
Cooper minimum around 45 eV. This phenomenon, which is mainly due to the
presence of a radial node in the atomic 6hlorine 3p wavefunction, causes the valence-
shell oscillator strengths to be concentrated to low energy (80% at photon energies
less than 40 eV) [128,129]. This situation is very different from the corresponding
PF3 spectrum (47% at < 40 eV) where the oscillator strength distribution is spread
out over a much larger energy range (section 5.2.2.1). In contrast with the valence
shell, the PClg oscillator strengths (figure 5.5) in the inner-shell spectral regions
(P 2p,2s and Cl 2p,2s) are distributed over a wider energy range as a result of the
more spatially localized and less diffuse character of the 2p and 2s orbitals
compared with those of the valence shell.

The absolute inner-shell photoabsorption spectra for PClg measured by

Ishiguro et al. using synchrotron radiation [98] are shown in figure 5.5 in




Chapter 5. Photoabsorption Studies of Phosphorus Halides 114
< 160 LR dipole (e,e), Present work
> o Atomic sum (P+3Cl), Theory [86] PCI
a® a  Atomic sum (P+3Cl), Exp't [84] 3
'o Ph Abs [98]
AR I O R Valence Extrapolation
£ 120 { || AE=1eviwhm cmp?/\ R 10
< Cl2s o
' Z
g P2p P2s; \\V\.'.. A
& Cooper ” f\\ - 8
S minimum ¥ ’ N e
© 80 A
0
D
®)
c
i
‘é 40 -
o
D
Q0
«©
2
n'é'- 0 ) ) L i T T -
0 50 100 150 200 250 300 350

Photon Energy (eV)

Figure 5.5: Absolute photoabsorption spectrum of PClg spanning the valence and
inner (P 2p,2s; Cl 2p,2s) shell regions (5-350 eV). The positions of the VIP’s for the
P 2p, P 2s, C1 2p, and Cl 2s edges are indicated by the hatched lines. The dashed
line represents the valence-shell extrapolation curve obtained by fitting equation

(3.1) to the high-energy portion of the valence spectrum (85-130 eV).

Note that

absolute cross sections in units of megabarns can be obtained by multiplication of
the photoabsorption differential oscillator strengths (eV~1) by a factor of 109.75.
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comparison with the present work. They are in serious disagreement with the
presently obtained results, being ~30% higher than the present work in the P 2p,2s
region below 200 eV and ~15% lower in the Cl 2p,2s region. If the synchrotron
radiation data [98] were normalized down to the dipole (e,e) data in the valence-shell
continuum just below the P 2p edge, the shape of the two spectra would then be in
fairly good agreement between 130-200 eV (see figure 5.6 below). However, there
would then be an even larger (40%) difference in intensity between the presently
determined differential oscillator strengths for the Cl 2p,2s shells and those
reported in the same region by Ishiguro et al. [98]. These differences could be due to
errors caused in the target density determination and/or by the presence of higher
order radiation or stray light in the synchrotron radiation work [98].

Experimental [84] and theoretical [86] atomic differential oscillator strength
sums (or AMR’s) determined using the constituent atoms of PClg (P+3Cl) arev plotted
in figure 5.5 together with the present results in the valence and core continuum
regions, where molecular effects are expected to become less important at higher
energies away from near-edge fine structures or continuum resonances. The
theoretical atomic data [86] are reasonably close to the present estimated valence
contribution to the spectrum above 130 eV (as estimated by the extrapolated curve-
fit discussed earlier). Since inner-shell spectra are generally atomic-like, AMR’s can
be useful for providing approximate estimates of the molecular oscillator strengths
away from near-edge structures. From figure 5.5 it can be seen that the theoretical
and experimental atomic sums are in fair agreement with one another but are
uniformly ~20% higher than the experimental measurements presently obtained for
PClz. However, it should be noted that the relative intensity increases in going from
the valence to the P 2p and to the Cl 2p continua are in fair agreement between the
atomic sums [84,86] and the dipole (e¢,e) measurements. This lends some support to

the relative intensities found in the present valence and inner shell spectra. The
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accuracy of the absolute scale established in the present work further supports the
S(-2) sum-rule analysis discussed below.

A method by which the accuracy of an absolute photoabsorption differential
oscillator strength scale can be critically evaluated is by comparing the experimen-
tal or theoretical static electric-dipole polarizability (o) for a molecule with that
derived from the oscillator strength data using the S(—2) sum rule (equation (2.29)).
Since the absolute differential oscillator strengths for PCl3 have been measured over
a sufficiently wide energy range (5-350 eV) to permit a determiﬁation of the S(-2)
sum (dipole polarizability) for PClg using equation (2.29), the result can be
compared directly with measured and calculated electric-dipole polarizability values
from the literature. The value derived from the present data, 106.01 x 10725 cm3, is
found to be in excellent agreement with the experimental result of Hacket and Le
Fevre (104.9 x 10725 cm3) [119] which was obtained using molar refractivity
measurements, and also with the slightly lower value of 103.03 x 10725 ¢m3 reported
by Grassi in 1933 [122] . The agreement is also quite good with theoretical dipole
polarizabilities of 107.8 x 10725 c¢m?3 [119] calculated using empirical equations
involving structural data and 102.98 x 1072% ¢m3 [124] obtained using the delta-
function potential model. These findings strongly support the accuracy of the
presently determined absolute oscillator strength scale established using the VTRK
sum-rule and the associated procedures of curve-fitting and extrapolation as well as

correction for Pauli excluded transitions.

5.2.3.2 Valence-shell spectrum

The absolute differential oscillator strength spectrum for the valence-shell

photoabsorption of PClg measured at high resolution (0.05 eV fwhm) in the present

work is presented in figure 5.6(a) from 4 to 50 eV together with the optical
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Figure 5.6: Absolute photoabsorption spectra of the (a) valence, (b) P 2p, and
(c) Cl 2p regions of PCl3 obtained at resolutions of 0.05 eV (valence shell) and 0.1 eV
fwhm (P 2p, C1 2p shells). The hatched lines indicate positions of the VIP’s, and the
dotted lines in (b) and (c) represent the valence-shell contribution to the absolute
oscillator strengths in the inner-shell excitation spectra. Note that the intensities of
the dipole (e,e) and the photoabsorption data [103] between 5-8 eV have been
expanded by a factor of four for greater clarity.
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absorption spectrum reported by Halmann [103] in the very limited 5.0-6.7 eV
energy range. The discrete structures are shown in greater detail in figure 5.7.
Spectral assignments to the dipole-allowed ns, np, and nd Rydberg transitions have
been calculated using the Rydberg formula with quantum defects of 1.85, 1.55, and
0, respectively, as given in ref. [101]. Features 1 and 2 have been previously
assigned to the 13a(c*) and 1le(c*) respective virtual valence transitions [101]
based on their perceived ordering in the phosphorus 2p shell region [102]. However,
both MS-Xo [104] and more recent ab initio [98] calculations indicated that this
ordering should be reversed, with the splitting between the excitations to the 1lle
and 13aq orbitals being greater than 5 eV [98]. Using this ordering their positions
on the manifolds in figure 5.7 have been taken from ref. [101] using term values of
4.83 eV (11e) and 4.53 eV (13a4).

Table 5.5 compares the absolute oscillator strength values for the nine energy
regions separated by vertical dotted lines in figure 5.7 with those reported by
Halmann [103] and McAdams and Russell [97]. The oscillator strengths obtained by
the two optical techniques are in general lower than those determined in the present
work. These differences may be attributed to line-saturation (bandwidth) effects [5]
occurring in the optical work [97], since the Beer-Lambert law method was used to
obtain the absolute cross section data.

Humphries et al. [96] and McAdams and Russell [97] reported the presence of
a long vibronic progression of 17 bands centered at 8.26 eV. The average band
spacings of 261 [97] and 263 em™! [96] (0.030 eV) correspond to the vy symmetric
bending mode (260 cm™Y) in the infrared spectrum [130]. The HOMO (12a;), which
is primarily the phosphorus lone-pair orbital, shows similar vibrational structures
separated by ~250 cm™! from one another [131] in the He (I) PES spectrum. The

8.26 eV vibronic progression is not identified in the present work due to the more

modest resolution of the dipole (e,e) spectrometer (0.05 eV fwhm).
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Figure 5.7: The features observed in the discrete high resolution (0.05 eV fwhm)
valence-shell absolute photoabsorption spectrum of PClg from: (a) 5 to 12.5 eV and
(b) 12.5 to 21.5 eV. The assignments are taken from ref. [102] (see text for details).
Note that absolute cross sections in units of megabarns can be obtained by
multiplication of the photoabsorption differential oscillator strengths (eV-1) by a
factor of 109.75. The integrated oscillator strengths for the eight energy regions
separated by vertical dotted lines are given in table 5.5.
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Table 5.5

Absolute photoabsorption oscillator strengths for regions of the
valence-shell spectrum of PClg

Integrated energy region Oscillator strength (10~2)
(V) Present work |  Ref. [97] Ref. [103]
 4.92-6.38 14.92 10 0911
6.38-7.60 17.46 7
7.60-8.80 36.63 28
8.80-9.50 41.85 48
9.50-10.09 40.21 6
10.09-11.05° 94.60 62
11.05-11.73 67.21 64
11.73-13.09 179.17
13.09-15.00 159.53

1 Integrated from 4.92 to 7.60 eV.

5.2.3.3 P 2p,2s inner-shell spectra

The absolute phosphorus 2p and 2s inner-shell photoabsorption spectra
obtained ét a resolution of 0.1 eV fwhm in the present work are presented in figure
5.6(b) together with previously recorded absolute [98] and relative [104] optical
absorption spectra. In order to provide a better comparison of the shapes and

energy positions of the excitation bands in the inner-shell region, the work of

Ishiguro et al. [98], which has cross sections ~30% higher than the present
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measurements in the phosphorus 2p and 2s shell regions (see figure 5.5 and Sec.
5.2.3.1 above), has been renormalized down to the present data at the valence-shell
leading edge. A similar normalization has been performed for the relative spectrum
[104]). In general, the shapes of all three measurements are similar. The absolute
oscillator strength values for the three fitted gaussian bands as well as the six
energy regions separated by the vertical dotted lines in figure 5.8(a) are given in

table 5.6.
The first group of broad absorption bands from 132 to 136 eV (fig 5.8(a)) have

been assigned to the 13a;(c*) and 1le(c*) virtual valence excitations in the electron
energy-loss (EELS) work [102]. However, ab initio calculations in a more recent
optical study [98] indicated that the 13a; orbital is situated at least 5 eV above the
11e orbital. - Consequently, features 1-3 must arise from the 1le « 2ps,, 1;21(e)
transitions which have been split by molecular interactions [98]. Under Cg,
symmetry the P 2p core orbitals transform as a; and 2e. The direct product for the
2p~1(e) initial and 1le virtual valence final orbitals (e®e =a;+ay+e€) indicates
that two excited states (1A1 and 1E) are dipole-allowed. These are represented by
the spin-orbit split bands labeled as features 1-3 in figure 5.8(a). Compared to the
present measurements, feature 4 (135.14 eV) is preseht at relatively higher
intensity in the earlier reported EELS spectrum [102] and at slightly lower intensity
in a recent total ion yield spectrum obtained by synchrotron radiation [132];
however, this peak at 135.14 eV is not observed in the other optical spectra [98,104].
It was suggested by Sodhi and Brion that feature 4 results from a dipole-forbidden
transition to the 3Ao state since its intensity was found to increase with momentﬁm
transfer (K) when the scattering angle was varied over the range from 1° to 8° at an
impact energy of 1500 eV [102]. The experimental conditions employed in the

present work (i.e., high incident electron impact energies (E() with E << E(, where

E( is 3000 eV for the high resolution spectrometer, and a mean scattering angle of
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(a) Absolute photoabsorption differential oscillator strengths (0.1 eV

fwhm) for PCl measured in the P 2p discrete region. The integrated oscillator
strengths for the fitted gaussian peaks and the five energy regions separated by
vertical dotted lines are given in table 5.6. Panels (b) and (c¢) show the P 2p post-
edge and P 2s regions respectively at 1 eV fwhm. The dotted lines at the base of the
spectra in panels (a)-(c) represent the contributions to the absolute oscillator
strengths for the inner-shell photoabsorption from the underlylng valence-shell
estimated from the fitting and extrapolation procedures.
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Table 5.6

Absolute photoabsorption oscillator strengths for regions of the
P 2p spectrum of PClg

Integrated energy region Oscillator strength (10~2)
(V) P 2p shells Valence + P 2p shells
132.911 0.73
133497 158 (132.36—71':?2.83 eV) 2
134.19 1 1.30
134.83-135.38 0.21 1.13
135.38-136.39 0.26 1.95
136.39-137.25 0.37 1.81
137.25-137.88 0.50 1.54
137.88-138.39 , 0.49 1.34
138.39-141.90 8.16 13.78

1 Main peak energy of fitted gaussian curve.
2 Integrated energy region.

zero degree) result in an even smaller momentum transfer than that in ref.
[102],and contributions from non-dipole transitions are expected to be very small
[2,5]. Nevertheless, small contributions from dipole-forbidden transitions cannot be
entirely ruled out, since the scattering angles can never be exactly zero degree
because of the finite acceptance angle (3.0 x 10~° steradians) [5,14] subtended about
zero degree by the effective entrance aperture to the electron analyzer. For

example, an extremely small contribution from the dipole forbidden transition to the

helium 218 state from the ground state of helium (less than 0.5 % of the oscillator
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strength for the 21P sfate) was observed earlier [133]. Since the analogous P 2p
spectrum of PFg3, which also has Cg, geometry, (see section 5.2.2.3 and figure 5.4)
does not show the presence of a similar excitation as that observed in PClg at 135.14
eV, the transition moment for the 3A, excited state in PCl3 must be very sensitive to
changes in the momentum transfer, and this unusual phenomenon is not
understood. A momentum transfer of 0.12 a.u. (K2) has been calculated based on
the experimental conditions for the present study. This value is much smaller than
that of 0.72 a.u. reported in the EELS study which utilized a one degree scattering
angle and 1500 eV impact energy [102].

The next set of absorption bands from 136 to 141 eV have been attributed to
overlapping Rydberg transitions superimposed on top of a shape resonance [98,102]
which occur near the ionization edge. The assignments of features 5-10 and 12 as
indicated on the manifolds have been taken from ref. [102] with quantum defects of
1.89 and O for the ns and nd Rydberg orbitals, respectively. In contrast, Ishiguro et
al. [98] interpreted these structures as excitations to the ns and np series based on
the fact that while p < p transitions are formally forbidden in atomic systems, p
orbitals transform as a; and 2e under Cg, symmetry for molecular PClg, and thus
transitions to np Rydberg orbitals are formally dipole-allowed. Nevertheless, there
is no clear evidence for any significant contribution from the 4p Rydberg in the
spectrum of Ishiguro et al. (see figure 4 of ref. [98]) despite the fact that it was
collected with even higher resolution than the present work. Similarly, in the
somewhat lower resolution spectrum reported by Sodhi and Brion [102], there is no
evidence of the 4p transition at the expected energy around the ionization edge.

The shape resonances located near and above the P 2p ionization thresholds
(features 11, 13, and 14 in figure 5.8(b)) can be assigned by analogy with the PFj
P 2p shell spectrum (section 5.2.2.3 and figure 5.4). In the PF3 spectrum, the 13a;

virtual valence orbital was determined to be situated close to the ionization
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threshold [98,43], and by analogy the intense resonance embedded under the
Rydberg structures for PClg (feature 11) must result from 13a; « P 2p~1. The next
resonance at ~150 eV can be attributed to 14a; « P 2p~1, while the very broad
resonances extending from 150 to 170 eV arise from the phosphorus continuum 3d
orbitals (15a;+12e+13e) [43]. The ordering of the atomic-like 3d « P 2p~1
transitions, 3dZ2 (ap) < 3dxz’yz(e) < 3dX2_y2,Xy(e) (108], is reflected by the relative
positions of the a; and e channel partial cross sections theoretically determined in
ref. [43].

The structure (features 15) observed in the P 2s spectrum in ﬁgure 5.8(c) has

been previously assigned to the 11e « P 2571 transition [98,102].

5.2.3.4 Cl 2p,2s inner-shell spectra

The chlorine 2p and 2s inner-shell spectra for PCly measured at high
resolution (0.1 eV fwhm) in the present work are shown in figure 5.6(c) together with
previously recorded absolute [98] and relative [104] optical absorption spectra,
which have been normalized to the present data in the phosphorus 2s shell
ionization continuum. Table 5.7 contains the absolute oscillator strength values (f)
for the Cl 2p discrete transitions of PClg (plus the underlying P 2p,2s continuum) in
the seven energy regions indicated by the vertical dotted lines in figure 5.9(a).

The first two absorption bands observed at 200.27 and 201.72 eV in the Cl 2p
spectrum (fig. 5.9(a)) have been attributed to the 1le « Cl 2p~1 excitations [98].
Sodhi and Brion [102] suggested a different final orbital, 13a;, for these bands and
assigned features 2 and 3 to 11le « Cl 2p~1 instead. HoWever, based on the large
energy separation between the 11e and 13a; orbitals as shown by the P 2p spectral
‘assignments in figure 5.8 (based on the ab initio calculations of Ishiguro et al. [98]),

it is unlikely that the 13a; « Cl 2p~1 absorption bands are located so far away from
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Figure 5.9: (a) Absolute photoabsorption differential oscillator strengths (0.1 eV
fwhm) for PClg measured in the Cl 2p discrete region. The integrated oscillator
strengths for the seven energy regions separated by vertical dotted lines are given in
table 5.7. Panels (b) and (c) show the Cl 2p post-edge and Cl 2s regions respectively
at 1 eV fwhm. The dotted lines at the base of the spectra in panels (a)-(c) represent
the contributions to the absolute oscillator strengths for the inner-shell photo-
absorption from the underlying valence-shell estimated from the fitting and

extrapolation procedures.
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Table 5.7

Absolute photoabsorption oscillator strengths for regions of the Cl 2p spectrum
of PClg (plus the underlying P 2p,2s continuum)

Integrated Oscillator strength (1072)
energy region (eV) P 2p,2s + Valence + P 2p,2s +
Cl1 2p shells C1 2p shells
199.16-200.93 6.01 7.53
200.93-202.71 6.53 8.03
202.71-204.01 4.45 5.57
204.01-204.61 1.92 2.42
204.61-205.39 3.68 4.31
205.39-207.64 15.26 16.93
207.64-208.73 8.14 8.96

the ionization threshold. Similar to the electron energy-loss spectrum reported
earlier [102], there is no indication of a third peak arising from the 3A2 dipole-
forbidden state, in contrast to the situation in the phosphorus 2p spectrum.

The structures between 203 to 207 eV in figure 5.9(a) which are
superimposed over the 13a; shape resonance have been previously assigned to ns
Rydberg transitions in the electron energy-loss work [102], and these are shown on
the manifolds in figure 5.9(a). The higher instrumental resolution of the dipole (e,e)
spectrometer used in the present work allows the detection of an additiohal shoulder
at ~204.4 eV (feature 4) as well as more defined structures between 204.5-205.5 eV

(features 5-7). This is in fair agreement with the high resolution synchrotron

radiation study [98]. Ishiguro et al. [98] has ascribed feature 4 to the 4p Rydberg «
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Cl 2p~! transitions; however, based on the assignments of the phosphorus 2p
spectrum [102] (see Sec. 5.2.3.3), it is more likely to be a 3d Rydberg with a

quantum defect of zero.

In the Cl 2p post-edge region (figure 5.9(b)), the first resonance structure
near the ionization threshold (207 eV) comes from the 13a; « Cl 2p~! virtual
valence transition, while the other two broader shape resonances at ~215 and 230
eV arise from excitations to 14a; and to the chlorine continuum 3d orbitals,
respectively [102].

From figures 5.8 and 5.9 it can be seen that the intensity distributions of the
bhosphorus and chlorine 2p shell discrete spectra differ considerably from one
another. The stronger pre-edge transitions to virtual valence orbitals than to
Rydberg orbitals and the more prominent post-edge resonances in the P 2p
spectrum arise from the presence of the electronegative chlorine atoms, which form
a partial “cage” about the phosphorus atom in PClg in the electrostatic potential
well model [134,135]. The strong repulsive force acting on the escaping electron
near the electronegative chlorine ligands would be expected to result in the
existence of an effective Coulombic potential barrier [135], which separates the
molecular field into an inner-well region which traps discrete virtual valence excited
states below and above the ionization threshold, as well as an outer-well region
where Rydberg states are located. The virtual valence orbitals located in the inner-
well region would have a strong overlap with the P 2p core orbital, resulting in
enhanced spectral features or resonances. In contrast, the more diffuse Rydberg
orbitals located in the outer-well region would be isolated from the molecular core,
causing less pronounced Rydberg and ionization continuum transitions. It can be
seen that the virtual valence transitions in the Cl 2p ‘pre-edge region are relatively

much less prominent than in the P 2p spectrum, while the Rydberg states and

ionization continuum are relatively more pronounced in the Cl 2p spectrum. In
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addition, the Cl 2p post-edge resonances are less prominent than those in the P 2p
spectrum. These observations can be attributed to the fact that the Cl ligands are
not surrounded by electronegative species, in contrast to the situation for the P
atom.

In the Cl 2s spectrum (figure 5.9(c)), feature 13 results from the 1le virtual

valence transition [102].

5.2.4 Phosphorus pentafluoride

5.2.4.1 Long range photoabsorption spectrum

Figure 5.10 shows the absolute photoabsorption spectrum of PFj5 spanning-
the valence, P 2p, and P 2s regions, and tables A.11 and A.12 in the appendix give
the data in numerical form. The dotted line represents the valence shell extrapola-
tion curve obtained as described in sections 3.1.1 and 5.2.

Atomic mixture rules (AMR’s) have been used to provide an approximate
means of assessing the shape and absolute values of photoabsorption spectra when
no other experimental measurements are available for comparison, as is the case for
PF5. Such comparisons with atomic data are likely to be most valid in continuum
regions of the spectra away from near edge molecular effects. In figure 5.10,
experimental [84] and theoretical [86] atomic differential oscillator strength sums
(P+5F) for PF5 are compared above 40 eV with the present measurements. The
theoretical data [86] have also been used to model the valence contribution to the
photoabsorption above 135 eV (the onset of P 2p ionization and excitation). It can be
seen that in the case of PFy such atomic sums provide good.estimates of the

oscillator strengths in the valence continuum above 50 eV and in the P 2p,2s

* continua.
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Figure 5.10: Absolute photoabsorption differential oscillator strengths for PFj5
obtained at a resolution of 1 eV fwhm from 10 to 300 eV. The hatched lines show
the positions of the P 2p and P 2s thresholds, and the dotted lines represent the
valence-shell extrapolation curve obtained by fitting equation (3.1) to the high-
energy portion of the valence spectrum (90-135 eV).
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Using the S(-2) sum rule and the absolute photoabsorption differential
oscillator strength data in tables A.11 and A.12, a static electric-dipole polarizability
of 39.14 x 10725 ¢cm3 has been derived for PF5. This value is in good agreement with
the refractivity work of Batsanov, 36.455 x 1072% ¢m3, [121] and the theoretical
calculation performed by Nagarajan, 38.549 x 10725 ¢cm3, [120] using the delta-
function potential model. These findings provide additional support for the accuracy
of the absolute differential oscillator strength scale obtained in the present work

using the dipole (e,e) method and the VTRK sum rule.

5.2.4.2 Valence-shell spectrum

The valence-shell absolute photoabsorption spectrum from 10 to 50 eV
measured at'higher resolution (0.05 eV fwhm) is presented in figure 5.11(a), while
figure 5.12 shows the 10-23 eV discrete region in greater detail. The assignments
shown on the manifolds (figure 5.12) have been taken from ref. [101], where they
were determined by transferring term values from the outermost ion state to all
remaining ion states. It can be seen that the PFg valence-shell spectrum is
generally characterized by strong transitions to the 9aj and 7e’ virtual valence
orbitals, overlapping the much weaker ns Rydbergs [101]. The energy positions of
the features observed in figure 5.12 are in good agreement with those reported by
Sodhi and Brion [101]. The absolute oscillator strength values for the six energy
regions separated by dotted vertical lines in figure 5.12 are given in table 5.8.

The two shape resonances present in the ionization continuum at ~37 and 65
eV in figures 5.10 and 5.11 can be attributed to valence-shell excitations to the
phosphorus cbntinuum 3d orbitals by analogy with those observed in the PFj
valence-shell spectrum (cf. ~35 and 60 eV in figure 5.1) and the presence of similar

structures in the PFz P 2p post-edge region (see figure 5.13(b) below).
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Figure 5.11: Absolute high resolution photoabsorption spectra of (a) the valence
shell region of PF5 (0.05 eV fwhm) and (b) the P 2p region of PF5 (0.1 eV fwhm).
The hatched lines indicate positions of the VIP’s as determined by PES [112,117]
and XPS [111]. The dashed line in (b) represents the contribution to the absolute
oscillator strengths in the P 2p inner-shell region from the underlying valence-shell
estimated from the fitting and extrapolation procedures. The relative intensities of
the optical spectra [107,108] have been normalized to the present data at the
valence-shell continuum for comparison.




Chapter 5. Photoabsorption Studies of Phosphorus Halides 133

-~ 100 { T 1 l( )1%(44)"
> I | [ )
o PF5 Em % (e’
z | O Z(feo" M
£ ] T T ¢(ay
> 80 T r Y (8a)" :
A
5 11 | Vi) &
S 60 T 1 | Y@ i
3 (9a) (7e)" 4s 5 £
o A i G
= | BN R | |
S 1 2 354"§5 a7 8:910 & 13 14 15
= : AT 1112
o 40 I N P
£ PPN
a A i \\f
5 A
g 20 I
2 W
3 AE = 0.05 eV fwhm
o 0 - — : ' r Y v r
10 12 14 16 18 20 22

Photon Energy (eV)

Figure 5.12: The high resolution (0.05 eV fwhm) valence-shell absolute
photoabsorption spectrum of PFg5 from 10 to 23 eV. The assignments have been
taken from ref. [101]. Note that absolute cross sections in units of megabarns can be
obtained by multiplication of the photoabsorption differential oscillator strengths
(eV-1) by a factor of 109.75. The integrated oscillator strengths for the six energy
regions separated by vertical dotted lines are given in table 5.8.
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~ Table 5.8

Absolute photoabsorption oscillator strengths for regions of the
valence-shell spectrum of PF5

Integrated energy region (eV) Oscillator strength (10~2)
10.00-13.00 30.55
13.00-14.78 59.02
14.78-15.73 33.16
15.73-17.73 100.75
17.73-19.53 101.66

19.563-22.0 173.76

5.2.4.3 P 2p,2s inner-shell spectra

The absolute photoabsorption differential oscillator strengths for the P 2p
and 2s inner-shells of PF5 measured at 1 eV fwhm resolution in the present work
are presented in figure 5.10. The discrete structures in the P 2p region have also
been studied at higher resolution (0.1 eV fwhm), and these are shown in figure
5.11(b). The lower resolution relative optical spectra of Tse and Liu [107] and Liu et
al. [108], also shown for comparison 1n figure 5.11(b), have been normalized to the

present work in the valence-shell continuum. It can be seen that the energy

" positions of the peaks and the general shapes of the spectra taken from refs.

[107,108] are in excellent agreement with the present results.

Strong virtual valence and sharp ns Rydberg transitions comprise the P 2p

discrete spectrum of PF5 (see figure 5.13(a)) [106-108]. This is in contrast to the
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Figure 5.13: (a) Absolute photoabsorption differential oscillator strengths of PFj
(0.1 eV fwhm) measured in the P 2p discrete region. The integrated oscillator
strengths for the four fitted gaussian curves and the three energy regions separated
by vertical dotted lines are given in table 5.9. Panels (b) and (c) show the P 2p post-
edge and P 2s regions respectively. The dotted lines at the base of the spectra in
panels (a)-(c) represent the contributions to the absolute oscillator strengths in the
respective inner-shell regions from the underlying valence-shell estimated from the
fitting and extrapolation procedures.
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S 2p spectrum of the isoelectronic molecule SFg [136,137], where the intensities of
the Rydbergs are much smaller than those of the very strong virtual valence
transitions. -While both the SFg and PF5 molecules are surrounded by a cage of
electronegative fluorine atoms, the difference of just one fluorine atom in going from
SFg to PF5 dramatically increases the relative contribution of the Rydberg
transitions in the spectrum. The four absorption bands at low energy (features 1-4)
are predominantly virtual valence in character and have been previously assigned to
the 9a] « 2p3,2,1;21 and 7e’ « 2p3/2,1;21 spin-orbit split transitions [106—-108]. Using
the energy positions of the virtual valence transitions as reported in refs.[106—108]
as a guide, four gaussian curves have been fitted to the P 2p pre-edge spectrum.
The absolute oscillator strengths (f) for the fitted peaks corresponding to features

1-4 are given in table 5.9.

Table 5.9

Absolute photoabsorption oscillator strengths for regions of the
P 2p spectrum of PFy

Integrated energy region Oscillator strength (1072)
(eV) P 2p shell Valence + P 2p shells
138.16 1 - 3.19
1 26.18
138.98 3.72 (187.04-139.80 eV) 2
139.95 1 1.78
1 13.42
140.75 1.75 (139.80-141.37 eV) 2
141.37-142.08 1.69 6.23
142.08-142.84 1.37 6.18
142.84-143.62 0.85 5.76

1 peak energy of fitted gaussian curve.

2 Integrated energy range.
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Based on a recent study [107] that compared the relative intensities of the
discrete profiles observed in gas-phase and solid-phase photoabsorption spectra, the
features in the 141.5-145 eV energy region of the PF5 photoabsorption spectrum
were found to be largely due to Rydberg transitions plus a small contribution from
virtual valence transitions underlying the two sharp bands at 141.71 and 142.55 eV
(features 5 and 7). Sodhi and Brion [106] have attributed these bands to 4s « 2p 4,
and 4s < 2p 1;21, respectively, with an average term value of 2.74 eV, which is in good
agreement with that of 2.70 eV obtained in the present work. The positions of the 4s
and 5s Rydbergs as determined in ref. [106] using the Rydberg formula are shown
on the manifolds in figure 5.13(a). Two additional bands at 141.95 and 142.85 eV,
which were not observed in the electron energy-loss spectrum [106], are present in
the relative spectrum reported by Liu et al. [108], and theoretical MS-Xo
calculations [108] have suggested that these can be attributed to transitions to the
10aj virtual valence orbital. In the present work, it is clear from figure 5.13(a) that
additional transitions (i.e., features 6 and part of feature 8) are present in the
vicinity of the 4s Rydbergs. However, such transitions are more likely to be due to
the 6a3 virtual valence orbital rather than the 10aj orbital since the latter has P 3d
character [108], and transitions to the 10a] are therefore expected to be observed at
higher energy (see below). The absolute oscillator strength values (f) for the energy
regions separated by the vertical dotted lines in figure 5.13(a) are given table 5.9.

Three intense shape resonances are observed in the P 2p ionization
continuum at 149.5, 158, and 162 eV (see figure 5.13(b)). Based on recent MS-Xa
calculations [108], these structures arise from excitations of electrons from the P 2p
core to the phosphorus’continuum 3d orbitals, and crystal field theory indicates that
the atomic-like transitions are split in the following order: 3dy, ,(e”) <
3dX2_y2’xy(e') <3d(a)).

The relatively weak pre-edge structure at 197.5 eV in the P 2s spectrum
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(figure 5.13(c)) has been assigned to the dipole-allowed virtual valence transition,

7¢’ « 2s~1 [106] based on the similarity of its term value to that of 7e’ « 2p~1in

the P 2p spectrum.
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Chapter 6

Photoionization Studies of Phosphorus Halides

6.1 Introduction

As with the situation of phosphorus halide photoabsorption, there have been
very few experimental or theoretical studies reported for the photoionization of PFg,
PClg, and PF5. Moreover, most of these studies have been focused on the
determination of binding energies of valence and inner shell orbitals using PES and
XPS. No absolute partial oscillator strengths for the molecular and dissociative
photoionization of PFg, PClg, and PF5 are available in the literature prior to the
present study. |

The outer valence ionization of PFg has been studied extensively by
photoelectron spectroscopy [99,109,112,131,138,139] and photoelectron-photoion-
coincidence (PEPICO) spectroscopy [140-142]. Both the PES studies by Green et al.
[139] and Viyrynen et al. [991, obtained using synchrotron radiation, reported
photoelectron branching ratio data for the seven outer valence bands of PF3. In
contrast, no data are available for the inner valence ion states, 3¢ and 5a7!, other
than the theoretical ionization energies determined using SCF-Xa-SW [113] and
continuum MS-Xo [43] calculations. Photoionization mass spectroscopy [143,144],
electron impact [145-147], and threshold-photoelectron-photoion-coincidence
(TPEPICO) [148] measurements have contributed additional information on the
appearance potentials and relative intensities of molecular and dissociative ions

observed in the breakdown of phosphorus trifluoride.

In the inner-shell region of PFg, the phosphorus L and fluorine K photoelec-
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tron core binding energies have been recorded using XPS (111,114,149-151], and
synchrotron radiation has been used to determine the spin-orbit splitting between
the 2p 1;21 and 2p 3;21 components of the P 2p~1 jonization [99]. In ofher work, the core
photoionization of PF3 has also been studied by Ly 3VV Auger spectroscopy [99,152],
synchrotron radiation [132], and phofoion_-photoion coincidence (PIPICO)
specti‘oscopy [153]. | |

In the case of PClg, the outer-valence photoelectron bands have been
investigated using He (I) [112,131] resonance radiation, and X—ray photoelectron
spectroscopy has been ﬁsed to measure the core electron binding energies ahd Auger
(KLgLg) spectra [111,114,149,151,1541. Recently, Platania et al. [155] and Larkins. .
et al. [152] reported the Ly 3VV P 2p; Cl1 2p) Auger spectra of PCl3 using electron
beam excitatioﬁ and synchrotron radiation, respectively. Additional information on
the photoion appearance potentials [63,148,156-159] and their relative yield curves
[148] have been provided from electroﬁ impact [63,156',157,159] and TPEPICO [148]
measurements. | |

In other work, ionization potentials fof the outer-valence ion' states of PFj
have ‘been obtained using He (I) photoelectron spe‘ctroscopy [112,117], while 'the‘ core
(P 2p,2s; F 1s) binding energies have been determined by X-ray photoelectron
spectroscopy [111,114,149,150,160]. Falconer et al. [161] investigated the
temperature;dependence of PFj mass spectra usihg molecular-beam mass
spectroscopy in which the molecular beam was directed through a Pierce-type
ionizer, and recently, two theoretical studies provided rinsights to the electrbnic
structure and stability of the PF5 molecule [162,163].

In the present work, dipole (e,e+ion) coincidence spectroscopy has been used
to obtain the photoionization efficiencies, photoion branching ratios, and absolute

- partial differential oscillator strengths for the molecular and dissociative photoioni-

zation of PF3, PClg, and PF5 over wide energy ranges, from the first ionization
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threshold up to the P 25 (PF3 and PF5) and Cl 2s (PClg) thresholds. In the case of
PF3, the valence-shell measurements have been used together with photoelectron
branching ratios [99,139] and PEPICO [140,141] data in the literature to obtain
quantitative information concerning the dipole-induced breakdown scheme for PFg

under vacuum ultraviolet and soft X-ray radiation.

6.2 Results and Discussions

The photoionization efficiencies, photoion branching ratios, and absolute
partial photoionization differential oscillator strengths (PPOS) for the molecular and
dissociative photoionization of PFg, PCl3, and PFj presented in this chapter were
determined using the experimental procedures for the low resolution dipole (e,e+ion)
spectrometer described in section 3.1.2. The photoion branching ratios were
determined by integrating the mass peaks in the background subtracted TOF mass
spectra recorded at each energy loss (equivalent photon energy), correcting for the
mass (m/e) sensitivity of the microchannel plate ion detector [45], and normalizing
the total area to 100%. The absolute scales for the photoionization efficiencies (n;)
of these molecules were established by normalizing the m; values to unity at high
energies (i.e., above 17.5, 23.5, and 21.0 eV for PFg, PCl3, and PFj, réspectively).
Finally, the triple product of the absolute total photoabsorption differential
oscillator strength (the low resolution data presented in chapter 5), the photoioniza-
tion efficiency, and the photoion branching ratio for each ion, as a function of photon
energy, yielded the absolute PPOS for the production of molecular and fragment
ions. The numerical values of the PPOS and n; data can be found in tables A.7 and
A.13 (PF3), tables A.9 and A.14 (PClg), and tables A.11 and A.15 (PF5) in the

appendix.
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6.2.1 Phosphorus trifluoride

6.2.1.1 Valence-shell photoionization

Valence-shell TOF mass spectra of phosphorus trifluoride have been recorded
at low resolution (1 eV fwhm) as a function of energy loss (equivalent photon energy)
from the first ionization threshold up to the onset of excitation from the P 2p shell
(130 eV). The positive ions formed from the molecular and dissociative photoioniza-
tion of PF3 are PF;, PF2*, and F* where x equals 0 to 3. Figure 6.1 shows a typical
TOF spectrum obtained at 70 eV. The broadness of the peaks due to the smaller,
singly-charged ions, PF*, P* and F*, indicates that they are formed with
appreciable kinetic energies of fragmentation either from direct dissociative
photoionization or from Coulomb explosion of multiply charged ions. In particular,
the P* peak is quite broad when first formed at 26 eV, while the F* peak further
broadens above 55 eV. In the inner-shell region, these ion peaks become .
increasingly broad with increase in photon energy.

From the photoionization efficiencies (n;) shown in figure 6.2 (and given
numerically in table A.7), it can be seen that these values rise to a local maximum at
~13 eV before increasing quickly to unity at 17.5 eV. The leveling off of the n; at ~13
eV corresponds to a large peak in the low resolution total photoabsorption spectrum
(ﬁgure 5.1(b)), and this indicates that fluorescence and/or dissociation to neutral
products are competing with autoionization back down to the 8aI1 continuum from
the super excited states converging on the higher valence VIP’s in this region (see
figure 5.3 for details of the excited states at higher resolution).

The photoion branching ratios for PFg are presented in figure 6.3. As the
molecular ion decreases in abundance above 16 eV, PF; becomes the dominant
cation throughout the valence-shell photoionization of phosphorus trifluoride.

Above 36 eV small amounts of stable, doubly-charged ions, PF,%Jr (x = 0-3), are
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Figure 6.2: Photoionization efficiencies for PF3 (11-130 eV).
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Figure 6.3: Branching ratios for the molecular and dissociative photoionization of
PF3. The positions of the seven outer-valence VIP’s measured by PES [109], the
average energies for the two inner-valence ionization processes determined using
MS-Xa calculations [43], and the P 2p and 2s VIP’s derived from XPS [102] are
denoted by the hatched lines in the PF3 panel. The absolute total photoabsorption
spectrum from figure 5.1 is also shown in the top panel.
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produced. It is clear that major changes occur in the ionic photofragmentation of
PF3 in going from the valence to the inner-shell region. The data shown in figure
6.3 for the phosphorus 2p and 2s inner-shell regions above 130 eV are discussed in
detail in section 6.2.1.3 below.

The appearénce potentials (AP’s) of the cations measured in the present work
are given in table 6.1 in comparison with values from previously published work.
The present results for the singly charged ions are reasonably consistent with
previously reported values obtained from photoionization mass spectrometry (PIMS)
[143] and electron impact [145,146,148] except in the case of the electron impact
value [145] for P*. No appearance potentials for the doubly charged ions are
presently available in the literature. Table 6.1 also contains thermodynamic
appearance potentials calculated for all possible processes leading to the production
of singly charged ions from PFg using heats of formation of neutral species and
singly-charged ions {67}, and assuming zero kinetic energy of fragmentation. These
values for the singly-charged molecular and fragment ions are denoted by vertical
arrows in figure 6.4 where the PPOS for PF5 are presented. Note that while
negative ions cannot be detected from the dipole (e,e+ion) experiment, the
appearance of PF; at 11 eV (see table 6.1 and branching ratios in fig. 6.3)
corresponds to the resonanﬁ ion-pair formation process, PFy + F~ [145]. The main
onset for PFy production by dissociative photoionization is at 15.0 eV, which is in
good agreement with the thermodynamic prediction. The observed onsets for PF*,
P*, and F* formation correspond to extensive fragmentation of the molecule to the

respective ions and dominantly atomic neutral fragments.
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Table 6.1

Calculated and measured appearance potentials for the production of
positive ions from PFg

Appearance potential (eV)
Process Cale. ! Experimental
This work | PIMS Electron impact

(x1eV) [143] [145] [146] [148]
PFy 11.4 11.5 11.43 11.65 11.6 11.38
PFy +F~ 10.8 11.0
PF; +F 14.7 15.0 14.55 15.5 13.5 14.27
PF* +2F~ 13.1
PF*+F+F~ 16.9
PF* +F, 19.1
PF* +2F 20.8 21.0 20.5
P +3F~ 14.6
P"+F +2F" 18.5
P"+Fy,+F~ 20.7
P* +2F +F~ 22.3
P"+F+Fy 24.5 26.0
P* +3F 26.2 28.5 32.3
F* + PF, 23.2
F*+PF+F 28.5
F*+P+F, 31.5
F*+P+2F 33.1 33.0 36.0
PFS* 35.0
PF2* 39.0
PF2+ 39.0
p2* 49.0

! Calculated using thermochemical data [67] assuming zero kinetic energy of fragmentation.
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Figure 6.4: Absolute partial photoionization differential oscillator strengths for the
valence-shell molecular and dissociative photoionization of PFg (11-130 eV). The
vertical arrows represent the calculated thermodynamic potentials [67] of the
singly-charged cations (see table 6.1). The positions of the seven outer-valence VIP’s
measured by PES [109] and the average energies for the two inner-valence
ionization processes determined using MS-Xa calculations (43] are denoted by the
hatched lines in the PF; panel. The lower energy regions of the partial photoioni-
zation data for PF; and P* have also been plotted at 150 and five times the
absolute intensities, respectively, in order to more clearly show the onsets of the
multiple thresholds. The dotted curves represent valence-shell extrapolations used
to estimate the differential oscillator strengths in the inner-shell region (see figure
6.9 below). The absolute total photoabsorption spectrum from figure 5.1 is also
shown in the top panel.
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6.2.1.2 Dipole-induced breakdown

Fragmentation ratios for dissociative photoionization from each electronic
state of the molecular ion (PF; ) should be constant when the photon energy exceeds
the upper limit of the Franck-Condon region, except in local regions where autoioni-
zation effects are significant or where multiple photoionization is appreciable [39].
Therefore, the absolute PPOS for the production of each singly charged ion from PFg
can be expected to be a linear combination of PPOS of the contributing electronic ion
states. This is the basis that permits the deduction of the dipole-induced breakdown
pathways of phosphorus trifluoride by careful consideration of the experimental
appearance potentials (table 6.1), valence-shell branching ratios (fig. 6.3), and
absolute partial differential oscillator strengths for molecular and dissociative
photoionization (fig. 6.4) measured in the present work, together with VIP’s [139],
Franck-Condon widths of the electronic ion states [139], photoelectron branching
ratios [99,139], and He (I) PEPICO data {140] available in the literature.

The photoelectron branching ratios for production of the seven outer valence
states for PF; reported by Green et al. [139] and Viyrynen et al. [99] in the energy
ranges 30-95 eV and 35-141 eV, respectively, have been used in conjunction with
the presently obtained absolute total photoionization differential oscillator strengths
(total photoabsorption differential oscillator strengths x photoionization efficiencies,
as given in table A.7) to derive electronic ion state PPOS for PFg as follows: The
contribution from the two inner valence ion states (3¢l and 5a7l), which were not
reported in the photoelectron studies [99,139], have been approximated by using the
sum of the presently measured P* and F* PPOS (see discussion below), and this
sum was then subtracted from the total photoionization differential oscillator
strength. This estimation using the sum of the P* and F* PPOS is based on the

appearance potentials of these ions (table 6.1) which are above the upper limit of the
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Franck-Condon region for production of the GaI1 ion state [139] (the last outer
valence VIP). Since doubly charged ions are not in general expected to arise from
the decomposition of singly charged ions (except in the case of VVV Auger processes
[164]), the (relatively low intensity) PPOS for production of the PF3+ (x = 0-3) ions
were also subtracted from the total photoionization differential oscillator strength.
The resulting modified “total” photoionization oscillator strengths were then
multiplied by the photoelectron branching ratios [99,139] at each photon energy to
yield PPOS for the production of each of the seven outer valence electronic states of
PF;. These PPOS are shown as open circles [139] and stars [99] on figure 6.5; the
electronic state PPOS as given by ion sums (solid circles) have been derived from the
presently obtained PPOS data using the dipole-induced breakdown scheme
discussed below.

The appearance potential of the PFJ molecular ion (11.5 eV) is at the
adiabatic ionization potential of the ground electronic state, 8aI1 (VIP = 12.3 V)
[139], and the He (I) PEPICO data of Reynolds et al. [140] shows that PFy is formed
essentially only from the 8a7 state. The PPOS of PF3 are compared in figure 6.6(a)
with the PPOS of the 8aI1 state derived from the photoelectron branching ratios
[99,139], and also with a calculation of the 8&\]1 ionization performed using the MS-
Xo. method [141]. It can be seen that the PPOS of PF; are in particularly good
agreement with the 8a7! electronic state PPOS derived from the PES work of Green
et al. [139] over the entire energy range of the latter measurements. The calculation
[43], which shows two resonances centered at 14.5 and 22.0 eV, does not reproduce
very well the PES [139] or the PF3 experimental results on figure 6.5(a).

Two appearance potentials were measured in the present work for PFy (see
figure 6.4). The first (low) onset at 11.0 eV corresponds to the thermodynamic AP

calculated in table 6.1 for the ion pair formation, PF; — PFy + F~. The second PFy

onset at 15.0 eV is in the region of the ionization energies of the (6e 1+ 1a§1) states
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Figure 6.5: Absolute electronic ion state partial differential oscillator strengths
(open circles and stars) derived from photoelectron branching ratios (30-95 eV) from
refs. [99,139] and the presently measured total photoabsorption and photoionization
efficiency data (see table 6.1). The solid circles represent estimates of electronic ion
states PPOS derived from the absolute PPOS of the molecular and fragment ions

obtained in the present work (see figure 6.4) as discussed in section 6.2.1.2.
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Figure 6.6: Differential oscillator strength sums determined from the proposed
dipole-induced breakdown scheme for PF3 below 130 eV. The presently measured
absolute partial photoionization differential oscillator strength sums for molecular
and dissociative photoionization are compared with electronic ion state partial
oscillator strength sums derived from PES branching ratlo measurements [99,139]
and MS-Xa continuum calculations [43].
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[139] and corresponds to dissociative photoionization to PFy +F (table 6.1). The
PPOS curve for PFy (fig. 6.4) continues to increase up to 21 eV, and all other ions
appear at or above 21 eV. This, together with consideration of VIP’s and Franck-
Condon widths, suggests that further contributions must occur to PF; from the
5eL 7 aIl, and 4e7! jon states. It can be seen from figure 6.6(b) that the electronic
ion state PPOS sum (6e7! + 1a3' + 5e7! + 7a7l + 0.88(4e™1)) using both PES data
sets [99,139] is in excellent agreement with the shape of the PF; partial differential |
oscillator strength curve. The PEPICO measurements [140] indicate that these five
ion states dissociate exclusively to PFy at the He (I) photon energy used.

The AP of the PF* ion (21.0 eV) lies at the high energy limit of the 4e7!
Franck-Condon width [139] and below the adiabatic ionization potential of the 6a7!
state. This suggests a small contribution (~12 %) from the 4e! and a dominant
contribution from the GaI1 ion states. PF* could not be observed to dissociate from
the 4e7! in the PEPICO experiment [140], and this is to be expected since the upper
photon energy limit of the He (I) PEPICO data (21 eV) [140] is situated right at the
PF" onset of 21 eV. Figure 6.6(c) shows that the agreement between the electronic
ion state PPOS sum, 0.12(4e) + 6ay, derived from the PES data of Green et al. [139]
is generally in very good agreement with the PF* PPOS.

The P* and F* ions have AP’s of 26 and 33 eV, respectively, which are well
above the upper limit Franck-Condon width of the 6a{1 state; therefore, these two
ions must arise from inner valence (3¢”! aﬁd 5a7’) photoionization [43] and/or
dissociative multiple photoionization processes. Thus, the (P*+F") PPOS sum
should provide a reasonable estimate of the summed (3e”'+5a7') PPOS if the
contributions to these two ions from dissociative multiple photoionization processes
are relatively small. A crude estimate of the contribution from the inner-valence

states may also be obtained from the calculated atomic F 2s! photoionization

differential oscillator strengths, since the 3e and 5a; orbitals have predominantly
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F 2s character [139]. As shown in figure 6.6(d), three times the differential oscillator
strengths of F 257! [86] (from the three fluorine atoms in PF3) adds up to
significantly less than the (P* + F") PPOS sum. It can also be noted that 80% of (3 x
F 2s) is similar in shape and magnitude to the F* PPOS. The differences are likely
due to the molecular character in the inner-valence orbitals and/or contributions
from dissociative multiple photoionization processes. The peak observed at 38 eV in
the P™ PPOS coincides with the shape resonance seen in the valence-shell
photoabsorption (figure 5.1). This molecular phenomenon is not present in the (3 x
F 2s) sum as expected. The dipole-induced breakdown scheme for production of
singly charged cations from PFg in the valence shell region, according to the above
deductions, is summarized in figure 6.7. Figure 6.5 illustrates the absolute
electronic state PPOS derived from PES measurements [99,139] plus the total
differential photoabsorption oscillator strengths from the present work, as described
above, together with those estimated from sums of their corresponding dissociative
ion products. It should be noted that the ion sums provide estimates of the
electronic state PPOS at energies below the lower limit of the PES measurements
[99,139] as well as at higher energies.

Turning to a consideration of the doubly charged ions, it can be seen that the
shapes of the PPOS for production of PFs™ and PFs* (figure 6.4) are quite similar,
although their onsets are different. Similarly, the PF?* and P2* ions have different
appearance potentials but similar partial differential oscillator strength shapes.
Therefore, it is possible that these four dications arise at least in part from different
VVV Auger processes involving groups 6f energy poles arising from many-body
effects in the two inner-valence (3e™! and 5a7l) ionization processes. More complete
information on the dipole-induced breakdown of the singly and doubly charged

cations must await measurements of adiabatic and vertical double ionization

potentials as well as further photoelectron-photoion coincidence (PEPICO) and
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Dipole Induced Breakdown Pathways for PF,

Molecule in Ground State

Figure 6.7:
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The dipole-induced breakdown pathways following valence-shell
photoionization of PF3 below 130 eV. The vertical ionization potentials (VIP’s) for
the seven outer-valence electronic ion states have been taken from PES [139].
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photoion-photoion coincidence (PIPICO) studies. Many-body Greens; function
calculations as well as further photoelectron and electron momentum spectroscopy
experiments are required to elucidate the nature of the binding energy spectrum of
PF3 in the inner-valence region and the role of many body (electron correlation)

effects.

6.2.1.3 P 2p,2s inner-shell photoionization

In order to investigate the changes in the dipole-induced breakdown of PF3 in
going from valence-shell photoionization to phosphorus 2p and 2s excitation and
ionization, TOF mass spectra have been recorded at a series of energies from 130 to
193 eV at a resolution of 1 eV fwhm. Typical spectra are shown in figure 6.8 at
(a) 130 eV (pre-edge, valence-shell region) and in the inner-shell region at photon
energies of (b) 136.5 eV corresponding to the virtual valence transitions (7e « 2p),
(c) 138.5 eV (Rydbergs « 2p), (d) 147 and () 157 eV (the continuum shape
resonances (9a; < 2p and 3d « 2p, respectively), (e) 152 eV (the trough between the
two shape resonances), (g) 169.5 eV (the 2p ionization continuum), and (h) 193 eV
(7Te « 2s excitation). Similar to the valence-shell case at 70 eV (see figure 6.1), five
singly-charged ions (PFy, PF;, PF*, P*, and F*) and four doubly-charged ions
(PF2*, PF2*, PF?*, and P?*) are detected at all energies, although the relative
intensities are quite different in the P 2p, 2s inner-shell regions. Recent PIPICO
measurements for PF4 [153] in the P 2p region have reported time correlated pairs
of singly and doubly charged fragment species resulting from Coulomb explosion of
dissociative doubly and triply charged ions. However, no stable triply charged ions
were observed in the TOF mass spectra [153] in agreement with the present work.

It can be seen from figure 6.8 that the most significant changes in the TOF mass

spectra in going from the valence to the P 2p,2s region are the large increases in the
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Figure 6.8: Time-of-flight mass spectra of PF3 recorded at selected energies in the
P 2p and P 2s inner-shell region: (a) the valence-shell continuum at 130 eV, (b) 136.5
eV corresponding to the 7e(c*) « 2p3/2,1/2 virtual valence transition, (c) 138.5 eV
corresponding to Rydbergs « 2py,, y2 , (d) 147 eV and (f) 157 eV corresponding to the
two continuum shape resonances, (e) 152 eV corresponding to the trough in between
the two continuum shape resonances, (g) 169.5 eV corresponding to the P 2p
continuum; and (h) 193 eV corresponding to the 7e(c*) « 2571 excitation.
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relative abundances of F*, P?*, PF*, énd PF§+ at energies above 138.5 eV in the
P 2p photoionization continuum region. In the P 2p virtual valence (136.5 eV, figure
6.8(b)) and Rydberg (138.5 eV, figure 6.8(c)) excitation regions, the most noticeable
changes from the valence-shell spectra are in the relative abundances of PF*, P*,
and F*. At higher photon energies in the P 2p continuum, F* becomes the most
abundant ion. The P* and F* peaks are very broad, particularly in the P 2p
ionization continuum, indicating considerable kinetic energy of fragmentation. In
assessing the measured data, it should be remembered that the TOF mass spectra
show the abundances of the ions relative to the highest peak in the spectrum,
whereas the photoion branching ratios (see below) indicate the percentages of the
total photoionization contributed by each ion detected taking into account the peak
area (i.e., considering both the width and height of each peak).

The photoion branching ratios for production of the singly and doubly charged
cations obtained in the present work in the P 2p,2s regions (including the
contribution from the underlying valence shell) are presented in the higher energy
region of figure 6.3. The error bars are derived from the square roots of the total
and background coincidence counts and represent statistical error only. In moving
from the valence-shell to the 2p inner-shell continuum region, it can be seen from
the photoion branching ratio curves that significant changes occur in the ionic
photofragmentation of PF3 : The relative amount of PF; decreases markedly,
whereas the relative yield of PF§ shows little change. In contrast, the relative
yields of PF* and P* show localized increases in the pre-edge excitation region,
while F* and all doubly charged ions generally show significant increases
throughout the 2p inner-shell region. The largest changes are in the branching
ratios of PFy , P*, PF%*, and P?*. However, it should be noted that since branching

ratios are quantities relative to the total ionization, the branching ratio data of

figure 6.3 do not show in a direct manner how the individual ionic photofragmenta-
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tion channels are affected by the P 2p discrete excitation and ionization continuum
regions. Such detailéd quantitative information is however provided by comparison
of the individual PPOS (df/dE) curves for molecular and dissociative photoioniza-
tion with the P 2p photoabsorption as shown below in figure 6.9. For example, even
though the branching ratio for PF; markedly decreases (figure 6.3), the PPOS
(figure 6.9 below) shows no significant change in PF; absolute yield in the P 2p
region.

The absolute partial photoionization differential oscillator strengths (figure
6.9, table A.13) for the production of molecular and fragment ions in the P 2p and 2s
inner-shell regions of phosphorus trifluoride were determined from the product of
the total photoabsorption differential oscillator strength and photoion branching
ratio at each photon energy, and assuming photoionization efficiencies of unity (this
assumes effects due to double or higher multiple photoionization, including
dissociative processes such as Coulomb explosions, are small compared with direct
single photoionization processes). The valence-shell PPOS contributions in the
inner-shell region have been estimated by fitting polynomial curves (see dotted lines
in figures 6.4 and 6.9) to the valence-shell PPOS data and then extrapolating them
into the inner-shell region. The branching ratios (figure 6.3) and absolute partial
differential photoionization oscillator strengths (figure 6.9) of the fragment ions can
be discussed with reference to the total photoabsorption in the valence continuum,
the P 2p pre-edge excitation region, and the P 2p post-edge continuum region (see
top panels of figures 6.3 and 6.9). It can be seen that the largest cations, PF; and
PF;, are produced almost exclusively from the underlying valence-shell continuum.
Although some of the molecular ion, PF;, and possibly a very small amount of PF;
is produced from the 7e « 2p~ core excited virtual valence and Rydberg states,
there appears to be no appreciable increase in these yields above the 2ps, .1,

ionization edges. In contrast, the other three singly-charged ions (PF*, P*, and F™)
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Figure 6.9: Absolute partial photoionization differential oscillator strengths for the
molecular and dissociative photoionization of PFg in the P 2p and P 2s regions from
130 to 193 eV. The dotted curves represent the estimated PPOS contributions from
the underlying valence-shell continuum in the inner-shell region. The top panel
presents the total (valence plus P 2p,2s) absolute photoabsorption spectrum where
the thresholds of the P 2p and 2s edges are shown as hatched lines.
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are produced with increasing probability from P 2p and 2s excitation and ionization
processes with decreasing size of the fragment ion. The singly charged ions, PF*,
P*, and F*, and the doubly charged species, PF2*, PF2*, PF2*, and P?*, all show
contributions from both the P 2p neutral excited states and the ionization
continuum. Above the P 2p excitation threshold, the PPOS of all four doubly-
charged ions (PF32+, PF2*, PF?*, and P2*) arise primarily from inner-shell rather
than valence shell processes. This observation can be attributed to autoionization
decay (i.e., resonance Auger processes) being favored below the ionization threshold
where the excited 2p electron remains as a spectator or participates in the autoioniz-
ing decay of the 2p‘1 hole state to give singly-charged ions. In contrast, above the
2p ionization threshold, Auger processes become the principal decay channels,
giving rise to doubly-charged species [152]. In general, with the exceptions of PFy,
P*, and F*, the singly-charged cations are the predominant species in the P 2p pre-
edge region, while all the dications make increased contributions in the post-edge
continuum. In the P 2p continuum, doubly-charged ions produced by Auger
processes are expected in some cases to fragment by Coulomb explosion (ie.,
dissociative double photoionization processes) to give two singly-charged species.
This will lead to greater yield of the lighter ion products, and as shown in figure 6.9,
P* and F* make the largest contributions from singly charged ions in the P 2p
ionization continuum. These fragments also possess considerable kinetic energy of
fragmentation, as can be seen by the increasingly broad peaks of the P* and F* ions
in the TOF mass spectra above 138.5 eV (figure 6.8). This interpretation is
supported by the PIPICO studies of Hitchcock et al. [153] which reported increasing
intensities of the (F*, P*), (F*, PF*), and (F*, PFy ) ion pairs with increasing photon
energy. At 145.6 eV small amounts of the (F*, P?*) and (F*, PF2*) ion pairs were

also observed [153]. However, since the P%* and PF2* ion peaks observed in the

present work are relatively sharp and narrow (figure 6.8) even at the higher photon
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energies, it is unlikely that they are produced from triply dissociative photoioniza-
tion to any large extent. The shape of the PPOS for PFy in figure 6.9 suggests that
the (F*, PF;y) correlated pairs observed in the PIPICO experiments [153] arise
principally from double ionization processes involving valence shell electrons even at
145.6 eV. In this regard, it should also be noted that the 10% detection efficiency of
the presently used TOF mass spectrometer (see section 3.1.2) causes both ions
formed in Coulomb explosions to contribute to the TOF mass spectra in
approximately equal proportions. Finally, note that there is no way to relate the
PIPICO intensities [153] quantitatively to those of the present TOF mass spectra
measurements, and only qualitative comparisons can be made. In particular, it is
not possible to deduce the relative contribution to a given fragment ions from
dissociative single ionization and dissociative double (or higher) multiple photoioni-
zation processes. In both experi'ments the data also involve contributions from the

underlying valence shell.

6.2.2 Phosphorus trichloride

6.2.2.1 Valence-shell photoionization

TOF mass spectra of phosphorus trichloride have been measured in the
valence-shell region at 1 eV fwhm resolution in the equivalent photon energy range
from the first ionization potential up to 130 eV, just below the onset of excitations
arising from the phosphorus L shell. Figure 6.10 shows a typical TOF spectrum
obtained at 40 eV. The splitting or asymmetry in the various chlorine-containing
ion peaks reflect the 3:1 isotopic ratio (35CI to 37Cl) of atomic chlorine. All four
singly charged phosphorus-containing cations, PCl} (x = 0-3), and Cl1* were

observed in the TOF spectra. In contrast with the case of PF3 where the doubly
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Figure 6.11: Photoionization efficiencies for PClg (10-36 eV).
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charged ions PF;,%Jr (x = 0-3) were detected, no stable doubly charged ions are
produced from PClg in the valence-shell region. Therefore, any doubly charged ions
formed in the valence-shell region must involve repulsive states resulting in
dissociative double photoionization processes which lead to singly charged products.
These could be studied by PIPICO techniques, but no such measurements have been
reported for PClg. The absolute photoionization efficiencies (n;) up to 36 eV are
shown in figure 6.11 and listed in table A.9.

The photoion branching ratios for each of the ionic species are presented in
figure 6.12. Since the TOF mass spectrometer was unable to fully resolve the
isotopic bands of the four chlorine-containing ions, the branching ratio for each of
the molecular and fragment ions represents the sum over all chlorine isotopes for
that ion. Analogous to the situation in PF3 (section 6.2.1.1), PCl is the dominant
fragment ion produced from PClg in valence-shell photoionization region below 50
eV. However, the dissociative photoionization of PCl; differs in that PClj becomes
much less abundant than PF; with increasing photon energy, and above ~50 eV the
Cl1" ion becomes dominant. PCl* and P* also make major contributions to the total
valence-shell photoionization oscillator strengths.

The absolute valence-shell PPOS for the production of molecular and
fragment ions from PClg are shown in figure 6.13 and listed numerically in table
A.14. These represent the first absolute oscillator strength (cross section) measure-
ments for the molecular and dissociative photoionization channels of PClg in the
vacuum ultraviolet and soft X-ray regions (see also Sec. 6.2.2.3 for measurements in
the P 2p,2s and Cl 2p,2s inner-shell regions). The hatched lines in figure 6.13
indicate the positions of the VIP’s for the occupied valence orbitals [112] as given in
section 5.2.1.

The appearance potentials (AP’s) observed in the present work for the five

singly-charged ions in the valence-shell region are summarized in table 6.2 together
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Figure 6.13: Absolute partial photoionization differential oscillator strengths for
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The arrows represent the calculated thermodynamic appearance potentials [67] of
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Table 6.2

Calculated and measured appearance potentials for the production of positive ions from PCl;

Appearance potential (eV)

Process Calculated * Experimental
This work PIMS Electron impact
(x1eV) [148] [112] [158] [157] [156] [63] [159]
PCI3 9.9 10.0 9.90+0.01 10.52+0.03 1058  10.75+0.2  10.6+0.2 12.2
PClj +CI” 11.5 11.61x0.01 8.68
PCl; +Cl 12.27 1215 12.32+0.2  11.8+0.5 125
PCI* +Cl, 14.28
PCI" +2Cl 16.76 16.0 15.69+0.02 1693  16.83£0.3  16.5:0.5 17.5 16+0.2
Cl* + PCl; 13.4 [156] 12,5 19.8+0.4
Cl* + PCl,
Cl* + PCl +Cl 19.77
Cl* +P+Cly 204 20.2+0.4 22.1
Cl* +P+2Cl 22.9 24
P" +Cl” +Cly 14.47
P* +Cl+Cl, 184 16.5 18.22
P* +301 20.4 21 21.2+0.5 21.0+0.5
PCLZ* 134
c1? 150
p 140

! Calculated using thermochemical data from ref. [67,165] assuming zero kinetic energy of fragmentation.
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with previously reported [63,112,148,156-159] experimental AP’s determined by
photoionization mass spectrometry and electron impact methods. Table 6.2 also
gives calculated thermodynamic appearance potentials for the formation of singly
charged cations from4PCl3 using thermochemical data where available [67,165], and
assuming zero kinetic energy of fragmentation. These are shown as vertical arrows
in figure 6.13. |

Fragmentation ratios for dissociative photoionization from each electronic
state of the molecular ion (PCl3) should be constant when the photon energy exceeds
the upper limit of the Franck-Condon region [39]. This model will apply where
contributions from effects such as autoionization and multiple ionization are small
[39]. In this situation, the absolute PPOS for the production of each singly charged
ion from PClg can be expressed as a linear combination of PPOS for the production
of electronic ion states. The dipole-induced breakdown pathways of a molecule
therefore can be investigated using ideas such as these, as reported earlier for PFg
(section 6.2.1.2). However, since photoelectron branching ratios, electronic ion state
PPOS, and photoelectron-photoion coincidence data are not available as a function
of photon energy in the literature for phosphorus trichloride, only very limited
information can be deduced from the present data. Some qualitative information
concerning the molecular and fragment ions produced from the nine valence-shell
ion states of PClg can be deduced from a consideration of the experimental
appearance potentials (table 6.2) and absolute partial differential oscillator
strengths for molecular and dissociative photoionization (figure 6.13) measured in
the present work, together with VIP’s [112] and PES Franck-Condon widths of the
electronic ion states [112] reported in the literature.

The PCIl3 molecular ion first appears at the adiabatic ionization potential

(~10.0 eV) of the ion electronic ground state, 12a71[112] (see figure 6.13). A further

increase in PCI3 yield occurs in the region of ~15 €V, suggesting a contribution from
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the 8e™! photoionization process. However, contributions from other less tightly
bound outer valence ionization processes may also occur. Such contributions could
be determined from PEPICO experiments, but to date no such data have been
reported. PCI; is first formed at 11.5 eV in good agreement with the appearance
potential found using PIMS [148]. Since this energy (11.5 eV) is beyond the upper
limits of the Franck-Condon width of the 12a7" ground state ion, it can be concluded
that the 12a7! photoionization process produces exclusively PCI3.

Two appearance potentials have been obtained in the present work for PCI;.
The first onset at 11.5 eV corresponds to the PCIl3+Cl™ ion-pair formation
[156,148]. This process occurs only in a localized energy region since it originates
from dissociation of a neutral state of PClg. However, this first onset is also within
the energy ranges of the Franck-Condon regions [112] of the 1a§1 and 10e7!
processes (which are likely to result in dissociation to PCI5 +Cl). An onset of 12.27
eV is calculated for the process PCly — PC13 + Cl (table 6.2) usiﬁg thermodynamic
data [67]. The PCI; partial differential oscillator strength curve in figure 6.13 also
shows some indication of a second higher onset at 14.5 eV, suggesting the possibility
of a contribution from the 11aI1 and/or 8¢ states.

The presently measured AP of the PCl* ion (16.0 eV) lies near the upper
energy limit of the 8¢~} Franck-Condon width and below the VIP of the 10aj! state.
Therefore, it is reasonable to conclude that PCl™ is first produced from the 8e~!
process. This appearance potential is in reasonable agreement with earlier reported
PIMS measurements [148] and in good agreement with an electron impact study
[159].

The C1* ion is first observed at 12.5 eV in the dipole (e,e+ion) experiment, but
AP’s ranging from 19.77 to 22.1 eV corresponding to the PCI} — CI" + PCl+Cl
process have been reported from earlier electron impact measurements [156-158].

In a study of positive and negative ions produced from PCls, Halmann and Klein
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[156] reported that PCl; and Cl* are formed together in an ion-pair process. PCly
was found to have an appearance potential of 14 eV, but CI* was not observed until
19.8 eV [156]. The authors attributed the higher AP of CI* to poor collection
efficiency of their mass spectrometer because the Cl1* ion is formed with high kinetic
energy. In the present work, the ion extraction voltages and TOF analyzer lens
system in the dipole (e,e+ion) spectrometer ensure uniform collection of ions with up
to ~20 eV excess kinetic energy of fragmentation [15], and thus a lower AP of 12.0
eV is observed. Any contribution from an ion-pair process is expected to be localized
in energy due to the neutral state involved. Therefore, the present result strongly
indicates that Cl" is formed together with neutral products by direct dissociative
photoionization at a much lower energy than previously observed in threshold
electron impact studies [63,157,158]. In this connection, it is likely that dissociative
photoionization to C1* first occurs from the laz!+ 10e™! and/or 9¢7! states. The C1*
partial differential oscillator strength curve in figure 6.13 also shows evidence of a
further onset at ~24 eV, above the Franck-Condon region of the 1021{1 process and in
the region of the theoretically calculated average VIP’s of the inner-valence
ionization processes (7e T and 9a7') [113]. It can therefore be concluded that C1* ion
must also come from dissociative ionization in the inner-valence region.

The P™ ion is first produced in very low abundance (figure 6.13) from 16.5 eV
up to ~21 eV, after which the phbtoion branching ratio rapidly increases. The initial
formation of P* apparently comes from the upper Ffanck-Condon region of the 8e™!
process with the subsequent higher energy formation arising from many-body ion
states associated with inner-valence ionization, although contributions from the
10a7’ process cannot be excluded.

Further information on the dipole-induced breakdown of PClg must await

measurements of electronic state PPOS by variable energy photoelectron

spectroscopy and data from PEPICO and PIPICO experiments.
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6.2.2.2 P 2p,2s and Cl 2p,2s inner-shell photoionization

Time-of-flight mass spectra of PClg have been recorded at a series of energies
from 130 to 271 eV (1 eV fwhm) in order to investigate changes in the molecular and
dissociative photoionization in moving from the valence-shell continuum to the
inner-shell virtual valence and Rydberg excited state regions as well as the
ionization continua in the phosphorus 2p,2s and chlorine 2p,2s inner-shell regions.
Typical spectra are shown in figure 6.14 at (a) 125 eV (pre-edge and valence-shell
region) and in the inner-shell region at photon energies of (b) 133.5 eV .correspond-
ing to the virtual valence transitions 11e < P 2p~1, (c) 136.5 eV (Rydbergs « P 2p~1),
(d) 139.5 and (f) 150 eV (the continuum shape resonances 13a; « P 2p~1 and 14a;
« P 2p71, respectively), (e) 142.5 eV (the trough between the two shape resonances),
(g) 162 eV (the broad 3d « P 2p~! resonance), and (h) 174 eV (the P 2p continuum).
Additional spectra are shown in figure 6.15 at (a) 191 eV (11e « P 23_1), (b) 198 eV
(the P 2s continuum), (c) 201.5 eV (11e « CI 2p_1), (d) 207 eV (the 13a; « Cl 2p_1
resonance and Rydbergs « Cl 2p_1 transitions), (e) 216 eV (14ay « Cl 2p~ 1), () 250
eV (the broad 3d « Cl 2p~! continuum resonance), and (g) 271 eV (11e « Cl 2571
excitation). It should be noted tha1§ at each of these energies, there are also varying
contributions from the relevant underlying valence and inner shells. In addition to
the five singly-charged ions (PCl3, PCIlj, PCI*, P*, and CI*) observed in the
valence-shell reg‘ion' (figure 6.10), three stable doubly-charged ions (PCI‘%+,Clz+, and
P2*) are also detected. Similar to the situation in PFg (section 6.2.1.3), no stable
triply-charged ions were observed in the present work. The photoion branching
ratios for production of the molecular and fragment ions in the phosphorus 2p,2s
and chlorine 2p,2s inner-shell regions are shown in figure 6.12 together with the

valence shell data. The error bars were derived from the square roots of the total

and background coincidence counts and thus represent only the statistical errors.
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Figure 6.14: Time-of-flight mass spectra of PClg recorded at selected energies in
the P 2p inner-shell region: (a) the valence-shell continuum at 125 eV, (b) 133.5 eV
corresponding to the 11e « P 2p~! virtual valence transition, (c) 136.5 corresponding
to Rydbergs « P 2p71, (d) 139.5 and (f) 150 eV corresponding to the two shape
resonances (13a; « P 2p~1 and 14a; « P 2p~l, respectively), (e) 142.5 eV
corresponding to the trou%h between the two resonances, (g) 162 eV corresponding
to the broad 3d < P 2p~* resonances, and (h) 174 eV corresponding to the P 2p
continuum.
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From the TOF mass spectra (figures 6.14 and 6.15) and the photoion
branching ratio curves (figure 6.12), it can be seen that there are significant changes
in the fragmentation in moving from the pre-edge valence shell to the P 2p region
and from the P 2p continuum to the Cl 2p region. In particular, the most noticeable
changes in the P 2p virtual valence and Rydberg excitation regions (figure 6.14(b,c))
are in the decreased relative abundances of the large ions, PCIj and PClj. Once the
P 2p photoionization continuum is accessed (figure 6.15(d)), doubly charged ions
(PC13*,C12*, and P%*) start to appear, while the relative yield of PCI* begins to
decrease. In moving to the P 2s and Cl 2p regions (figures 6.11 and 6.15), the
relative yields of C1* and P* further increase, and the relative amounts of the larger
ions generally decrease. Consideration of the total photoabsorption (top panel in
figure 6.12) together with the changes in the photoion branching ratio curve in the
P 2p,2s and Cl 2p,2s regions indicate that PCl* formation is relatively enhanced
when an inner-shell electron hole is made in a Cl ligand. These large changes
occurring in the photoion branching ratios of all ions in the respective inner-shell
regions indicate contributions from additional photoionization channels associated
with the production of the various core excited and ionized states. However, it
should be noted that the branching ratio is a quantity relative to the total
ionization, and therefore direct information on any particular ion yield is best
obtained from the individual partial photoiohization differeptial oscillator strength
curves (see figure 6.16 below).

Absolute partial photoionization differential oscillator strengths (figure 6.16,
table A.14) for the production of the eight cations formed in the region of the P 2p,2s
and Cl 2p,2s shells of PClg were determined from the product of the total photoab-
sorption differential oscillator strength and photoion branching ratio at each photon
energy, and assuming photoionization efficiencies of unity (this assumes effects due-

to double or higher dissociative photoionization, i.e., Coulomb explosion, are small
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Figure 6.16: Absolute partial photoionization oscillator strengths for the molecular
and dissociative photoionization of PClg in the phosphorus 2p,2s and chlorine 2p,2s
shell regions from 120 to 271 eV. The top panel presents the total (valence plus
P 2p,2s and Cl 2p,2s) absolute differential oscillator strength spectrum, where the
thresholds of the P 2p,2s and Cl 2p,2s ionization edges are shown as hatched lines.
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compared with direct photoionization processes). This approximation is likely to
become less good as the photoionization energy increases, especially in the Cl 2p and
~ 2s regions. From the monotonically decreasing PPOS curve of the molecular ion, it
is reasonable to conclude that PCIj is produced essentially entirely from the
underlying valence continuum since its shape seems to mimic the shape of the
valence-shell extrapolation curve (top panel in figure 6.16). This indicates that
essentially all electronic ion states formed from P 2p,2s and Cl 2p,2s core hole
excitation and ionization states are dissociative in nature. In contrast, the PPOS of
the other four singly-charged ions (PCl5, PC1*, P*, and C1*) all show cbntributions
from the various inner-shell states, although the production of PCl5 from the
phosphorus and chlorine core regions is very small compared with .that from the
underlying valence-shell continuum. Similar to the singly charged fragment ions,
the dications (PCIZ*,C12*, and P?*) all show contributions from the phosphorus and
chlorine 2p shell neutral excited states and ionization continua. This can be seen by
the similar shapes of the fragment ion PPOS curves compared with that of the total
photoabsorption curve at the top panel of figure 6.16.

The absolute yields of the PClg fragments ions can be discussed with
reference to autoionization and Auger decay processes occurring in core hole
excitation and ionization. Below the P 2p ionization threshold the singly-charged
cations (PCl3, PC1*, P*, and CI*) are produced with reasonable yield. In this .region
the excited 2p electron either remains. as a spectator or participates in the
autoionization (resonance Auger) decay of the P 2p~1 excited hole state to give the
singly-charged ions. The PCI%+ dication is also produced in small but significant
yield throughout the P 2p,2s and Cl 2p regions, presumably from Auger type
processes involving the inner-shell holes since no stable doubly charged cations are

found from the valence shell (figure 6.12). Above the P 2p edges normal Auger

processes become the principal decay channels, giving rise to doubly-charged species
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[155,152]. Since the appearance potentials for CI2* and P?* are in the P 2p post-
edge region, both of these dications must be formed almost exclusively by Auger
processes and not as a result of core hole excitation processes. In the phosphorus
and chlorine 2p and 2s inner-shell continua, doubly-charged ions produced by Auger
processes are also expected to fragment by Coulomb explosion (i.e., double
dissociative photoionization processes) to give two singly-charged species. Such
processes contribute to the relatively larger yields of the lighter ion products
(especially P* and CI*) which may possess considerable kinetic energy of fragmen-
tation (as exemplified by the relatively broad TOF m/e peaks of the PC1*, P*, and
Cl* ions in figures 6.14 and 6.15).

6.2.3 Phosphorus pentafluoride

6.2.3.1 Valence-shell photoionization

TOF mass spectra of phosphorus pentafluoride have been measured as a
function of photon energy spanning the entire valence-shell photoionization region
from 15-130 eV. The cati'ons produced from the molecular and dissociative photo-
ionization of PF5 observed in the present work are PF), PF2*, and F* (x = 0-4).
The PF; parent ion is not detected which is consistent with the result of an earlier
mass spectral study [161]. Similarly, the parent doubly charged ion (PF52+) is not
observed. Figure 6.17 shows a typical TOF spectrum obtained at 80 eV. The
broadness of the smaller singly charged ions, F*, P*, and PF*, indicates that they
are formed with considerable kinetic energies of fragmentation. Very small
impurity peaks (POF; and POFQr ) resulting from the presence of POFg in the
sample were detected in the mass spectra, and corrections have been made as

discussed in section 3.3. The absolute photoionization efficiencies for PF5 measured
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Figure 6.17: TOF mass spectrum of PF5 recorded at 80 eV.
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Figure 6.18: Photoionization efficiencies for PFz (15-75 eV).
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from 15 to 75 eV are shown in figure 6.18, while the photoion branching ratios
determined from the TOF spectra are presented in figure 6.19.

Absolute partial photoionization differential oscillator strengths (PPOS) for
the production of the fragment ions from PFz; have been obtained from the triple
product of the absolute total photoabsorption differential oscillator strength (éee
section 5.2.4.1), the photoionization efficiency, and photoion branching ratio for each
ionic species, as a function of photon energy. The results are shown graphically in
figure 6.20 and are given numerically in table A.11. The hatched lines in figure 6.20
indicate the positions of the VIP’s for the first nine occupied outer valence orbitals of
PF; as given in section 5.2.1. The appearance potentials (AP’s) for all eleven ions
observed in the present work are listed in table 6.3.

Using the model in which fragmentation ratios for dissociative photoioniza-
tion from each electronic state of the molecular ion (PF; ) should be constant when
the photon energy exceeds the upper limit of the Franck-Condon region (except in
local regions where autoionization effects are significant or where multiple photo-
ionization is appreciable) [39], the absolute PPOS for the production of each singly
charged ion from PFj can be expressed as a linear combination of PPOS of electronic
ion states. However, since photoelectron branching ratios, electronic state PPOS,
and photoelectron-photoion coincidence data are not available in the literature for
phosphorus pentafluoride, it is not possible to quantitatively investigate the dipole-
induced breakdown scheme of PF5. ‘Such measurements will present a considerable
challenge since the outer valence ion states are generally situated very close to one
another, with the first five excited ion states not being resolved even by high
resolution PES [112,117].

A consideration of the outer-valence VIP’s and Franck-Condon widths (see
section 5.2.1) [112] and the high values of the appearance potentials of the P* (37

eV) and F* (30 eV) atomic ions suggests that these two ions arise from inner-valence
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Figure 6.19: Branching ratios for the dissociative photoionization of PFj.
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Figure 6.20: Absolute partial photoionization differential oscillator strengths for
the valence-shell dissociative photoionization of PFg (15-130 eV). The absolute total
photoabsorption spectrum from figure 5.10 is also shown in the top panels. The
positions of the nine outermost outer-valence VIP’s measured by PES [112,117] are

denoted by the hatched lines.
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ionization processes. Since the inner-valence orbitals (6aj, 5aj, 3a5, and 3e’) are
expected to have considerable F 2s character, it is of interest to compare the
measured, summed (P*+F") differentiai oscillator strengths with five times the
theoretical values of the F 2s photoionization oscillator strengths for atomic fluorine
[86]. Such procedures have sometimes been used [44] to provide estimates of the
contributions from inner-valence photoionization. Figure 6.21 shows that the shape
of the (P* +F") summed differential oscillator strengths is well reproduced by the
calculated F 2s atomic sum, but the magnitudes differ by ~12%. This contrasts with
the analogous situation in PFg3 where three times the calculated atomic F 2s
differential oscillator strengths was considerably less (20%) and of a different shape
from the (P*+F*) oscillator strengtﬁ sum. This clearly indicates that such
procedures for estimating inner-valence electronic ion state oscillator strengths are
at best very approximate. It should also be noted that the high appearance
potential of PF* (30 eV) suggests that this ion may also arise from inner-valence
photoionization of PF5. The strong resonance structure evident in the PF* PPOS
curve at 39 eV is not observed in the F 2s theoretical oscillator strengths but
corresponds in energy to the phosphorus 3d resonance in the valence shell photo-
absorption continuum.

In addition to the singly-charged cations, five dications, PFf’L (x = 0—4), are
also produced from the valence-shell photoionization of PF5. While doubly charged
ions are not in general expected to arise from the decomposition of singly charged
ions, it is possible that some can be formed by VVV Auger processes involving inner-
valence primary hole states [164]. For PF5, the occurrence of this is suggested by
the measured appearance potentials of the dications (table 6.3), which are at
energies where inner-valence ionization processes may be expected to occur. From
figure 6.21 it can be seen that the appearance potentials and bshapes of the PPOS for

production of PFZ+ and PF32+ are quite similar, and it is possible that these doubly
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Figure 6.21: Comparison of the summed (P* + F") differential oscillator strengths
with five times the theoretical values of the F 2s photoionization differential
oscillator strengths for atomic fluorine [86].
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Table 6.3

Appearance potentials for the production of positive ions from PFj

Fragment ion Appearance potential (eV)
' (£1eV)

PF; 15.5
17.5
22.0

PF3+ 20.5
32

PFy 17.0

PF;* 39

PF* 30

PFZ* 40

PFZ+ 60

Pt 36

PR2+ 47

F* 30

P2+ 49

charged ions are formed primarily by dissociation of the same doubly ionized
state(s). More complete information on the dipole-induced breakdown of the singly

and doubly charged cations must await measurements of adiabatic and vertical

double-ionization potentials as well as PEPICO and PIPICO studies.
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6.2.3.2 P 2p,2s inner-shell photoionization

In order to investigate the changes in the ion fragmentation of PFg in going
from valence-shell photoionization to phosphorus 2p and 2s excitation and
ionization, time-of-flight mass spectra (figures 6.22 and 6.23) have been recorded at
a series of energies from 130 to 197.5 eV at a resolution of 1 eV fwhm. Typical
spectra are shown in figure 6.22 at (a) 130 eV (pre-edge, valence-shell region) and in
the inner-shell region at photon energies of (b) 139 eV corresponding to the virtual
valence transitions 9a] < P 2p7!, (c) 141 eV (7e’ « P 2p™1), (d) 143 eV (Rydbergs «
P 2p™1), and (e) 149 eV (shape resonance). Additional TOF spectra are shown in
figure 6.23 at (a) 158 and (b) 162.5 eV corresponding to the 3d continuum
reéonances, (c) 181 eV (the P 2p continuum), and (d) 197.5 eV (7e’ « P 25 1), All
eleven of the ions observed in the valence-shell region, PF;, PF2*, and F* (x = 0-4),
are also detected at all energies in these spectra, but with very different relative
intensities. In the virtual valence (139 and 141 eV) aﬁd Rydberg (143 eV) excitation
regions, the most noticeable changes from the valence-shell fragmentation are in the
relative abundances of F*, PF*, PF;y, and PF;. Above the P 2p threshold F*
becomes the most abundant ion (149 eV, figure 6.22(e)). It can also be seen that the
most significant changes in the TOF mass spectra in the P 2p continuum above 145
eV are the large increases in the relative abundances of F*, P%* and PF?*. The F*
and PF" peaks are very broad, with the F* becoming increasingly so at higher
energies, indicating that these ions are formed with considerable kinetic energy of
fragmentation.

The photoion branching ratios for production of the singly and doubly charged
cations in the P 2p,2s regions are presented in figure 6.19. The error bars are
derived from the square roots of the total and background coincidence counts and

represent statistical error only. In moving from the valence-shell to the 2p inner-
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Figure 6.22: Time-of-flight mass spectra of PFg recorded at selected energies in the
P 2p inner-shell region: (a) the valence-shell continuum at 130 eV, (b) 139 eV
corresponding to the virtual valence tranmsitions 9a; « P 2p71, (c) 141 eV
corresponding to 7e’ « P 2p~1, (d) 143 eV corresponding io Rydbergs « P 2p‘1 and
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shell region, the relative yields of PF{ and PF; decrease markedly, while those of
P2t F*, PF?*, P*, and PFs* show significant increases throughout the 2p inner-
shell region. Localized increases in the relative amounts of PF2*, PF*, and PFy in
the pre-edge excitation region are also observed. It should be noted that while the |
branching ratios are quantities relative to the total ionization, they do not directly
show how the individual fragmentation channels are affected by the P 2p discrete
excitations and ionization continuum regions. Such information can only be
obtained by considering the absolute PPOS (df/dE) curves for molecular and
dissociative photoionization along with the P 2p photoabsorption spectrum as shown
in figure 6.24.

Absolute partial photoionization differential oscillator strengths for the
production of fragment ions from the P 2p and 2s inner-shell regions of phosphorus
pentafluoride are presented in figure 6.24 and given numerically in table A.15.
From the monotonically decreasing PPOS curve of PF;, which seems to mimic the
shape of the valence-shell photoabsorption extrapolation curve (top panel in figure
6.24), it is reasonable to conclude that PF}; is produced almost exclusively from the
underlying valence-shell continuum. In contrast, all remaining ions show
contributions from both the P 2p neutral excited states and the ionization
continuum. Judging by the oscillator strengths of the valence-shell photoionization
at 130 eV, and the shapes of the ion PPOS, the total photoabsorption, and the
extrapolation curves of the valence-shell photoabsorption, it can be seen that the
relative contributions from the P 2p,2s excitation and ionization region to the ion
oscillator strengths is very small for PFy and PF2* but large for the smaller ions,
P2+ F*, PF%*, P*, PF*, and PF2*. In particular, it should be noted that in the P 2p
region, PF" arises almost exclusively from the 2p excited neutral states.

In general, with the exception of PF; and F*, which have large intensities at

all energies studied, the singly charged ions are the predominant species in the P 2p
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pre-edge region, while the doubly charged ions are dominant in the post-edge
ionization continuum. This phenomenon can be attributed to autoionization decay
of the 2p~1 hole state (i.e., resonance Auger processes) being favored in the
excitation region, thereby giving rise to singly charged ions, whereas above the 2p
ionization threshold, Auger processes become the principal decay channels, which
results in the formation of predominantly doubly charged ions [152]. The
subsequent fragmentation of these dications by Coulomb explosion (i.e., double
dissociative photoionization processes) would result in the production of two singly
charged ions. Such processes can therefore contribute to the yield of the lighter ion
products (e.g., F"). Considerable ion kinetic energy can be generated in the
Coulomb explosion process, as exemplified by the increasingly broad peaks of F*

with increase in energy (see figures 6.22 and 6.23).
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Chapter 7

Photoabsorption and Photoionization Studies of
Nitrogen Dioxide

7.1 Introduction

Nitrogen dioxide (NOy) has become one of the major atmospheric pollutants
in our society as a result of its production from the combustion of fuels used for heat,
power, and transportation [33]. At higher elevations in the stratosphere, NOg is

also involved in the cyclic catalytic decomposition of atmosphere ozone (Og) [30-32]:

NO + O3 = NOgy + Og (7.1)

NOg + O - NO + Oy (7.2)
The overall result of these reactions is the net conversion of ozone into molecular
oxygen. Therefore, quantitative data for the photoabsorption and photoionization of
NOg is of interest in atmospheric phenomena as well as in fundamental science.
From a theoretical standpoint, calculations for open shell molecules [166] such as
NOg are particularly challenging.

The electronic spectrum of nitrogen dioxide up to 25 eV has been extensively
studied and analyzed both by theory [167-170] and by experiment [3,4,171-201].
Relative measurements obtained using conventional optical techniques [171-
176,180-189], time-resolved excitation [190], two-photon absorption [191,192], and
electron energy-loss spectroscopy [177-179] have provided insights into the
assignment of virtual valence and Rydberg transitions to discrete bands observed

between 1.6-25 eV, as well as rotational lines and vibronic progressions associated
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with these transitions. In addition, the electronic excitations at low energy (~1.5-
6.7 eV) have been reviewed in refs. [202-204]. In contrast, although many meas-
urements of absolute photoabsorption cross sections have been made in the visible
region up to 3.4 eV [193-201], absolute data reported in the UV and VUV regions
are very limited, and the overlaps between the various data sets are very small.
Following the absolute measurements of Hall and Blacet [194] from 2.5 to 5.2 eV,
absorption coefficients at higher energies from 4.6 to 11.5 eV were reported by
Nakayama et al. [3] in 1959, and nineteen years later Morioka et al. [4] extended the
data from 11 to 25 eV using monochromated synchrotron radiation. However, above
25 eV no absolute cross sections for the photoabsorption of nitrogen dioxide are
available in the literature.

In photoionization work, Frost et al. [205] reported the relative photoioniza-
tion yield of the nitrogen dioxide molecular ion (NO3) up to 14 eV, while Weissler et
al. [206] and Dibeler et al. [207] determined relative photoionization yield curves for
NO3 as well as for the NO* and O fragment ion between ~11-25 eV. However, to
date no absolute photoionization cross sections have been published. In other work,
electron impact ionization [208-210] has contributed additional information on the
appearance potentials of the molecular and dissociative ions produced from nitrogen
dioxide, and a multiphoton study (211] in 1981 reported the detection of O3 cations
not previously observed in the photoionization mass spectrometry (PIMS) [205-207]
and electron impact [208-210] studies.

In the present Work, dipole (e,e) spectroscopy has been used to obtain the first
wide range valence-shell absolute photoabsorption spectrum and absolute
differential oscillator strengths (cross sections) of NOy spanning the visible to the
soft X-ray regions (2-200 eV) at 1 eV resolution. The discrete features have also

been studied at higher resolution (0.05 eV fwhm), from which absolute oscillator

strength values have been determined for the 2B;«2A; and 2By«2A; systems, as
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well as for the Rydberg transitions at higher energies. In addition, dipole (e,e+ion)
coincidence spectroscopy has been used to obtain time-of-flight mass spectra of N Og
from the first ionization threshold up to 80 eV. The photoion branching ratios and
absolute photoionization efficiencies determined from these spectra have been
combined with the photoabsorption data in order to obtain, for the first time, the
absolute partial photoionization differential oscillator strengths (PPOS) for the

production of molecular and fragment ions from NOs.

7.2 Results and Discussions
7.2.1 Electronic structures

The photoabsorption and photoionization data of nitrogen dioxide (Coq,) will
be discussed with reference to its electronic ground state (2A;), valence-shell
molecular orbital configuration in the independent particle model:

(3a)%(2by)*  (4a1)?(8by)*(1by)*(5a1)*(1a9)*(4by)?(6ay'  (2b1)°(7a;)’(5by)°.

—_— —— —
Inner valence QOuter valence Virtual valence

The vertical ionization potentials (VIP’s) for the seven outer valence orbitals
reported from He (I) and He (II) photoelectron spectroscopy [212] are: 6a11, 11.23
eV (1Ay); 4b3l, 13.01 eV (3By), 14.51 eV (1By); 1a3l, 13.60 eV (3Ay), 14.06 eV (1Ay);
5a7l, 17.45 eV (3Ay); 1b7l, 17.64 eV (3By); 3b3, 18.86 eV (3By), 21.0 eV (1By); and
4aIl, 21.26 eV (3Ap). The two-hole—one-particle configuration interaction
calculations of Schirmer et al. showed that the inner valence 2b§1 and 3a]1
ionization processes are predicted to be split by electron correlation effects into
several many-body states [213]. The poles for the 2b§1 ionization (31Bs) extend
from 36 to 40 eV with the dominant peak occurring at 38.6 eV [213]. Similarly, the

3a7! ionization (31A;) lines cover the 40-45 eV range with the main line situated at
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43.1 €V [213]. The ordering of the three virtual valence orbitals given above is that
determined by Mulliken [202].

7.2.2 Long range -photoabsorption spectrum

The background subtracted EEL spectrum (6-200 eV) obtained in the dipole
(e,e) mode of the low resolution spectrometer was Bethe-Born converted to relative
photoabsorption data, which was then put onto an absolute scale using the VTRK
sum-rule. In the latter procedure, the proportion of the valence-shell oscillator
strengths above 200 eV was estimated by fitting a polynomial of the form given by
equation (3.1) to the relative‘photoabsorption data over 100-200 eV and extrapolat-
ing to infinite energy. The relative valence-shell photoabsorption spectrum was
then integrated from the first excitation threshold to infinite energy, and the total
area was set to an oscillator strength value of 17.57 (see sections 2.1.2 and 3.1.1 for
details). Note that the low resolution data (6-200 eV) was extended down to 1.5 eV
using the high resolution data (convoluted with a 1 eV fwhm gaussian function)
before the above integration procedure, since the high background arising from the
“tail” of the main electron beam precludes the measurement of EEL data below 6 eV
using the low resolution dipole (e,e) spectrometer.

The absolute photoabsorption spectrum (1 eV fwhm) of nitrogen dioxide
spanning the valence-shell region from 1.5 to 200 eV is shown in figure 7.1, and the
data are given numerically in tables A.16 and A.17 of the appendix. The solid line
in panel (b) represents the polynomial. curve that has been fitted to the data
between 100-200 eV, as discussed above. The discrete structures observed between
1.6-22 eV in panel (a) will be presented and discussed in greater detail in section

7.2.3 below. Also shown for comparison in the continuum region of figure 7.1 are

atomic differential oscillator strength sums (or atomic mixture rules (AMR’s))
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Figure 7.1: Absolute differential oscillator strengths for the valence-shell photoab-
sorption of nitrogen dioxide measured from 1.5 to 200 eV (AE = 1 eV fwhm). Atomic
sums for the constituent atoms (N+O+O) calculated using both experimental [84]
and theoretical [85,86] atomic differential oscillator strength values are also shown
for comparison in the continuum region. The inset to panel (b) shows the absolute
photoionization efficiencies obtained from 10.5 to 50 eV.
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determined using the sum of experimental [84] and theoretical [85,86] atomic
differential oscillator strengths of the constituent atoms (i.e., df/dE (N) + 2 [df/dE
(O)]). It can be seen that there is very good agreement in both shape and magnitude
between the present results and the AMR’s obtained both from experimental [84]
and theoretical [85,86] atomic sums particularly above 50 eV, where molecular
effects are expected to become less prominent at higher energies away from near-
edge fine structures or continuum resonances. However, it should be noted that
although atomic mixture rules are useful in providing rough estimates of differential
oscillator strengths for polyatomic molecules in regions where no 'experimental data
exist, in some cases (e.g., PClg) the agreement with experiment is not as good as in

the present case of NOs.

In order to critically evaluate the accuracy of the absolute photoabsorption
differential oscillator strength scale determined for nitrogen dioxide, the S(-2) sum
rule [28], which is directly related to the static electric-dipole polarizability (o) for a
molecule (see equation (2.29) and section 2.1.2), has again been applied to the
present data. In this procedure, the absolute differential oscillator strengths
measured over the wide energy range from 1.5 to 200 eV (using the high resolution
data below 20 eV and the low resolution data at higher energies) have been used in
equation (2.29) to obtain a dipole polarizability of 29.13 x 10725 ¢cm3. This value is
in agreement within 3% with the experimental result of 30.21 x 1025 cm3 reported
independently by Williams et al. [214] and by Schulz [215] from dielectric constant
measurements, and also the value of 30.25 x 10725 cm3 reported earlier in 1933
[216] using the same technique. These findings strongly support the accuracy of the
presently determined absolute oscillator strength scale established using the VTRK

sum rule and the associated procedures of curve-fitting and extrapolation.‘
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7.2.3 Valence-shell spectrum in the discrete region

An overview of the absolute differential oscillator strengths (df/dE) for the
valence-shell photoabsorption of nitrogen dioxide (1.6-30 eV) obtair;ed in the
present work at 0.05 eV resolution is presented in figure 7.2(a) together with the
vertical ionization potentials (shown as hatched lines) for the seven outer valence
orbitals [212] as given in section 7.2.1. Figure 7.2(b) shows an expanded view of the
virtual valence transitions observed between 1.6-6.6 eV, while figure 7.3 illustrates
the transitions at higher energies (6.3-22 eV) in greater detail. The discrete photo-
excitation spectrum of nitrogen dioxide is very complex, as it is complicated by the
open shell structure, vibronic coupling [186], predissociation [3,172,176], and many
overlapping vibronic progressions [4,171,172,175]. The assignments given for the
virtual valence transitions in figure 7.2(b) have been taken from Gangi and Burnelle
[170] and Nakayama et al. [3] based on oscillator strength calculations [167,170]
and the energy level diagram of NOg [202]. The Rydberg assignments for some of
the prominent peaks observed in figure 7.3 have been obtained from refs.
[4,174,192]. The oscillator strengths (f) for band systems corresponding to these
transitions between 1.6-22 eV are given in table 7.1.

The broad absorption band centered at 3.12 eV (figure 7.2(b)) has been the
subject of many studies [167,170,173,176,181-183,187,188,190,193-204]. The
energy level diagram of NOg reported by Mulliken [202] indicated that three dipole-
allowed transitions can occur in this region: 6a; « 4bg (2Bg « 2A;), 2b; « 6a; (B,
« 2A;), and Ta; « 6a; (2A; « 2A;). Based on a rotational analysis of the long
vibronic progression, this band was initially assigned to the 2B1 «— 2A1 transition
[176]. This éssignment contrasts with that from an earlier semi-empirical
calculation [167], which reported an oscillator strength of 0.0001 for the 2B1 «— 2A1

transition and a much greater value (0.011) for the 2B2 « 2A1 transition. A high
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Figure 7.2: (a) Absolute photoabsorption differential oscillator strengths for
nitrogen dioxide obtained at 0.05 eV resolution from 1.6 to 30 eV. (b) The 2B, « 2A;
and ?B, « 2A, band systems in the visible and near UV regions (1.6-6.6 eV). Note
that absolute photoabsorption cross sections in units of megabarns can be obtained
by multiplication of the photoabsorption differential oscillator strength eVl by a
factor of 109.75. ’
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factor of 109.75. :
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Table 7.1
Absolute photoabsorption oscillator strengths (f) for discrete regions of the
valence-shell spectrum of nitrogen dioxide
Integrated Oscillator strength (1072)
energy region Experiment ‘Theory
(eV) Present work  [3] [4]  [193,194]1 | [167] [170]
1.58-4.80 0.95 1.0 1.11  2.16
4.80-6.30 0.68 0.47 0.1
- 6.30-7.85 12.87 13.21 19.2

7.85-8.25 5.02 5.10
8.25-9.38 12.28 11.34

9.38-10.38 16.61 19.75

10.38-10.74 2.32 2.27

10.74-11.02 3.01 2.82

11.02-11.24 2.70 2.47

11.24-11.82 8.34 5.67

11.82-13.27 23.31 17.29

13.27-15.72 51.95 38.92

15.72—16.66 21.71 15.87

16.66-17.74 31.28 22.15

17.74-18.21 14.60 10.23

18.21-18.38 5.91 39.02

18.38-18.53 5.20 3.56

18.53-18.65 4.72 3.10

18.65-18.89 7.88 5.16

18.89-20.12 43.01 29.67

20.12-20.59 17.70 11.98

20.59-20.81 8.08 5.67

20.81-22.00 45.57 32.16

1 Estimated in ref. [217].
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order ab initio calculation [170] later supported the semi-empirical results [167],
and oscillator strengths of 0.004924, 0.01670, and 0 for production of the 231 (1.75
eV), 2B2 (3.33 V), and 2A1 states, respectively, were obtained. In view of this, the
authors [170] attributed both the 2B, « 2A; and 2By, « 2A; transitions to the broad
band, with the 2B2 state having a greater contribution to the photoabsorption. In
the present work, an oscillator strength of 0.0095 has been obtained for this band
(integrated over 1.58-4.80 eV). This value is in good agreement with the calculated
value reported by McEwen (0.0111) [167] and the experimental value of ~0.010
(estimated in ref. [217] based on the absorption coefficients measured by Dixon [193]
from 1.8 to 2.5 eV and by Hall and Blacet [194] from 2.5 to 4.8 V). The long
vibronic progression observed in this region has been determined to have an average
spacing of ~880 cm™1 (0.11 eV) [176,182], corresponding to the vy bending mode.

The next absorption band at ~5.8 eV (figure 7.2(b)) has been attributed to the
Taj < 4bg (2Bg < 2A;) and 2by « lag (B, « 2A,) transitions [3,172,203] based on
Mulliken’s energy-level diagram of nitrogen dioxide [202]. A multi-reference
configuration interaction treatment [168] calculated a vertical excitation energy of
5.51 eV for the 2b; « 1lag transitions, but no value was given for the other
excitation. The series of twelve vibronic bands presently observed in this region
from 4.80 to 6.30 eV has average spacings of ~0.12 eV (940 cm™1), which is in good
agreement with the work of Nakayama et al. [3]. However, the oscillator strength of
0.0068 presently obtained for this region (see table 7.1) is 45% higher than that of
0.0047 reported by Nakayama et al. [3]. This is reflected by the rise in the
differential oscillator strengths between 5.81-6.30 eV (figure 7.2(b)) which indicates
the presence of an additional transition at ~6.1 eV not observed in the optical study.

The much stronger series of absorption bands from 6.3 to 9.4 eV (figure

7.3(a)) results from excitations of the unpaired electron in the 6a; orbital to the 5by

virtual valence [167,3] and the 3so, 3po, and 3pn Rydberg [4,174,177,192] orbitals.
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Nakayama et al. [3] suggested that the broad band centered at 7.55 €V is attributed
to the 5by « 6a; (®By « 2A;) transition, and this is supported by the quite
reasonable ,agreement between the oscillator strength (see table 7.1) determined by
theory (0.192) [167] and by experiment both in the present study (0.1287) and in ref.
[3] (0.1321). The diffuse vibronic structures characteristic of this absorption band
have previously been analyzed in a high resolution photographic study [172] and
assigned to two progressions having frequency intervals of 930 and 540 cm™1. The
peaks at 8.0 and 8.6 eV have been determined to arise from the 3sc « 6a; and
(3po,3pn) « 6a; Rydberg transitions, respectively [4,174,192]. The vibronic
structures have also been identified, and these can be found in refs. [4,174,192].
Table 7.1 lists the absolute oscillator strengths corresponding to these excitations,
- and it can be seen that there is good agreement between the present work and the
data of Nakayama et al. [3].

The photoabsorption spectrum of nitrogen dioxide from 9.4 to 21 eV is
characterized by overlapping vibronic progressions of many Rydberg series
(3,4,177,184,185]. Some of the prominent structures shown in figure 7.3 have been
labeled based on the assignments for the absolute spectrum reported in ref. [4]. It
can be seen that the energy positions of the observed profiles, including many of the
vibronic progressions, are in good agreement with those of the only available
absolute optical data [3,4]. One of the interesting features characteristic of NOy .
photoabsorption is the series of window resonances (i.e., dips in the differential
oscillator strengths) situated at 18.89, 20.14, 20.59, and 20.82 eV in the ionization
continuum (see figure 7.3(b)), which arise from the npn < 4a; Rydberg transitions
where n=3-6 [4]. In contrast to the other spectral features, photoexcitation to these
Rydberg states caused the differential oscillator strengths to decrease in intensity
due to destructive interference with the underlying 3b§1 ionization continuum.

In general, the shape of the dipole (e,e) spectrum matches well with those of
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the optical data [3,4,194], but the magnitudes of the absolute cross sections reported
by Morioka et al. [4] are systematically 30% lower than the present measurements.
The higher resolution measurements of Nakayama et al. [3] are in good quantitative
agreement with the present work except in the narrow region at higher energy
(11.2-11.5 eV), where the cross sections overlap with those of Morioka et al. [4].
This difference may be attributed to problems and difficulties associated with
accurate path length and target density determinations required in Beer-Lambert
law photoabsorption. Moreover, the data obtained by monochromated synchrotron
radiation [4] can also be susceptible to higher order radiation and stray light. In
contrast, such problems are avoided in the determination of absolute cross sections
using the dipole (e,e) method [5], and the accuracy of the presently obtained data for
NOgy has been confirmed using the S(-2) sum rule (see section 7.2.2).

The broavd structures observed between ~35-50 eV in the ionization
continuum (see figure 7.1(a)) most likely arise from ionization processes associated
with the two inner valence orbitals (2bg and 3aq), since the many-body poles for

these processes are predicted to extend between 36-45 eV [213].

7.2.4 Molecular and dissociative photoionization

Valence-shell time-of-flight (TOF) mass spectra of nitrogen dioxide have been
collected using dipole (e,e+ion) coincidence spectroscopy as a function of equivalent
photon energy from 10.5 to 80 eV (AE =1 eV fwhm). Figure 7.4 shows a typical TOF
mass spectrum recorded at 50 eV. A small amount of oxygen impurity was detected,
as shown by the presence of an O3 peak in the mass spectra which first appears at
13.0 eV (the VIP of molecular oxygen), which is 3.6 eV below the lowest calculated
thermodynamic threshold for formation of O3 from NO, (see table 7.2). Using the

absolute partial photoionization differential oscillator strengths (PPOS) for the
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Figure 7.4: TOF mass spectrum of nitrogen dioxide recorded at 50 eV.
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Table 7.2

Calculated and measured appearance potentials for the production of
positive ions from nitrogen dioxide

Appearance potential (eV)
Process Cale. ! Experimental
This work PIMS Electron impact
(x1eV) [207] [206] [209] [208] {210]
NO; 9.8 11.0 '9.75  11.3+04 | 103  13.98+0.12 10.410.3
20.5 20.0 £ 0.3
~44
(13.0) 2
0f +N 16.6 ~18
NO* +0~ 11.0 11.0 . 11.3+£04 10.1+0.2
NO* +0 12.4 13.0 12.34 125%0.1 13.01
16.5 15.3+0.4
~44 1301 65102
17.7+0.3
20.3+0.3
ot +NO 16.8 17.0 16.82 176+0.2 16.82
18 18.82  205+0.2
O"+N+0 | 233 31
N* +0, 19.1 21.5 21.2
N*+0+0 | 243 26.0
~44
NOZ* ~ 35.0%05

! Calculated using thermochemical data from ref. [67] assuming zero kinetic energy of fragmentation.

2 O; formation from O, impurity (see text in section 7.2.4).
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production of O3 and O*from oxygen [2], corrections have presently been made to
the branching ratios and PPOS for the production of O3 and O*from nitrogen
dioxide. Five stable positive ions are formed from the molecular and dissociative
photoionization of nitrogen dioxide: NO;, 03, NO*, O*, and N*. The widths of the
NO*, O, and N* ion peaks are considerably larger than those of the other peaks in
the spectrum obtained at 50 eV (figure 7.4), and this indicates that they are
produced with significant kinetic energy of fragmentation either from direct
dissociative photoionization or from Coulomb explosion of multiply charged ions. In
particular, an examination of the TOF spectra shows that the NO*, O*, and N*
peaks are fairly narrow when first formed but begin to broaden at 13, 20, and 28 eV,
respectively. The NO" ion peak reaches its maximum width at ~47 €V, while the O*
and N* peaks continue to broaden uﬁ to 80 eV.

The photoion branching ratios as determined from the TOF mass spectra for
NOg are shown in figure 7.5. As the molecular ion decreases in abundance above 14
eV, NO™ becomes the dominant ion, making up 40-75 % of all the stable cations
produced from NO,, from 14 to 80 eV. In contrast, the O3 ion is produced in very low
abundance (~ 1 %). Above 30 ¢V the O* ion gradually increases 1n relative intensity
from 16% up to 35% at 80 eV, while the NO* abundance correspondingly decreases
in this region. The N* photoion branching ratio also shows significant increases up
to 38 eV but remains constant between 38-50 eV.

Relative photoionization efficiencies for NOy were obtained by taking the
ratio of the total coincidence ion signal to the number of forward scattered electrons
as a function of energy loss (i.e., equivalent photon energy). The data become
essentially constant above 24.5 eV, and assuming that the photoionization efficiency
(n;) is unity at high energies, the m; values at 24.5 eV and above have been

normalized to one. The absolute photoionization efficiencies from 10.5 to 50 eV are

shown in the inset to figure 7.1(b) and are given numerically in the last column of
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Figure 7.5: Photoion branching ratios for the molecular and dissociative photoioni-
zation of nitrogen dioxide (AE = 1 eV fwhm). The positions of the vertical ionization
potentials for the seven outer valence orbitals [212] and the dominant poles for the
two inner valence ionization processes [213] given in section 7.2.1 are denoted by the
hatched lies, while the vertical arrows represent the calculated thermodynamlc
appearance potentials [67] given in table 7.2.
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table A.16. Changes in the slope of the 1; curve are observed to occur at 13, 15, 17.5,
and 20 eV, corresponding to shoulders and peaks in the low resolution total photo-
absorption spectrum (see figure 7.1(a) and section 7.2.2). Details of the excited
states can be found in section 7.2.3 and figure 7.3.

Absolute partial photoionization differential oscillator strengths (PPOS) for
the production of the molecular and dissociative ions from nitrogen dioxide were
obtained by multiplying the absolute photoabsorption differential oscillator
strengths in figure 7.1 by the photoionization efficiency and the branching ratio for
each ion, as a function of photon energy. These data are plotted in figure 7.6 and
tabulated in table A.16. The hatched lines in figure 7.6 represent the vertical
ionization potentials of the seven outer-valence orbitals determined from PES [212]
and the dominant poles calculated for the inner valence ionization processes [213].

The appearance potentials (AP’s) of the five cations measured in the present
work are given in table 7.2 together with values from _previously published
experimental work [206—210] and values calculated from enthalpies of formation of
ions and neutrals [67], assuming zero kinetic energy of fragmentation. The
calculated values are denoted by vertical arrows in figures 7.5 and 7.6. The present
appearance potential results for NO3, NO*, O*, and N* are in good agreement with
the previously reported values obtained from PIMS [206,207] and electron impact
[208-210] threshold studies within experimental uncertainty. Note that the N* ion
was observed in ref. [207], but its abundance was too low to permit an accurate
threshold determination. The O3 ion detected in the present work at an appearance
potential of 13 eV must be due to an impurity from molecular oxygen in the sample,
since the thermodynamic threshold calculated for the NOg — O3 + N process is 16.6
_eV. However, the present PPOS data for Of clearly showed another AP at 18 eV.
After corrections have been made for the contribution of O3 from oxygen [2], the

resulting O3 PPOS curve (figure 7.6) indicates that a very small amount of this ion
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Figure 7.6: Absolute partial photoionization differential oscillator strengths for the
valence-shell molecular and dissociative photoionization of nitrogen dioxide from
10.5 to 80 eV (AE = 1 €V fwhm). The positions of the vertical ionization potentials
for the seven outer valence orbitals [212] and the dominant poles for the two inner
valence ionization processes [213] given in section 7.2.1 are denoted by the hatched
lines, while the vertical arrows represent the calculated thermodynamic appearance
potentials [67] given in table 7.2.




Chapter 7. Photoabsorption and Photoionization Studies of Nitrogen Dioxide 209

is prodﬁced from nitrogen dioxide. This is supported by the work of Hodges et al.
[211], which reported the presence of O at 16 eV in a multiphoton ionization
experiment on NOg. In a low energy electron scattering cross section study,
Stephan et al. [210] detected the NO%+ dication in significant yield from 35 to 180
eV, but no ion peak at a m/e ratio of 23 is observed in any of the TOF mass spectra
recorded in the present work (see for example, figure 7.4), where the flight times are
even shorter then those in ref. [210]. The reason for this difference is not

understood.

7.2.5 Dipole-induced breakdown

Fragmentation ratios for molecular and dissociative photoionization from any
particulaf electronic ion state of a molecule should be constant at photon energies
above the upper limit of the Franck-Condon region [39]. Using this model the
absolute PPOS for the production of each cation from nitrogen dioxide can be
expressed as a linear combination of PPOS for the production of electronic ion
states, neglecting any contributions from autoionization prdcesses and multiple
ionization [39]. In the present work, some qualitative information concerning the
dipole-induced breakdown of NOy have been deduced from a careful consideration of
the absolute PPOS for the molecular and fragment ions formed from NOg (figure
7.6) together with the measured and calculated appearance potentials (table 7.2),
vertical ionization potentials and Franck-Condon widths of the electronic ion states
[212], and calculated pole strengths for the inner valence ionization processes [213]

reported in the literature.

The NOJ molecular ion is first observed at 10.5 eV in the present work (figure

7.6). Correction for the 1 eV width of the electron beam used in this study yields an

appearance potential of 11.0£1 eV, consistent with the vertical ionization potentials
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of 11.23 [212] and 11.22 eV [177] obtained by high resolution PES. The AP’s
reported by Weissler et al. [206] and by two of the electron impact studies [209,210]
(see table 7.2) are also in agreement with the present value within experimental
uncertainty. The lower appearance potential observed by Dibeler et al. [207]
corresponds to the adiabatic ionization potential of 9.75 eV in the photoelectron
spectrum [212]. Additional onsets present in ref. {206] from 12.5 to 20.0 eV (not
resolved in the present measurements) indicate contributions from the 4b§1 (3’1B2),
5a7l (3A7), and 1bj! (3B;) states. The NO} partial differential oscillator strengths
in figure 7.6 also have a distinct onset at 20.5 eV, suggesting further contributions
from the 3bz' (31By) and/or 4a7! (3A,) states based on the Franck-Condon widths of
these peaks in the He (II) PE spectrum [212]. The NO3 PPOS curve also shows
some indication of a higher onset at ~44 eV, and this may be attributed to some

NO} being formed from the 3ay’ (3’1A1) inner valence ionization process.

The appearance potential of the O3 cation at 18 eV suggests an initial .

contribution from the 3b§1 (3B2) triplet state. At higher energies, the 3b'2‘1 (1B2)
and/or 4a7’ (3A;) states may also contribute to the production of O% ions.

The first AP of the NO" cation at 11 eV corresponds to the calculated
thermodynamic threshold of the NO™ + O~ ion pair formation. Since this process
originates from dissociation of a neutral state of NOg, NO™ in this region could not.
have been produced from the GaI1 state. The thermodynamic threshold calculated
for the NOy — NO™ + O process (12.4 eV) instead corresponds to the steep rise in the
NO* PPOS at 13 eV, which clearly indicates a contribution from the 4bz! (3By)
and/or 1ag' (3:1A,) states. Another change in the slope of the PPOS curve at 16.5 eV
suggests a further major contribution to the formation of NO* from the 5a7' (3Ay),
and 1b7! (3By) states. Similar to the situation in NO$, the onset at ~44 eV can be
attributed to higher energy formation from the 3a3* (31A) inner valence ionization

process.
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The appearance potentials of the O* cation at 17 and 18 eV lie within the
Franck-Condon region of the 5a7’ (3A1), and 1b7! (3B) states, suggesting an initial
dominant contribution from these processes. Above 31 eV, the structures and
increases in the O™ partial differential oscillator strength curve fall within the series
of poles calculated for the two inner-valence processes (2b§1 and 3a11) [213].
Therefore, it can be concluded that dissociative ionization in the inner valence
region must contribute significantly to the production of O.

The N cation is first produced in very low abundance (figure 7.5) from 21.5
to ~26 eV, after which the photoion branching ratio increases at a much faster rate.
Based on threshold considerations, the initial formation of N* must come from the
3bs! (1By) and 4aj! (3A;) processes with the subsequent higher energy formation
arising from many-body ion states associated with the 2b§1 (3’1B2) inner valence
ionization. Above 44 eV, the small rise in the N* PPOS curve (figure 7.6) suggests
further contributions from the 3a7! (3:1A;) state.

More detailed information concei‘ning the ionic photofragmentation
breakdown pathways of nitrogen dioxide must await measurements of electronic ion

state PPOS using tunable energy PES as well as PEPICO and PIPICO experiments.
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Chapter 8

Photoabsorption Studies of Freons

8.1 Introducﬁon

Absolute photoabsorption oscillator stvrength (cross section) data for the single
carbon Freons (CFClz, CF5Cly, CF3Cl, and CFy) are of considerable interest because
of their role in the catalytic decomposition of atmospheric ozone in the .stratosphere
[29,30]. In this procéss CFClg and CF2C12, which are widely used in industry as
aerosols and refrigerants, dissociate by solar UV radiation in the stratosphere to
release chlorine atoms. This in turn sets off a chain reaction that results in the net
conversion of ozone into oxygen [30]. While CFy (which is used in' the plasma .
etching of semiconductor materials [218,219]) does mnot contain chlorine atoms,
fluorine radicals can similarly breakdown ozone. However, CF4 is not as destructive
to thé ozone layer as the other Freons because the chain-ending reactions involving
fluorine radicals- with CH4 and Hy occur much more readily than in the caée of
chlorine radicals [30]. Nevertheless, the production of the end product HF in the
stratospheré is also of much concern. i

In view of the importance of quantitative data for the photoexcitation of
Freons, these molecules have been investigated by a number of groups, and the
valence-shell absolute photoabsorptidn spectra of CFCl3, CFoCly, CF3Cl, and CFy
reported prior to 1990-1991 have been summarized by Zhang et al. in earlier
articles [220-223] reporting low resolution dipole (e,e) measurements. Since then no
additional absolute photoabsorption crosé section data have been published in the

valence-shell region. This is surprising since large discrepancies for all four Freons
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are evident between the various data sets [220-223] with differences of up to 40% in
the vicinity of the spectral maximum (~20 V) in the case of CerClz. [221]. |

However, shortly after the publication of the low resolution dipole (e,e) photo-
absorption measurements for Freons by Zhang et al. [220-223], it was discovered
that certain types of gases (e.g., acetylene [224], ethylene [225], and silane [226])
seriously affected the emission characteristic of the indirectly heated oxide cathode
in the low resolution spectrometer in a pressure-dependent fashion. Oxide cathodes
are extremely susceptible to “poisoning” by certain types of compounds, and for such
reactive target species, significant errors in the shapes and magnitudes of the
measured differential oscillator strengths can occur due to the quarter pressure
background subtraction procedures (see section 3.1.1). These background subtrac-
tion errors have since been eliminated by installation of an additional stage of
differential pumping (44] between the electron gun chamber and .the collision-
chamber shown in figure 3.1. After this modification was installed, the absolute
acetylene [224], ethylene [225], and silane [{226] have been remeasured, and the
accuracy of these new results has been confirmed by the -accurate dipble
polarizabilities from S(-2) analysés [28,224-226]. It should be noted fh'ét
background subtraction errors do not occur in the high resolution dipole \(e,'e)
spectrometer sincev this instrument has a well differentially pumped, directly
heatéd, thoriated tungstenbcathode, which is much more stable than the oxide
cathode employed in the low resolution spectrometer.

In the course of the present work, large inconsistencies were found between
the shapes of the presently measured high resolution dipole; (e,e) spectra (seé éection
8.2.3 below) and those of the previously published [220-223] low resolution spectra
for CFClg, CF9Cl,, CF3C1, and CF4. In view of the above considerations, this-
strongly suggested that halogen-containing molecules such as the Freons were also

possibly reacting with the oxide cathodes, resulting in .incorrect background
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subtraction. In such circumstances, erroneous oscillator strength distributions
would be obtained and incorrect absolute scales would result from the VTRK sum
rule [27] normalization. The existence of serious efrors in the earlier reported low
~ resolution spectra of the Frédns [220-223] is confirmed by the unélcceptably lé_w
values of the static dipole f)olarizabilities (see table 8.1 below) obtained by applying
the S(-2) sum rule (equation 2.29) [28] to the photoabsorption data of Zhang et dl.
[220-223]. | :
In the present work, new measurements of the absolute vélence-shell ‘
photoabsorption spectra of CFClg, CF9Cly, CFgCl, and CF4 have been measured
using both high resolution dipole (e,e) spectroscopy from 5 to 60 eV (0.05 eV fwhm)
and low resolution dipvole (e,e) spectroscopy from 5 to 200 eV (1 eV fwhm). The long
range data spanning the valence-shell region (5-200 eV) up to the Cl 2p ionization
edge (~200 eV) have been remeasufed for the four Freon molecules at 1 eV fwhm
resolution using the improved differential pumping in the dipole (e,e) spectrometer
[44]. The absolute differential oscillator strength scales have been determined for
the long range low resolution spectra using the valence-shell Thomas-Reiche-Kuhn
(VTRK) sum-rule. The accuracy of the absolute differential oscillator strength scales
has been investigated by comparing fhe results of the S(-2) sum rule analysis of the
differential oscillator strength spectra _With accurate literature values of the

respective dipole polarizabilities.

8.2 Results and Discussions

8.2.1 Electronic structures

The photoabsorption spectra of CFClg (Cgy), CF9Cls (Coy), CF3C1 (Cgy), and

CF,4 (Ty are conveniently discussed with reference to the electronic ground state -
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(1A1), valence-shell molecular orbital configurations in the independent particle '

- model as given in refs. [220-223]:

CFClg: (1ap%(2a)%(1e)*  (3a;)%(4a1)2(2e)*(3e)* (5a;)%(4e)* (5e)* (1ay)?

Inner valence Outer valence

CFoCly:  (1a)?(1by)*(2a)*(1by)>

Inner valence

(Ea1)2(2b2)2(4a1)2(2b1>2(551)2(1a2>2(3b1)2(3b2)2(6a1)2(2a2)2(4b1)2(4b2)2

Outer valence

CF3CL  (lap®(le)*(2ay)® (sal)z(2e)4(4a1)2(3e)4(4e)4(1a2)2(5a1)2(5e)4

Inner valence Outer valence
CF: (3a1%(2t5)°  (4a)?(3ty)%(1e)*(4t,)%(1t)®
Inner valence o Outer valence

The outer and inner valence vertical ioﬁization pdtentials (VIP’S) have been
determined for the above molecules by He (I) and He (II) photoelectron spectroscopy
[227,228], synchrotfon radiation [229,230], and X-ray photoelectron spectroscopy
[231]. Note that each of the inner-valence ionization processes are expected to be

. split into a range of many-body photoelectron states [232).

8.2.2 Long range photoabsorption spectra

The long range absolute photoabsorption spectra obtained in the present
wofk for CFClg, CF3Cly, CF3Cl, and CFy4 from the first excitation threshold up to
200 eV at 1 eV fwhm resolution are shown in figure 8.1 and given numerically in
tables A.18-A.21 in 'phe appendix. These values can be converted to absolute photo-

absorption cross sections using the relation, c (Mb) = 109.75 x (df/dE) (eV-1).
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Figure 8.1: Absolute differential oscillator strengths (5-200 eV) for the valence-
shell photoabsorption of (a) CFClg, (b) CFaCly, (c) CF3Cl, and (d) CF4 obtained at
1 eV fwhm resolution. _
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The 8000 eV inipact energy, low resolution dipole (e,e) spectrometer [15,16,
39,45] with the additional differential pumping [44] between the electron gun
chamber and the collisiqn chafnber was used to obtain background-subtracted, zero
degree, E‘EL spectra (1 eV fwhm) in overlapping regions and normalized to one
another to form long range spectfa. spanning the entire valence-shell region from 5
to 200 eV for each of CFCls, CF9Cly, CF3Cl, an.cAl CF4. The EEL spectra Were Bethe-
Born convertéd to relative photoabsorption differential oscillator strength spectra
and were then put onto an absolute scale using the VTRK sum-rule (see sections
2.1.2 and‘3.1.1 for details). In the latter procedure, the extrapolated portion of the
oscillator strengths from 198 eV to infinite energy for CFClg, CF5Cly, CF3Cl, and
CF4 make up 12.2, 9.9, 6.6, and 11.4 % of the total area, respectively. .The goodness
of the least square polynomial fits to the data used in the determination of the
absolute voscil_lator strength scales can be seen in figure 8.1 where the data at high
energy have been shown on expanded scales. In contrast to the present work where
7-12 % of the oscillator strengths are found to be in the spectral regions above 198
eV, the curve-fitting and valence-shell extrapolation procedures used for the data in
refs. [220—223] set 17-24 % of the oscillator strengths to these regions. Since the
total oscillator strengths from the first excitation threshold to infinite energy must
equal ~33.2 according to the VIRK sum rule (see table 3.1) for each of the
isoelectronic Freon molecules, this results in the earlier measurements [220-223]
being lower by up to 20% at low photon energies.

The most noticeable difference in the spectra in going from CFClj to CFy4 -

(panels (a) to (d) in figure 8.1) is the decrease in the absolute differential oscillator

strength at the spectral maximum from 1.21 eV~ in CFCl3 to 0.62 eV~1 in CFy.
Given that the valence-shell electron configurations of these molecules are
’ o isoelectronic, the distribution of increasing oscillator strengths to low photon energy

: with increase in the number of chlorine atoms in the molecule is attributed to the

o
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. presence of a radial node in the atomic chlorine 3p wavefunction which results in a
local (or Cooper) minimum around 40 €V. This effect causes the overall shépe of the
differential oscillator strengths for the 3p subshell of chlorine to differ significantly
from that for the 2p subshell of fluorine [233]. |

The previously reported absolute photoabsorption cross sections of Cole and
Dexter [234] in the valence-shell continuum (124-171 eV) are also shown in figure
8.1. Excellent agreement is observed between these data [234] and those of the
present work in the case of CFCI3 (ﬁgure 8.1(a)). Good agreement in shape is also
~ observed for each of the other Freon molecules (ﬁgures 8.1(b), (c), and (d)), w1th the
magnitude of the differential oscillator strengths differing by only ~5 % from the
present work. |

Figure 8.1 also shows a comparison of the presently measured data with
ex‘perimental [84] and theoretical [86] atomic differential oscillator strength sums
(or atomic mixture rules (AMR’S)) for the constituent atoms (e.g., C+F+3Cl in the
case of CFClg). It can be seen that the atomic mixtﬁ_re rules generally provide good
estimates at high energy (i.e., above 100 eV). However, at lower photon energy the

agreement is not as good, especially in the cases of CFClg and CF,Cls.

The accuracy of the absolute photoabsorption differential oscillator strengths
presently determined for the Freons have been critically evaluated by comparlson of
the experimental and theoretical static electrlc-dlpole polarizabilities (o) for the
molecule of interest [71,72,235,236] with that derived from the differential oscillator
strength data via the S(-2) sum rule. Using the absolute data presently obtained
- for the Freons and equation ‘(2.29), electric-dipole polarizabilities of 81.96 x 10725,
63.94 x 10_25, 48.20 x 10‘25,: and 28.42 x 10725 ¢m3 have been derived.for CFC13,
CF9Cly, CF3Cl, and CFy, respectively. From table 8.1 it can be seen that these
values for CFCl3, CFCly, CF3Cl, and CFy are in excellent agreement (within 1-2 %)

with experimental dipole polarizabilities directly obtained from dielectric constant |




Table 8.1

Static electric-dipole polarizability values of CFClg, CFoCly, CF3Cl, and CFy

Static electric-dipole polarizability (1072° ¢cm3)
Freon Experiment ‘ Calculation
From df/dE 1 From dielectric constants | From refractivity From additivity
This work  Refs. [220-223] 2 | Ref. [71] Ref. [72] Ref. [235] Ref. [72] 3 Ref. [236] 4
CFClg 81.96 63.27 [222] 82.39 84.44 83.03
' 87.12
CFyCly 63.94 49.46 [221] 63.42 65.01 62.83
68.82
CF3C1 48.20. 36.44 [220] 45.20 42.71
' 50.55
CFy 28.42 24.07 [223] 28.90 28.23 29.19 23.41
30.44

1 Using the S(—2) sum rule (see equation (2.29)).

2 These earlier df/dE measurements are clearly in error. See discussion in section 8.1 of the present work and also ref. [28].

3 Atomic additivity of data tabulated in Landolt-Bornstein (5th ed.), as given in the compilation of Maryott and Buckley [72].

4 Atomic hybridization: The first value is obtained using the ahp (atomic hybrid polarizability) method, while the second value is
determined from the ahc (atomic hybrid component) method.
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[71,72] and refraetivity [235] meaéuremerrfs. Moreover, 'there is also qﬁite'good
agreement for all four molecules with the molecular dipole polarizability values
calculated using atomic additivity [72] and atomic hybridization additivity [236].
Two methodé were used in fhe calculation of molecular polarizabilities in the latter
procedure: atomic hybrid polarizability (ahp) and atomic hybrid cemponent (ahc).
The ahp method generally predicts a lower value than the ahc method, and the
dipole peleriZabilities deriyed from the absolute photeabsorption differentiel
oscillator strength data measured in the' present work are found to fall between
these values. Consequently, the result of this comparison of dipoie pelarizability
values lends further support to the accuracy of the presently determined photoab-
sorption daté. In contrast, the static electric-dipole polarizabilities derived using
the earlier dipole (e,e) photoabso}rpti(’)n differential oscillator strength data of Zhang
et al. [220-223] differ from the polarizability values reported in the literature
[71,72,235] by ~15 % in the case of CF4 and by ~23 % in the cases of CFClg, CFoCl,
and CF3C‘1‘. This further confirms that the original measurements reported by
Zhang et al. [220-223] are in error. These errors are most significant in CFClg,
CF9Cly, and CFgCl, where one or more chlorine atoms are present in the molecule,
. indicating that the chlorin(e‘ atorrls in the Freon molecules react more readily with

the oxide cathode of the electron gun than the fluorine atoms.

8.2.3 Discrete photoabsorption spectra

8.2.3.1 CFClg

The absolute photoabsorption speetrum of CFClg (Freon 11) obtained in the
present work at a resolution of 0.05 eV fwhm is shown in ﬁgure 8.2. Figure 8.2(a)

shows an overview of the spectrum from 5 to 60 eV, while figure 8.2(b) presents the
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Figure 8.2: Absolute differential oscillator strengths (df/dE) for the valence-shell
photoabsorption of CFClj : (a) 5-60 eV, (b) 6-14 eV. The high resolution dipole (e,e)
measurements (0.05 eV fwhm) obtained in the present work are compared with data
determined from both photon [30,237,238,240,241] and electron scattering [242]

methods.
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discrete region (6-14 eV) in greater detail. The energy positions of the observed
structures are consistent with those obtained earlier using synchrotron radiation
[237,238] and high resolution electron energy-loss spectroscopy [239]. The first two
broad bands (6.70 and 7.62 eV) situated in the vicinity of the “ozone window” (~ 5-7
eV) [30] have been attributed to virtual valence transitions associated with electrons
originating from the chlorine lone pair orbitals [240]. Ibuki et al. [237] assigned the
7.62 eV feature to o* < lag, but no reference was made to the lower energy
transition, which was also observed in the high resolution data [237]. Figure 8.2(b)
shows a comparison of the present measurements with data obtained by optical
techniques [30,237,240]. There is excellent agreement between the present results
ahd those reported in the limited energy region 5.5-6.7 eV by Rowland and Molina
[30]. However, there are large disagreements with the measurements of Ibuki et al.
[237] and Doucet et al. [240] in the 5.5-8.5 eV region.

The spectrum above 8 eV is dominated by Rydberg transitions originating
from the chlorine loqe pair molecular orbitals [237,239-241]. The assignments of
these discrete features have been re-examined by Ibuki et al. [237] in 1989. Prior to
that several authors [239-241] had proposed similar assessments of the Rydberg
transitions up to 17 eV with quantum defects of 1.95, 1.75, and 0.14 for the ns, np,
and nd Rydberg series, respectively [239]. The major difference between the two
sets of assignments [237,239] is in the originating molecular orbital from which the
electron is being excited. For example, King and McConkey attributed the band at
8.69 eV (figure 8.2(b)) to 4s « lag [239], while Ibuki et al. proposed 4s < 4e [237].
The three sharp peaks at 9.83, 10.16, and 10.53 eV were also assigned very
differently by the two authors. King and McConkey [239] interpreted these as
arising from 4s < 4e, 4s « 5aj, and 4p « 4e, respectively, while the more recent
work [237] attributed them to 4p < 5e, 3d < 5e, and 4p « 4e. Unfortunately, since
the VIP’s for the four lowest inolecular orbitals, lag (11.73 eV), 5e (12.13 éV), 4e
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(12.93 eV), and 5a; (13,45 eV), [227] are situated so closely to one another, the

‘ quaintum defects determined by Tbuki et al. [237] for the ns (2.09), np (1.67), and nd

(0.32) Rydberg series are found to be quite similar to those determined earlier [239],

. and therefore cannot be used to justify the validity of either set of assignments.

Figlire 8.2(b) compares the differential photoabsorption oscillator strengths
(cross sections) reported for CFCl3 in the literature [30,237,238;240,241,242] with |
the present measurements, while table 8.2 lists the absolute oscillator strengths for
energy regions up to 60 eV. It can be seen from figure 8.2 that the previously
published works cover only limited energy ranges. Between 9-11 eV where sharp
peaks are observed, bnly the data of Ibuki et dl. [237] are in good agreement vﬁth
the present resulté. Most of the other measurements [238,239,241,242] are 12-25 %

higher than the dipole (e,e) data. In contrast, the oscillator strengths reported by

Doucet et al. [240] are typically 60% lower than the present data, and this difference

likely arises from target density errors and/or line saturation effects (i.e., bandwidth ‘

Nlinewidth interactions) occurring in the optical work [240]. Such line saturation

effects can occur for narrow, discrete peaks due to the logarithmic transform
involved in the Beer-Lambert law used tovobtain‘absolute photoabsorption Cross
sections [5]. Above 11 eV, the shape of the synchrotron radiation data [238] matches
well with the present data, but the absolute values are systematically 35 % higher.
In other work, the absolute oscillator strengths for CFClg reported by King énd
McConkey [239] in this region using lower impact energy (500 eV) EELS methods '
are higher but generally Within 15% of the i)resent values (see table 8.2), and this
difference may be attributed to the féct that the relative spectra obtained by King
and McConkey [239] were normalized onto an absolute scale ‘using previously
published absolute data {238,241]. Similarly, the EEL based data of Huebner et al.
[242] .also differ from the present measurements by 30-50 %. It should be noted

that the variations in the oscillator strengths between the different data sets can be
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Table 8.2

Absolute photoabsorption oscillator strengths for regions of the high resolution
valence-shell spectrum of CFClg

Energy Oscillator strength (x 1072)
range (V) | qyiq work ref. [239] ref. [237] ref. (240]
558708 | 184 | 25 2.79 195
708811 | 371 | 48 | 649 2.22
8.11-8.85 4.66 5.2 . 683 1.31
8.85-9.43 13.44 152 1429 5.54
9.43-10.32 | 7117 - 870 68.09 29.51
10.32-11.05 47.77 593 46,57
11.05-11.93 |  57.84 » ‘._69.8
11.93-12.23 |~ 21.37 24.3
12.23-12.82 371 52.5
12.82-16.20 378.54 | 512
16.20-19.96 433.76 486
19.96-36.51 | 956.24 | 1045
36.51-47.00 153.39
47.00-59.89 148.60

! See figure 8.2.
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caused by errors arising from sample pressure and path length measurements [5]
and problems with reflection optics and higher order radiation in the optical studies.
In electron impact based EELS measurements, non-dipole effects can become
significant at higher momentum transfers. In particular, earlier EELS measure-
ments [239,242] utilized relatively low incident electron impact energies (500 eV
[239] and 100 eV [242]) and may therefore be complicated by significant contribu-
tions from dipole forbidden transitions. The high impact energy and zero degree
scattering angle conditions used in the presently employed dipole (e,e) spectrometers
result in extremely small momentum transfers, and as such, contributions from non-
dipole transitions have been found to be either negligible in the case of helium [133]

or very small in the case of PClj3 (section 5.2.3.3).

8.2.3.2 CF3Cly

The presently obtained absolute photoabsorption spectrum of CF9Cly (Freon
12) at 0.05 eV resolution is shown in figure 8.3. Figure 8.3(a) shows an overview of
the entire energy range measured from 6 to 60 eV, while figure 8.3(b) presents an
expanded view of the discrete region (6-20 e€V). The energy positions of the observed
structures are consistent with those reported earlier by direct optical [237,238] and
electron scattering [239] techniques.

The first two absorption bands (6.98 and 8.17 eV in figure 8.3(b)) observed in
the CFoClg spectrum are very broad and weak. Similar to the case of CFClg A(see
section 8.2.3.1), these bands have been attributed to virtual valence transitions
- associated with electrons originating from the chlorine lone pair orbitals [240], while
a more recent study assigned these to the 4p < 4bg transitions [237]. It can been
seen in figure 8.3(b) and table 8.3 that the present measurements of these bands (6-

8.5 eV) are in excellent agreement with the data of Rowland and Molina [30].
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Figure 8.3: Absolute differential oscillator strengths (df/dE) for the valence-shell
photoabsorption of CFoCls : (a) 6-60 eV, (b) 6-20 eV. The high resolution dipole (e,e)
measurements (0.05 eV fwhm) obtained in the present work are compared with data
determined from both photon [30,237,238,240,241,243-245] and electron scattering
[242] methods. The data of Person et al. {244] were taken from ref. [239].
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Table 8.3

Absolute photoabsorption oscillator strengths for regions of the high resolutlon
valence-shell spectrum of CF5Cl, :

Energy - Oscillator strength (x 1072)
range (V) ' | mpis work | ref. [239] | ref [237] | ref [240] | ref. [243]
5.77-7.59 1.32 1.5 148 . 1.86 1.17
7.59-8.53 0.66 0.81 2.72 083 |  0.79
5.85-9.06 2.96 3.6 5.40 1.84 444
9.06-9.47 8.38 10.3 10.07 5.12 - 9.23
9.47-10.18 32.49 35.6 32.91 18.05
10.18-10.59 | 14.39 16.5 15.50 |
10.59-11.06 | 25.93 28.8 25.48
11.06-11.38 | 17.89 16.5 18.02
11.38-11.64 | 15.61 17.4 15.34
11.64-11.85 | 12.73 11.6
11.85-12.38 | 34.55 37.5
12.38-13.87 | 104.26 113.4
13.87-15.46 | 130.86 | 137.8
15.46-17.13 | 150.15 | 157.8
17.13-20.39 | 319.48 320.8
20.39-23.09 | 237.63 234.7
23.09-25.67 | 196.11 188.7
25.67-28.25 | 154.39 151.3
28.25-36.00 | 291.81 246.6
36.00-46.04 | 234.15
46.04-59.94 | 223.27

1 See figure 8.3.
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Reasonably good agreement is also observed with the results in refs. [240,243]. The
most notable difference between the various data sets is at the 8.17. eV band
reported by Ibuki ef al. (237] which is more intense than the band at lower energy.
In particular, the oscillator strength for the 8.17 eV band reported in ref. [237]
(0.0272) is over four times the value (0.0066) obtained in the present work (éee table
8.3). | - |
The structures situated in the discrete part of the CF2C12 photoabsorption
spectrum above 8.5 eV (figure 8.3(b)) largely arise from transitions to Rydberg '
orbitals [237,239-241]. Detailed assignments of the profiles up to 19 eV [239,241]

‘have more recently been re-examined by Ibuki et al. based on a more highly reéolved’

photoabsorption spectrum [237] together with newer and more accurate PES data

[227]. In general, the new assignments [237] are fairly consistent with those of King

and McConkey [239] and Gilbert et al. [241]. The_most‘ notable exception is that for

the sharp, high intensity peak at 9.78 eV. Ibuki et al. interpreted this feature as 4p
« 4bg [237], while King and McConkey proposed 4s « 4ag [239]. An oscillatof

strength of 0.3249 has presently been determined for this transition, and from table -

8.3 it can be seen that it is in very good agreement with those determined by

synchrotron radiation (0.3291) [237] and by EELS (0.356) [239]. _Similar to the
previous case of CFClg, the mﬁch lowér oscillator strength reported in ref. [240]
(0.1805) must arise from target density errors and/or line saturation effécts in the
optical work (see section 8.2.3.1). The next three sharp bands at 10.48, 10.84, and
11.31 eV have been attributed to 4p - 4aq, 4p « 4ay, anci 4s < 3bg, respectively
[237,239,241]. More detailed assignments of the CFoCly spectrum up to 19 eV can
be found in refs. [237,239]. The absolute oscillator stfengths for enérgy regions up

to 60 eV obtained from the present work are given in table 8.3, and these values are

 generally consistent with those reporfed by King and McConkey [239] t_o' within 5— -

10 %. It should be noted that the relative spectra obtained by King and McConkey
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[239] were normalized using the previously published absolute data [244]. Between
9-11.5 eV, the present results agree well with those of refs. [237,241], bu_t the data
of Gilbert et al. [241] becomes 25% lowér beyond 11.5 eV. From 11.5 to 20 eV, thé '
shape and magnitude of the presently obtained spectrum match up fairly well with
those of refs. [242,244]. Similar to the case of CFClg (see section 8.2.3.1), the data of
Jochims et al. [238] are systematically higher than the present work, although the
shape is similar. In the valence-shell continuum (figure 8.3(a)), the cross sections
recorded using synchrotron radiation [245] are ~10% lower than the dipole (e,e) data
from 16 to 30 eV, but the agreement between the two data sets becomes

progressively better above 30 eV.

8.2.3.3 CF3Cl

The absolute photoabsorption spectrum of CF3Cl (Freon 13) obﬁained in the
present work at a resolution of 0.05 eV fwhm is shown in figure 8.4. Figure 8.4(a)
presents an overview of the spectrum from 8 to 60 eV, while the discrete transitions
(8-23 eV) are.illust‘rated in greater detail in figure 8.4(b). The energy positions of
' the observed structures are ivn gqod agreement with those reported earlier
[238,239,246]. |

In contrast to the previbus cases of CFCl3 and CFyCly, the discrete bands
observed between 9-18 eV are generally broad. Moreover, earlier stﬁdies indicated
- that Rydberg transitions comprise the entire spectrum of CF3Cl [239,241]. The first
two peaks at 9.69 and 10.64 eV have been determined to be the 4s and 4p respective
Rydbérgs of the HOMO (5e) [239,241], which essentially contains the lone pair
electrons from the chlorine atom [227]. These assignments give quantum defects of
2.00 (8s) and 1.64 (3p) thaf are consistent with values generally expected from ns

and np Rydberg series of third row atoms. The next intense peak at 11.60 eV also
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Figure 8.4: Absolute differential oscillator strengths (df/dE) for the valence-shell
photoabsorption of CF3Cl : (a) 8-60 eV, (b) 8-18 eV. The high resolution dipole (e,e)

. measurements (0.05 eV fwhm) obtained in the present work are compared with data
determined using photon sources [10,238,240,241,246].
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Table 8.4

Absolute photoabsorptlon oscillator strengths for regions of the high resolutlon
valence-shell spectrum of CF3Cl

E nergy Oscillator strength (x 1072)

range (V) 1 | ppic work ref. [239] ref. [240] ref, [246]
9.04-10.18 16.25 22.0 15.16 15.03.
110.18-10.95 8.65 11.9 8.0
10.95-12.23 51.10 67.6.

12.23-12.58 14.67 19.4

12.58-13.07 25.68 34.2

13.07-13.92 | = 55.56 70.7

13.92-14.70 38.88 49.9

14.70-15.41 | 3266 41.0

15.41-16.68 |  77.27 95.8

16.68-17.74 76.72 92.3

17.74-19.16 107.96 124,55

19.16-20.08 68.37 774

20.08-20.57 |  36.74 40.6

20.57-24.95 | 31785 | 3495

24.95-29.99 278.53 ©302.1

29.99-36.38 25845 . | 2525

36.38—46.00 316.28

46.00-59.86 298.27

1 See figure 8.4.
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arises from photoexcitation of electrons associated with the chlorine atom: 53,3d <—A
5e and 4s < 5a; [239]. In contrast, the broader band situated at 13.38 eV is
predominantly 3s < 4e (F-CFy) [227]. More detailed discussions 'of the assignments
of the transitions observed in the CF3Cl spectrum up to 18 eV can Be found in ref.
[239]. |

The differential photoabsorption 6scillator strengths measured in the present
work are compared with those reported earlier [10,238,240,241,246] in figure 8.4;
more direct co‘mparisons of oscillator strengths for regions of the spectrum
[239,240,246] are given in table 8.4. From 9 to 11 €V, the present measurements
are in fair agreement with the data of Suto and Lee [246] and Doucet et al. [240]
within 7%, but thé agreement is not so good with refs. [238,239,241], which are 20-
30 % higher. However, it should be noted that the higher oscillator sfrengths
reported by King and McConkey [239] may in part be attributed to the 'fact; that
their measurements were normalized to refs. [238,247] at 10.60 eV, and the data of
Jochims et al. [238] are systematically higher than all studies to date (as with the
previous cases of CFCl3 and CFyCly). Between 11-17 eV there is a close correspon-
dence between the relative intensities of the peaks dppearing in fhe spectra of refs.
[238,239,246] with those in the present work, but the relative intensities of the
peaks in ref. [241] shows large deviations from other réported data. At the spectral
maximum (~20 eV) and in the valence shell continuum é}t higher energies (figure
8.4(a)), the data of Lee et al. [10]> fall below the present résults, and this difference
may be due to the cbntribution of higher-ordér radiation abéorptionlor stray light i1f1‘

the synchrotron radiation measurements [10].
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8.2.34 CF4

The absolufe differential photoabsorption oscillator strengths of CF4 (Freon
14) measured in the present work at high resolution (0.05 eV fwhm) is shown from
10 to 60 eV in figure 8.5(a). Figure 8.5(b) presents an expanded view of the discrete
excitétion region (12-24 eV) in greater detail.

The photoabsorption spectrum of CF4 consists of fairly broad features (figure
8.5(b)5, which have been attributéd to dvérlapping transitions to' Rydberg orbitals
[10,239,248,249]. The first absorption band at 12.56 eV has been identified as the
3s Rydberg of the HOMO (1t1) [239,248,249], and its low intensity is the result of
the 3s(ap) « 1t fransition being symmetry forbidden. In é'ontrdst, ther very strong
and intense band at higher energy is éomposed of two dipole-allowed excitations, 3p

< 1t7 (13.65 eV) and 3s(ay) « 4ty (13.95 eV). An oscillator strength of 0.4781 has
presently been determined o_vver the 13.01-14.95 eV energy fange, and it can be seen
| from table 8.5 that this value is in excellent agreement with those obtained by
conventional photon methods [250,251]. Similarly good agreement is also observed
for thé next absorption band (14.95—16.27 eV), corresponding to the 3d « 4t9 and 3p
< le Rydberg transitiohs. However, although the data reported in both refs.
[250,252] were obtained using a McPherson UV monochromator with the Hopfield
He continuum photon source, it is unclear why the oscillator strengths between
these data sets vary by 40% above 13 eV. The two earliei' electron scattering studies
[239,248] also reported oscillator strengths that are 25% lower, which can in part be
‘attributed to the relatively low incident electron excitation energy used (500 eV) in
refs. [239,248] as compared to the 3000 eV utilized in the present measurements.
Such a low electron excitation energy can cause non-dipole transitions to appear in
the spectrum while simultaneously lowefing the intensities of dipole transitions. It

should also be noted that King and McConkey [239] used the data from ref. [248] to
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Figure 8.5: Absolute differential oscillator strengths (df/dE) for the valence-shell
photoabsorption of CFy : (a) 10-60 eV, (b) 10-24 eV. The high resolution dipole (e,e)
measurements (0.05 eV fwhm) obtained in the present work are compared with data
determined using photon sources [10,250-252].
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Table 8.5

Absolute photoabsorption oscillator strengths for regions of the high resolution
' valence-shell spectrum of CFy4

Oscillator strength (x 1072)

Energy

range €V) | mpic | ref (239] | ref. (248] | ref. [250] | ref. [252] | ref. [251)
work :

11.86-13.01 2.80 2.0 2.4 2.03 2.67 2.3
13.01-14.95 | 4781 36.1 36.2 46.47 28.99 48.4
14.95-16.27 | 36.70 28.7 36.88 23.15 38.1
1627-1663 | 1140 | 81 11.93 7.39 115
16631716 | 2035 | 153 18.84 12.46 21.0
17.16-19.01 | 82.00 62.2 i 78.86 52.10 81.3
19.01-19.98 |- 4912 | 363 , 43.70 49.1.
19.98-2099 | 56.38 41.9 | | 56.3
20.99-22.74 | 109.66 80.5 1085
2274-27.39 | 24758 | 189.6
27.39-31.85 | 197.85 | 156.9
31.85-36.70 | 21354 | 1565
36.70-46.03 | 370.17
46.03-60.00 | 349.95

1 See figure 8.5.
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set their absolute oscillator strength scale.

At higher energies above 17 eV in the valence-shell continuuin, some very
interesting features are observed in the CF, photoabsorption spectrum. While
many overlapping Rydberg transitions' are expected to occur in .this ‘region, the
broad, distinct peaks at 18.46, 19.49, and 20.70 eV (figure 8.5(b)) have been
identified to arise predominantly from 3s « 3tq, 3p « 3tg, and 3d « 3t2,respe¢tively
[239,248,249].‘ The present work also confirms the pfesence of several vibronic .
progressions‘betwee‘n 20.4-22.5 eV (see figure 8.6) observed earlier in a synchrotron
radiation study [10]. These have been assigned to Rydberg transitions associated
with the (31;2)_1 and (4a;) ! ion states [10], which also exhibit vibrational structures
with spacings of 645 cm™! (0.077 €V) and 730 em™1 (0.091 eV),. respectively [228].
The vibronic bands in the CF4 excitation spectrum converge in the vicinity of the

absorption minimum at 22.78 eV. This autoionization effect or window resonance

results from the interaction of the (3tg)™! continuum ion state with the 3d « 4a,

bound state [239]. At high energies, the broad hump situated between ~ 30—40 eV
in figure 8.5(a) likely arises from ionization of the two inner valence orbitals (2ty
and 3aq). This is suppbrted by the shape and onset (35 eV) of the electronic state

partial phbtoionization oscillator strengths for the summed ((2t2)_1 + (3a1)‘1) ion

states [223].

Comparison of the differential oscillator strengfhs (figure 8.5) and the |
oscillator streﬁgths (table 8.5) of CFy4 obtained in the present work with those
reported earlier shows excellent agreement between the dipole (e,e) data and the
more recent synchrotr(;h radiation data of Lee et al. [251] up to 22 eV. The earlier
synéhrotron radiation méasurements [10] are also in reasonable. agreement with the
present work, but between 22-40 eV the. former shows drasfic differences ‘.in both
shape and magnitude. This discrepanéy is likely due to the contribﬁtion of second

order radiation and/or stray light in the data of ref. [10], which the authors had
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estimated to have an experimental error of £20% in this region. Above 19 eV the
downward deviation in the cross sections reported in ref. [250] can be attributed to
uncertainties associated with the v‘veakness‘ of 'fhe Hopfield helium Acontinuum
photon source at high energies. It should be noted that the EELS data of King and
McConkey [239] are systematically 25% lqwer than those of this work (see tébie 8.5),
and this can be accounted for by the fact that King and McConkey normalized their
data to those of ref. [248] between 13-15 eV. o
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Chapter 9
Conclusions

The present work has provided long range, absolute differentiél oscillator

strengths (cross sections) for large normal alkanes (C,Hy, 9, n = 5-8), phosphorus

halides (PF3, PCl3, PF5), single-carbon Freons (CFClsg, "CFQCIZ, CF3Cl, CFy), and

nitrogen dioxide (NOy) from the first excitation threshold up to 200-350 eV (1 eV
fwhm), encompassing the valence-shell regions of all twelve molecules as well as the
P 2p,2s and Cl 2p,2s inner shells of the phosphorus halides. These measuréménts '
have greatly extended the range of absolute oscillator strength data for these
rﬁolecules currently available in the literature. Moreover, the valencé-shell
continuum photoabsorption spectrum of PF3 has also provided the first
experimental test-bed for the theoretical MS-Xa calculations. reported earlier by
Powis. The present measurements and the S(-2) sum rule have been used together
to evaluate the accuracy of the absolute differential oscillator strength scales via
comparisbn of the resulting static electric-dipole polarizability values with those
réported in the liteliﬁature.' The bgood agreement lends further support to the
reliability of the VTRK sum rule normalization procedure and the ass‘ociated curve-
fitting and extrapolation techniques.

The feasibility of using atomic and molecular mixture rules as well as group
additivity concepts for predicﬁng valence-shell photoabsorption differential
oscillator strengths for normal aﬂkane molecules ha{svbeen investigated over a wide
energy range (18-220 eV) using the experimental measurements presently reported
for the large alkanes (C,Hg,, 9, n = 5-8) together with thoée obtained earlier in this

laboratory for the smaller alkanes (n = 1-4). Atomic mixture rules (AMR’s) based on
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Veither theoretical or experimental atomic oscillator strength sums are found to be
unsatisfactory, giving very large érrors at most photon eﬁergies. n(Application of
AMR’s to other molecules reported in this thesis have also indicated that the
accuracy of using AMR’s to estimate molecular differential oscillator strengths is
rather unpredictable, as they sometimes generate fairly good estimates (e.g., PFs,
PF3, NOg) and sometimes they do not (e.g., PCl3, CFCl3, CFCly)). A wide range of
molecular mixture rules (MMR’s) based on linear combinations of measured
differential oscillator strength values for small “component” alkane molecules and
molecular hydrogen have also been evaluated, and the resuits showbthat.alt‘hough
- good agreement with experiment is obfained with some linear combinations, many
others result in substantial .errors. MMR’s constructed using differential oscillator
strengths for larger component alkanes generally give ‘bet_ter estimates of the
experimentélly measured data; however, since no other a priori physical or chemical
reasons can be advanced for any particular choice of molecular mixture fu_le, this
procedure is unsatisfactory for géneral application. In conti‘ést, a gréup additivity
procedure based on differential oscillator strength estimates for the methylene
- (CHp) and methyl (CHg) alkane fragments, derived entirely from the photéabsorp-
tion measurements for the smaller alkanes has been found to provide excellent
agreement with the experimental daté for CgHqg over the entire energy range
studied (18-220 eV). The absolute photoabsorption group oscillator strengths
derived for the CHy and CHg fragments should be applicable to assessing the
contributions from saturated hydrocar_bon groupings to VUV and soft X-ray
absorption .in larger chemical and biochemical systerﬁs. Future Studies could
include group additivity assessments involving other functional groups such as
amino and carboxyl groups.

Absolute photoabsorption spectra obtained at higher resolution (0.05-0.1 eV

fwhm) have contributed additional oscillator strength information for discrete
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profiles observed in the valence-shell and inner-shell regions. Comparisons have
been made to previously reported optical measurements and theoretical calculations
in those limited energy regions where such data exist. In the case of PClg, the high
resolution spectrum obtained in the vicinity of the P 2p inner-shell region has
provided further insights on the dipole-forbidden transition situated at 134.15 eV.
Finally, absolute partial photoionization differential oscillator strengths
(PPOS) for the valence-shell molecular and diséociative photoionization of propane,
n-butane, nitrogen dioxide, and the phosphorus halides (PF3, PCls, PF5) have been |
obtained from the first ionization threshold up to 50-270 eV. Together with
photoelectron spectra and othér data from the literature, these measurements have
been used to gain a better qualitative and quantitative (PF3). understanding of the
dipole-induced breakdown pathways of these molecules under VUV and soft X-ray
radiation. Additional photoion PPOS data determined for the P 2p,23 and Cl 2p,2s
inner-shells of the phosphorus halides have led to greater insights as to how the
partial oscillator strengths for each of the fragment ions change in moving from
valence-shell to inner-shell ‘photoionizat‘,ion, with particular emphasis on the .
changes occurring in the vicinity of the different photoexcitation and photoionization
processes observed in these spectra. A more detailed analysis of the breakdown
pathways must await electronic ion state PPOS measurements using variable

energy PES, photoelectron studies of the inner-valence orbitals, and PEPICO and

PIPICO measurements in both the valence and inner shell regions.
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Appendix

The numerical values of the absolute photoabsorption differential oscillator .

strengths, partial photoionization differential oscillator strengths (PPOS), and

ph.otoionization efficiencies (m;) -obtained in the present work at 1 eV fwhm
resolution are given in the folldwing tables A.1 to A.21. The photoabsorption daté
were obtained by Bethe-Born conversion of background subtracted EEL
‘ measﬁrements collected at a mean scattering angle of zero degrees and using high
electron impact energy (8 keV). The absolute scales in all cases were established by
valénce-shell TRK sum-rule nofmalization (see section 3.1.‘1 for details). The PPOS
for the molecular and dissociative .ions‘ were determined from the triple product of
the photoabsorption differential oscillatér strength, photoionization efficiency, and
photoion branching ratio for the corresponding ions, as a function of photon energy.
Therefore, these data can be used to regenerate the numerical values of the photoion
branching ratios by taking the ratio of the PPOS for the ion of interest énd the
product of the photoabsorptiqn differéﬁtial oscillator strength and photoioﬁization
efficiency at each energy. Note that the differential oscillator strengths (df/dE)
given in these tables may be converted to absolute photoabsorptfon cross sections

(6p) in units of megabarns using equation (2.8).



Absolute partial differential oscillator strengths for the molecular and dissociative photoionization of propane

Table A.1

Photon Differential oscillator strength (10-2 eV-1) n;
Energy ) t
(V) |C,H CiHY CH; C,HE CHY C;H; C.Hy C,H' C.HP C,H; C,H: C,Hy C,H* CH, CH; CH* H) H'

105 | 1.13 0.06 0.01 0.03
11.0 | 434 o061 0.09 0.38 0.11
115 | 900 247 0.10 0.87 2.68 0.29
12.0 | 1148 4.79 0.28 3.74 1720 0.47
125 [12.52 6.96° 0.70 11.39 1257 0.67
13.0 1296 8.15 1.04 17.17 14.83 0.72
135 [13.28 9.38 147 0.17 2450 17.10 0.80
14.0 |13.73 10.34 2.02 0.76 32.87 19.31 0.30 0.88
145 [13.81 10.73 246 1.77 0.12 3821 2052 1.19 0.13 0.93
15.0 |13.88 10.88 2.50 2.58 0.25 4046 2122 270 024 0.95
155 | 13.48 1068 259 366 0.35 . 42.08 2163 5.74 045 0.98
16.0 | 13.40 10.68 2.53 4.33 0.42 42.68 22.07 7.23 0.50 1.00 @
165 [12.79 10.19 249 4.85 048 0.12 41.72 2147 9.15 0.67

17.0 |12.30 9.79 240 5.01 0.51 0.19 39.36 2052 9.33 0.70.

175 {1222 9.38 238 4.76 052 0.17 38.27 20.03 9.30 0.70

18.0 |11.97 928 235 499 056 0.25 38.13 1970 9.46 0.70

185 |11.27 868 228 464 054 0.26 35.35 1850 893 0.64

19.0 |11.18 844 224 465 053 051 3442 1795 898 0.66

195 | 1124 826 224 442 053 0.85 33.59 17.90 9.13. 0.61

200 |10.20 7.62 202 425 055 1.04 30.96 16.36 861 -0.65

205 [10.07 7.28 194 410 056 1.24 29.16 1562 8.39 0.66 0.16°

21.0 | 973 699 194 396 057 135 2777 1530 827 0.65 0.20

215 | 924 665 175 371 054 1.39 26.32 1452 1795 0.55 0.16

22.0 8.88 . 642 167 366 056 150 24.83 1364 7.75 0.59 0.23 0.15

22.5 834 596 152 326 053 155 "22.96 13.05 7.43 0.57 0.22 10.17

230 | 7.85 568 146 3.17 055 159 21.73 1219 7.16 0.59 0.23 0.16

23.5 767 537 139 3.17 053 1.79 20.39 11.61 7.08 057 0.29 0.17

240 | 734 514 133 295 048 176 - 19.44 11.22° 6.99 0.59 0.23 0.19

245 | 689 480 123 276 051 1.89 18.01 10.51 6.68 0.64 0.24 0.16
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Table A.1 (continued)

Photon Differential oscillator strength (1072 eV-1) n;
Energy i
(eV) CsHi CsH; CsHE C;Hp C;H; CsHi CHj CsH' C,Hf C,Hj C,H3 Co,H; C,HY CH; CH; CH' H; HY
25.0 6.53 455 1.23 267 049 193 1716 995 6.64 0.63 0.28 0.09 0.19
25.5 6.05 437 113 261 051 197 0.07- 16.27 954 6.41 0.62 0.30 0.07 0.21
26.0 598 425 113 249 049 212 0.08 1591 9.19 6.38 0.67 0.34 0.07 0.20
26.5 5.46 3.77 102 233 044 2.05 0.10 14.16 851 595 0.66 0.40 0.11 0.21
27.0 5.14 359 098 222 044 206 0.13 1355 8.04 5.71 0.64 0.35 0.08 0.20
27.5 490 340 091 215 044 214 0.14 1294 7.74 571 0.65 037 0.11 0.19
280 | 464 319 087 198 042 205 0.15 1200 7.20 540 0.60 038 0.10 0.20
28.5 437 3.07 079 194 039 203 0.17 1151 694 523 0.66 0.36 0.09 0.19
290 | 416 283 080 189 038 207 022 005 1080 6,52 510 0.66 037 0.12 0.20
29.5 3.97 27 076 184 039 207 021 0.06 1035 631 502 0.68 0.40 0.11 0.19
30.0 3.62 258 073 172 039 204 025 0.06 960 587 4.82 0.70 0.45 0.12 0.20
31.0 3.21 229 062 161 034 185 025 0.12 860 514 447 0.73 0.61 0.17 0.23
320 | 282 195 056 145 034 1.71. 0.27 .0.10 758 447 404 0.71 013 062 0.23 0.22
33.0 255 1.67 050 127 030 165 027 012 6.70 394 378 0.65 014 070 021 0.23
34.0 223 153 042 116 029 161 029 010 613 374 361 065 014 077 0.19 0.19
35.0 197 137 044 112 024 149 028 013 553 329 337 064 015 085 023 0.24
36.0 184 127 037 104 028 143 029 012 5.05 3.04 314 057 013 0.78 025 0.21
37.0 164 109 035 089 023 138 029 014 455 275 299 060 011 0.80 0.24 0.25
38.0 147 102 034 089 019 132 029 013 427 258 286 057 010 0.87 0.19 0.24
39.0 1.33 093 030 0.82 021 123 025 015 381 231 270 052 009 084 0.20 0.22
40.0 119 086 028 077 019 116 0.25 0.14 352 217 259 050 0.08 082 021 0.04 0.22
41.0 112 0.74 0.25 0.72 0.18 110 024 013 329 201 244 051 0.11 083 021 0.02 0.24
420 | 096 067 026 067 017 101 023 012 297 181 229 047 007 079 019 0.03 0.25
4301 090 063 020 064 0.17 098 019 0.12 280 166 213 046 0.08 079 019 002 005 026
440 | 080 058 021 057 015 094 018 013 246 153 198 042 009 080 020 0.03 0.08 0.27
45.0 077 051 020 054 015 087 0.18 011 228 142 191 0.39 006 076 020 002 006 022
46.0 069 048 020 053 012 087 015 010 217 134 182 041 009 0.73 019 004 004 025
47.0 0.64 045 0.18 050 0.14 0.84 016 011 206 1.26 171 038 0.06- 073 019 003 0.05 0.27
48.0 059 044 015 046 011 081 016 010 195 120 167 038 006 071 020 002 0.03 025
49.0 053 039 013 042 012 075 014 0.09 178 108 153 036 006 068 020 001 005 0.26
50.0 052 038 014 038 0.10 072 014 009 170 103 147 034 005 068 0.19 004 0.06 0.27
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Table A.1 (continued)

x1puaddy

Photon . . . 9 <1

Energy Differential oscillator strength (107= eV—) n;
eV) [c,H; CHP C.HE CHE CHE C;HS C;H; C;HY C,HE C,H, C,H C,H) C,H' CH)} CHj CH' H) H'

55.0 039 028 0.10. 0.30 0.09 . 057 0.13: _0.07 1.19 0.77 114 023 002 054 012 0.03 0.02 0‘26

60.0 029 021 008 022 006 046 010 006 092 054 093 025 001 043 014 005 0.03 0.22
65.0 021 0.15 005 017 005 039 008 004 070 042 070 0.18 0.02 036 0.12 003 004 0.23
70.0 ‘ 0.15 0.12 004 014 004 032 007 005 057 035 057 015 0.02 030 011 003 002 022

75.0 0.13 009 003 012 003 026 006 003 044 026 047 012 002 027 008 002 002 0.19

80.0 0.10 0.08‘ 0.03 0.09 0.03 0.22 004 003 033 023 037 011 002 022 0.07 002 003 0.18

% The photoionization efficiency is normalized to unity above 15.5 eV.
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Table A.2

Absolute partial differential oscillator strengths for'the molecular and dissociative photoionization of n-butane

Photon :

Energy Differential oscillator strength (10-2 eV-1) n;
V) |c,Hy, C,Hy C,H CH; C,H; CH; CH; CH" CH; CH; C,H; C,H, C;H; C;H; C,H' C,H; C,H, C,H; C,H, CH; CH; H'

100 | 139 - : 0.13 0.02 0.01 - 0.04
105 | 5.02 0.06 0.01 : 1.62 0.29 0.02 0.15
11.0 | 869 0.14 0.08 . o 7.87 1.30 0.15 0.32
11.5 | 9.90 0.32 0.08 18.62 2.48 0.13 0.83 0.50
12.0 | 10.17 0.73 0.17 : 33.80 3.68 1.03 346 0.72
12,5 | 10.99 1.17 0.23 4452 456 0.15 2.55 6.09 0.84
13.0 | 12.96 1.77 0.38 58.01 5.95 0.77 4.87 8.96 0.88
135 [ 13.06 191 0.57 6191 6.69 3.02 8.04 10.68 0.23 0.95
14.0 | 12.97 1.97 0.60 63.37 7.94 17.06 0.21 12.25 12.48 1.29 1.00°
145 [12.72 1.94 057 0.25 : 62.50 7.83 10.19 0.23 14.78 12.93 2.33

15.0 |11.36 1.91 0.65 0.27 : 58.11 7.99 12.19 0.34 16.33 13.43 3.70

155 [ 10.90 2.00 0.68 0.41 58.44 17.99 13.10 0.35 18.03 14.16 4.65

16.0 | 10.62 1.75 0.61 0.52 56.93 7.79 14.75 0.43 19.42 1470 6.31

16.5 [ 10.29 1.96 0.57 0.65 : 55.49 7.67 15.47 0.48 20.07 14.99 6.52

17.0 | 9.61 1.94 061 061 52.88 7.50 15.06 0.40 0.24 19.66 14.45 6.82

175 | 9.44 1.80 0.60 045 50.16 7.21 14.86 0.55 0.32 19.19 13.74 6.89

180 | 9.08 1.72 056 051 . 49.15 7.16 14.61 0.55 0.39 19.35 13.57 6.95

185 | 9.04 159 0.59 048 46.20 6.50 13.44 0.46 0.48 18.06 13.08 6.68

190 | 881 149 0.56 051 ‘ 45.28 6.42 13.47 048 0.76 18.32 12.64 6.60

195 | 892 1.52 0.39 041 43.85 6.37 13.12 0.55 1.03 17.46 12.36 6.59

20.0 | 827 1.35 039 0.46 o 40.13 5.83 12.27 049 1.04 16.18 11.51 6.23

20.5 | 7.85 1.38 0.45 0.43 38.54 '5.76 11.81 0.55 1.26 15.52 11.00 6.63 0.19

21.0 | 757 1.23 037 0.44 36.90 542 11.04 055 135 15.27 10.60 6.37 0.20

215 | 7.48 115 0.33 0.42 _ 33.88 5.05 10.52 055 1.42 13.96 10.07 6.16 0.11

22.0 | 7.30 1.17 0.38 047 _ 32.78 4.98 1048 0.56 1.33 13.89 9.67 599 0.19 0.19

225 | 6.67 1.19 033 0.37 30.63 4.53 9.48 047 143 12.68 9.25 6.03 0.20 0.18
23.0 | 657 0.98 040 0.35 29.16 4.32 9.31 053 157 12.15 8.86 6.10 0.19 0.15

235 | 6.17 0.90 038 0.32 28.17 4.15 882 0.60 161 1171 8.66 594 0.18 0.19 0.16
24.0 | 597 0.87 033 0.35 26.49 4.06 865 047 1.74 11.33 823 599 022 0.20 0.21

245 | 5.81 1057 7.81 594 0.20 0.17 0.18

0.86 0.26 0.27 ~ 25.01 3.83 8.07 0.50 1.83
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Table A.2 (continued)

gﬁgffg’ Differential oscillator strength (10~2eV-1) n
v |c,H}, C,Hy C,H C,H} CH CH, CH; CH" CH; CH; CHi C;H; C;H; C,;H; C;H" C,H; C,H; C,Hy C,H; CH; CH; H"
25.0 | 538 0.80 024 0.29 23.80 3.78 7.69 0.50 1.80 9.97 747 584 018 0.17 0.20
255 | 528 0.75 0.30 0.33 22.56 3.50 7.27 053 197 9.42 7.09 594 023 0.23 0.18
26.0 | 500 075 031 029 0.15 2191 3.33 7.12° 046 2.04 9.29 7.07 6.02 030 0.22 0.19
26.5 | 467 065 0.17 025 0.09 20.25 3.16 6.64 044 195 8.86 6.60 5.77 0.23 027 0.12
27.0 | 435 060 025 032 0.15 18.85 2.82 6.22 045 1.97 834 6.15 551 026 0.35 0.17
275 | 429 059 020 025 0.08 18.29 2.86 6.14 040 2.07 8.24 6.15 555 0.29 0.23 0.13
28.0 | 393 058 027 021 009 0.11 : 17.08 257 573 045 2.05 772 584 543 037 045 0.15
285 | 377 054 017 022 010 0.08" 16.20 242 552 037 1.95 7.26 550 527 0.32 0.30 0.10
29.0 | 346 052 015 020 0.13 0.07 15.20 2.36 5.27 041 196 0.12 7.00 541 517 035 0.34 0.21
295 3.38 047 0.18 019 0.10 0.08 1445 222 5.16 036 201 008 6.67 515 526 040 0.39 0.09 0.20
30.0 | 3.14 045 0.15 0.18 0.09 0.10 0.08 13.38 2.17 4.77 037 200 0.09 6.43 486 511 0.39 047 0.09 0.17
31.0 | 2.86 043 0.17 0.17 0.07 0.05 0.08 12.28 198 4.48 034 179 0.12 6.08 4.27 4.87 040 051 0.09 0.12
32.0 | 2.40 037 0.09 0.18 0.13 0.08 0.05 10.47 1.80 4.00 037 1.86 0.10 532 390 450 0.35 0.60 0.16 0.14
33.0 | 2.08 029 0.13 0.14 0.06 0.03 0.07 0.05 9.34 152 367 029 171 0.08 484 377 430 040 0.74 0.10 0.06
340 | 1.85 030 0.15 0.13 0.8 0.07 0.07 003 835 137 339 030 178 0.17 474 347 418 042 0.85 0.16 0.15
350 | 1.71 0.24 0.09 0.14 0.07 005 0.05 011 7.61 132 3.18 0.29 158 0.09 429 3.09 4.06 038 0.86 012 0.16
36.0| 1.56 021 007 014 008 0.06 008 008 671 111 288 027 157 0.09 3.86 2.90 3.75 0.33 0.92 0.15 0.14
370 | 1.35 0.26 0.04 010 0.06 0.04 008 0.05 605 108 267 023 147 0.5 3.53 2.67 369 0.38 0.87 0.14 0.18
380 | 1.27 0.17 0.07 0.08 0.05 005 008 008 543 101 249 030 1.28 0.1 3.29 244 353 037 0.97 0.14 0.15
39.0| 1.13 017 0.06 0.13 002 005 006 006 499 091 234 027 126 0.11 005 3.17 233 343 034 092 0.15 021
40.0 | 1.01 0.14 007 011 004 003 005 006 454 077 206 022 120 013 005 293 211 314 029 089 0.13 0.19
41.0 | 093 0.13 0.06 0.09 007 003 006 007 415 074 206 019 117 0.11 005 267 197 295 034 086 0.18 0.18
420 077 012 005 006 002 005 005 008 380 071 191 022 113 0.11 004 257 182 279 035 095 0.12 0.15
43.0| 072 012 006 009 004 004 005 009 326 065 170 0.18 1.02 0.10 0.04 2.19 170 264 030 0.89 0.15 0.18
440 | 070 0.10 005 0.08 0.04 0.03 007 008 3.00 055 159 021 106 0.10 004 2.03 156 249 034 090 0.16 0.16
450 | 061 0.11 0.05 006 004 0.03 0.06 007 2.86 052 147 0.18 093 0.09 005 196 149 240 030 0.87 0.19 0.19
46.0 | 060 0.11 004 007 004 004 006 006 266 049 136 0.15 097 0.10 004 177 143 227 033 085 0.18 0.19
470| 053 008 004 004 003 003 006 007 245 043 1.32 019 094 0.08 004 170 137 220 032 085 020 0.19
480 | 050 0.07 0.04 007 001 003 004 005 230 045 122 016 089 008 0.06 165 1.23 213 030 0.84 019 022
49.0| 047 009 002 004 003 002 003 005 216 044 112 014 087 007 0.02 156 127 206 029 0.79 0.18 0.18
50.0 | 0.44 0.06 0.03 0.04 0.04 0.03 0.03 0.08 1.95 0.37 106 014 078 008 0.07 1.37 115 187 0.28 0.72 0.20 0.20

¢ The photoionization efficiency is normalized to unity above 13.5 eV.
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| Table A.3
Absolute dlfferentlal oscillator strengths for the valence-shell. photoabsorptlon of
: n- pentane from 7. 5 to 220 eV
" Photon Differéntial ‘Photon Differential Photon Differential Photoﬁ Differéntial
‘energy  oscillator | energy oscillator | energy oscillator | energy oscillator
- strength . strength strength strength.
@)  (102eVv Y| @) 102evh| (V) (102evY| (V) (10°2eVY)
75 - .0.00 1205 124.82 33.5 3876 | 530 1156
8.0 595 21.0 - 121.45 34.0 -37.06 54.0 10.95
85 - 19.89 215 114.86 345 -~ 3611 | 550 10.08
9.0 37.35 22.0 110.83 350 - 3436 56.0 9.90
9.5 43.34 22.5 103.83 355 - 33.19. 57.0 9.38
100 4939 | 230 10004 | 360 3179 | 580 9.08
10.5 5859 | 235 96.26 365 . 3107 59.0 -8.61
1.0 7229 | 240 93.56 370 29.96 60.0 842
115 8462 | 245 8800 | 375 28.39 61.0 . 7.79
120 99.35 25.0 8459 | 380 27.98 | - 62.0 7.40
12.5 109.56° 255 80.57 | 385 | 26.10 63.0 7.22
130 12348 260  79.54 390  25.92 64.0 6.81
135  134.20 26.5 7407 | 395 2595 | 650 6.58
140 14501 270 69.35 400 2451 66.0 . 627
145 15192 | 275 6754 | 410 2260 670 6.8
150 15760 | 28.0 63.87 | 420 . -20.90 68.0 5.77
155  163.04 | 285 6119 43.0 19.90 69.0 570
160 - 16501 29.0 5827 | 440 = 19.03 | 70.0 5.35
165 . 166.24 29.5 56.65 450 . 1764 71.0 518
170 161.87. 300 5139 46.0  16.‘71 72,0 4.90
175 15567 305 5243 | 470  “15.76 73.0 475
180 . 15532 | 310 4655 | 480 - 1515 740 453
185  14636° | - 315 48.09 490 14.19 75.0° .4,.4'1 '
190 . 14307 | - 320 4387 | 500 . 1337 76.0 419
195 14047 ‘|. 325 © 4192 | 510 . 1286 77.0: 4.22
200 1130.67 :33.0 +40.08 520 1221 78.0 .3.91
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Table A.3 (continued)
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Photon Differential| Photon Differential| Photon Differential‘ Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength : strength » strength
V)  10%2evh| (ev) (@0Zevh)| (V) - (102eVvh| (eV)  (102eVhH
79.0 3.84 114.0 1.59 150.0 0.91 186.0 0.62
80.0 3.67 116.0 1.53 152.0 0.89 188.0 0.61
82.0 3.42 118.0 1.54 154.0 0.86 190.0 0.60
84.0 3.16 120.0_ 1.42 156.0 0.84 192.0 0.57
 86.0 2.99 122.0 1.39 158.0 0.82 194.0 0.58
88.0 2.79 124.0 1.35 160.0 0.79 196.0 0.57
90.0 266 | 126.0 120 | 1620 077 | 1980 10.56
92.0 2.53 128.0 1.29 164.0 0.78 200.0 0.55 -
94.0 2.43 130.0 1.21 166.0 0.75 202.0 0.54
96.0 2.30 132.0 1.18 168.0 . 0.75 204.0 0.54
98.0 2.20 134.0 1.14 170.0 - 0.71 o ‘ 206.0 - 0.53
100.0 2.07 136.0 1.10 172.0 0.70 | 208.0 0.53
102.0 2.05 138.0 1.07 174.0 0.68 210.0 0.51
104.0 1.91 140.0 1.03 176.0 . 0.67 2120 0.52
106.0 1.82 - 142.0 1.00 178.0 0.67 214.0 0.50
108.0 1.79 144.0 | 0.99 180.0 0.65 216.0 0.49
110.0 1.75 146.0 0.96 182.0 0.64 218.0 0.47
112.0 1.64 148.0 0.93 184.0 0.62 - 220.0 0.48
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Table A4
Absolute differential oscillator strengths for the valence-shell photoabsorptlon of
n-hexane from 7 to 220 eV
Photon Differential] Photon Differential] Photon Differentiall Photon Differential
energy . oscillator | energy  oscillator | energy = oscillator | energy oscillator
" strength strength ' . strength strength
@V)  (102eV Y| (V)  102eVvh| (V)  (102eVY| (V) (1072 V1)

7.0 0.21 20.0 153.48 33.0 48.64 52.0 14.41
75 - 1.89 20.5 - 147.96 33.5 46.78 53.0 13.61
8.0 | 9.66 21.0 143.94 34.0 44.91 54.0 13.08
8.5 - 2472 21.5 135.90 34.5 42.29 55.0 11.85
9.0 43.00 22.0 132.00 35.0 41.44 56.0 11.42
9.5 51.47 22,5 124.11 35.5 39.04 57.0 11.06
10.0 . 58.98 23.0 117.95 36.0 38.25 58.0 10.73
10.5 69.46 23.5 114.72 36.5 . 36.86 59.0 A 10.03.
11.0 " 84.52 24.0 111.37 37.0 - 35.80 60.0 9.79
11.5 98.51 24.5 104.68 37.5 33.50 61.0 9.12
12.0 118.70 25.0 99.54 38.0 33.51 62.0 8.79
12.5 132.32 - 25.5 96.27 38.5 30.96 63.0 8.41
13.0 151.18 26.0 94.58 39.0 30.79 64.0 8.03
13.5 164.32 26.5 86.58° 39.5 29.55 65.0 7.75
14.0 175.89 27.0 83.10 40.0 28.90 66.0 7.39
14.5 185.57 '27.5 79.56 41.0 27.08 67.0 6.99
150 - 190.16 28.0 76.04 42.0 24.67 68.0 ' 6.78
15,5 - 194.80 28.5 72.50 43.0 23.32 69.0 6.66

16.0 195.76 29.0 68.64 44.0 22.14 70.0 6.30 |
16.5 195.20 29.5 66.72 45.0 20.79 71.0 5.94
17.0 188.10 30.0 63.57 46.0 19.77 72.0 5.75
17.5 181.60 30.5 - 6147 47.0 18.57 73.0 5.72
18.0 181.22 31.0 59.17 48.0. 18.05 74.0 5.28
185 17251 315 56.89 - | 49.0 16.59 75.0 5.14
19.0 169.28 32.0  53.57 50.0 15.75 76.0 4.90
19.5 165.86 325 4935 51.0 15.11 77.0 . 4.73
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Table A.4 (continued)
Photon Differential Photon Differential] Photon Differential| - Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength

@)  102evY| (V)  (102eVH| (V) (102eVD| (V) (102evY
78.0 4.57 114.0 1.84 152.0 1.03 190.0 0.71
79.0 4.45 116.0 1.76 154.0 1.00 192.0 0.69
80.0 4.25 118.0 175 156.0 0.99. 194.0 0.68
82.0 3.96 120.0 1.67 158.0 0.95 196.0 0.67
84.0 3.65 122.0 1.59 160.0 0.93 198.0 0.65
86.0 3.46 124.0 1.53 162.0 0.92 200.0 "0.64
88.0 3.26 126.0 1.51 164.0 - 0.90 202.0 0.64
90.0 3.10 128.0 147 | 166.0 0.89 | 204.0 0.65
92.0 2.92 130.0 141  168.0 0.85 206.0 0.62
94.0 2.77 132.0 1.37 170.0 0.84 208.0 0.61
96.0 2.64 134.0 1.35 172.0 0.82 210.0 0.60 .
98.0 2.56 136.0 1.30 174.0 0.80 212.0 0.60
100.0 2.43 138.0 - 1.26 176.0 . 0.81 214.0 0.58
102.0 2.39 140.0 1238 | 1780 | 0.78 216.0 0.58
104.‘0 2.22 142.0 1.19 180.0 0.77 ..-4218.0 0.58
106.0 2.16 144.0 1.16 182.0 0.76 ‘220.0 ' 0.58
108.0 2.06 146.0 1.13 184.0 0.72

110.0 2.05 148.0 1.10 186.0 0.74

112.0 1.88 150.0 1.06 188.0 0.73
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Table A.5
Absolute differential oscillator strengths for the valence-shell photoabsorption of
n-heptane from 7 to 220 eV '
Photon Differentiall Photon Differential] Photon Differential] Photon Differential
energy  oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength
eV) (102evh| (V) (@0ZeVvY| (V) (@02eVvhH| (V)  (102eVhH
7.0 0.00 20.0 176.49 33.0 56.82 52.0 16.32
7.5 2.50 20.5 171.09 33.5 54.76 53.0 15.68
8.0 12.96 21.0 165.64 34.0 51.68 54.0 15.19
8.5 30.48 21.5 157.81 34.5 51.07 55.0 14.20
9.0 50.62 22.0 152.06 35.0 47.57 56.0 13.16
9.5 59.72 225 144.63 35.5 45.36 57.0 12.64
10.0 68.48 23.0 138.78 36.0 44.23 58.0 12.14
10.5 82.25 23.5 132.75 36.5 43.22 59.0 11.78 .
11.0 101.28 24.0 129.03 37;0 41.10 60.0 10.96
115 116.56 24.5 121.42 37.5 - 38.46 61.0 10.35
12.0 139.78 25.0 116.60 38.0 38.47 62.0 10.11
12.5 156.60 255  113.07 38.5 35.40 630 953
13.0 179.45 26.0 110.67 - 39.0 3541 64.0 9.28
13.5 -192.34 26.5 100.77 39.5 33.54 65.0 . 8.90
14.0 203.56 27.0 95.95 40.0 33.01 66.0 8.54
14.5 211.72 27.5 93.20 41.0 31.14 67.0 8.09
15.0 215.29 28.0 88.18 42.0 29.36 68.0 7.83
155 220.46 28.5 86.43 430 26.95 69.0 7.53
16.0 219.12 29.0 81.53 44.0 25.05 70.0 727
16.5 218.82 - 295 78.35 45.0 24.09 | 71.0 7.00
17.0 212.44 30.0 74.97 46.0 22.52 72.0 6.65
175 207.96 30.5 71.84 470 21.07 73.0 6.27
18.0 208.47 310 67.81 48.0 20.13 - 74.0 6.14
18.5 196.72 31.5 66.71 49.0 19.66 75.0 5.84
19.0 193.61 32.0 61.72 50.0 18.29 | 76.0 5.73
19.5 190.28 32.5 58.07 51.0 17.58 77.0 5.61
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Table A.5 (continued)
Photon Differential|l Photon Differential] Photon Differential] Photon Differential
energy . oscillator | energy oscillator | energy oscillator | energy oscillator
~ strength strength strength strength

@) (102eVvh| (V) (102eVhH| (eV) (102eVD| (V)  (102eVH
78.0 5.29 114.0 2.12 152.0 1.19 190.0 0.82
790 525 116.0 2.08 154.0 1.18 192.0 0.80
80.0 4.92 118.0 2.04 156.0 1.13 194.0 - 0.79
82.0 4.62 120.0 1.94 158.0 1.10 196.0 0.77
84.0 4.23 122.0 | 186 160.0 1.08 198.0 1 0.75
86.0° 4.04 124.0 1.81 162.0 1.05 200.0 0.74
88.0 3.80 126.0 178 164.0 1.03 202.0 0.75
90.0 3.59 128.0 1.70 - 166.0 1.02 204.0 0.73
92.0 3.43 130.0 1.63 168.0 1.00 206.0 0.73
94.0 3.27 132.0 1.58 170.0 0.97 208.0 0.72
96.0 3.08 134.0 1.54 172.0 0.96 210.0 0.70
98.0 T 2.98 136.0 1.51 174.0 0.95 212.0 0.68
100.0 - 2.84 ‘138.0 1.45 176.0 0.92. 214.0 0.69
102.0 2.5 140.0 1.40 178.0 0.90 216.0 0.66
104.0 2.61 142.0 1.37 180.0 0.88 218.0 0.67
106.0 2.58 144.0 1.33 182.0 0.89 220.0 0.67
108.0 2.43 146.0 1.29 184.0 0.85

1100 236 148.0 1.25 186.0 0.84

112.0 2.23 150.0 1.23 188.0 0.83
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: , ‘'Table A.6
Absolute differential oscillator strengths for the valence-shell photoabsorption of
n-octane from 7.5 to 220 eV
Photon Diffefentiél Photon Differential] Photon Differential]l Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength

@) (102eVh| (V)  (102eVYH| (V)  (102eVDH| (V)  (102eVY

7.5 2.35 » 20.5 .191.08 33.5 60.61 53.0 18.21

8.0 13.30 21.0 186.14 34.0 58.64 54.0 17.04

8.5. 32.65 215 177.89 34.5 55.83 55.0 16.59

9.0 56.07 220 - 171.04 35.0 53.54 56.0 15.28

9.5 66.06 225 161.53 . 35.5 51.75 57.0 14.71
10.0 76.32 | 230 15477 36.0 50.32 58.0 14.05
10.5 90.82 23.5 149.41 . 36.5 48.66 59.0 13.58
11.0 112.79 124.0 144.67 37.0 46.17 60.0 12.71
11.5 132.10 24.5 135.79 37.5 45.21 61.0 12.49
12.0 158.28 25.0 131.93 38.0 43.57 62.0 11.63
'12.5 - 177.67 25.5 125.55 38.5 © 40.59 63.0 11.52
13.0 206.33 26.0 - 123.67 39.0 40.83 64.0 10.70
13.5 220.31 26.5- - 11631 39.5 37.93 65.0 10.04
14.0 231.49 27.0 108.13 40.0 37.64 66.0 9.84
14.5 240.72 27.5 -105.33 41.0 35.55 67.0 9.62
15.0 243.44 28.0 98.41 42.0 32.95 68.0 9.07
15.5 248.72 28.5 95.22 43.0 30.61 69.0 8.63
16.0 247.05 29.0 - 92.42 -44.0 28.84 70.0 8.39
16.5 246.65 29:5 87.57 45.0 27.39 71.0 7.83
17.0 239.21 30.0 83.83 46.0 25.66 72;0. 7.61
17.5 233.36 30.5 81.01 47.0 24.47 73.0 7.45
18.0 | 232.66 31.0 . 17801 48.0 - 23.27 74.0 7.01
18.5 220.31 31.5 75.17 . 49.0 22.49 75.0 6.54
19.0 218.13 32.0 _ 68.50 50.0 20.83 76.0 6.52
195  212.05 32.5 6440 | 510 19.95 77.0 6.36
20.0 197.40 33.0 64.16 52.0 18.93 78.0 6.06
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Table A.6 (continued).
Photon Differential| Photon Differential| Photon Differential| Photon. Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength ' strength

(eV) (1072evY (eV) 102ev | (V) (102eVY| (eV) (102 eV Y
79.0 6.02 116.0 2.31 154.0 1.30 192.0 - .0.90
80.0 5.64 118.0 2.31 156.0 1.28 194.0 0.91
82.0 5.25 120.0 2.21 158.0 1.24 196.0 0.89
84.0 483 122.0 2.11 160.0 121 198.0 0.89
86.0 4.59 124.0 2.10 162.0 1.23 200.0 . 0.87
88.0 4.30 126.0 1.92 164.0 1.18 202.0 -0.87
90.0 4.07 128.0 196 166.0 1.15 204.0 0.87
92.0 3.92 130.0 1.85 168.0 - 1.12 206.0 0.83
94.0 3.71 132.0 1.87 170.0 1.10 208.0 081
96.0 3.52 134.0 1.73 172.0 1.08 -210.0 0.81
98.0 3.36 136.0 1.67 174.0 1.06 212.0 0.79
100.0 3.17 138.0 1.62 176.0 1.05 214.0 0.80
102.0 3.10 140.0 1.57 - 178.0 1.03 216.0 0.79
104.0 2,94 142.0 1.52 180.0 1.04 218.0 0.80
106.0 2.81 144.0 1.49 182.0 0.99 220.0 0.81
108.0 2.75 146.0 1.45 184.0 0.97

110.0 2.68 148.0 143 186.0 0.97

112.0 2.54 150.0 1.39. 188.0 0.95

114.0 2.42 152.0 135 1190.0 0.92
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Absolute dlﬁ'erentlal oscillator strengths for the total photoabsorption and the dlssoc1at1ve v

ph0t01on1zat10n of PF3 up to 130 eV

: Photoion-
Photon Differential oscillator strength (1072 eV-1) ization
energy : Efficiency
@&V ilso(ffp_ PF; PF; PF* PR PRy* Pt pF* gt p¥ | T

tion ' -

5.0 0.50

5.5 0.59

6.0 0.16

6.5 0.13

7.0 4.00°

7.5 24.96

8.0 40.27

8.5 15.14

9.0 19.46

9.5 22.02

10.0 11.03

10.5 11.21

11.0 16.21 0.69 0.03 0.04
115 1722 254 0.04 0.15
12.0 17.48 471 0.06 0.27
12.5 22.56 641 0.06 0.29
13.0 30.75° 9.61 0.14 0.32
13.5 3446 1153 0.19 0.34
14.0 4323 12.88 053 0.31
145 4792 13.03 141 0.30
15.0 47.50 10.57 3.76 0.30
15.5 43.00 - 9.03 8.21 0.40
16.0 3929 8.09 1872 0.68
16.5 38.60 8.20 23.51 0.82
17.0 40.44 8.64 30.10 0.96
17.5 43.84 8.36 3548 1.00¢
18.0 4941 8.18 41.23

18.5 51.89 7.43 4446

19.0 5461 6.77 47.84

19.5 57.37 6.60 50.77

20.0 59.69 6.09 53.61

20.5 6197 595 5584 0.18

21.0 63.54 543 57.85 0.27

21.5 64.67 544 5846 0.77

22.0 63.85 5.02 5748 134

22.5 63.40 4.66 5663 212

23.0 61.76 4.42 5485 249

23.5 60.56 3.89 5389 2.77
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Table A.7 (continued)

' » Photoion-
Photon Differential oscillator strength (1072 eV-1) ization
energy Efficiency]

Photo- + + + 2+ 2+ + 2+ + 2+ N;
V) |absorp- PFy PEf PF* PES* PE* P PF® F* P i
tion '
24.0 5890 3.79 51.34 3.77
24.5 56.72 324 49.50 3.98
25.0 53.58 3.18 46.20 4.20
25.5 51.09 3.04 43.67 4.27 0.11
26.0 49.13 2.81 41.81 4.38 0.13
26.5 4782 2.65 4042 4.62 0.13
27.0 4462 252 37.40 4.54 0.16
27.5 4261 242 3558 4.40 0.20
28.0 41.71 2.34 34.58 4.42 0.37
28.5 40.36 2.19 33.63 4.28 0.25
29.0 3829 2.09 31.73 4.01 0.46
29.5 37.67 2.07 31.08 3.84 0.67
30.0 36.97 1.88 3048 3.80 0.82
32.0 32.77 1.60 26.43 3.15 1.59
34.0 32.15 1.46 24.89 3.03 2.47 0.31
36.0 30.39 1.38 22.96 2.76 0.08 2.60 0.63
38.0 28.86 126 20.97 2.52 0.09 2.81 1.19
40.0 27.82 130 19.40 2.42 0.15 0.19 2.75 0.11 1.49
42.0 25.60 1.16 17.74 2.15 0.13 0.19 2.41 0.23 1.58
44.0 23.73 1.15 16.28 1.99 0.15 0.21 2.14 030 1.51
46.0 22.62 1.05 15.46 1.81 0.14 0.16 2.09 0.37 1.55
48.0 2147 1.05 1440 1.80 0.16 0.20 199 042 145 -
50.0 21.10 1.02 14.12 1.63 0.14 0.17 ° 1.97 0.46 1.51 0.08
55.0 19.88 1.01 12.90 1.56 0.12 0.19 190 048 156 ~0.16
60.0 18.14 0.86 11.66 1.43 0.10 0.17 1.70 049 1.51 0.21
65.0 1653 0.84 10.39 1.22 . 0.07 0.17 1.62 042 1.56 023
70.0 14.63 0.72 8.96 1.08 0.09 0.13 - 149 041 1.51 0.24
75.0 13.20 0.61 775 099 007 013 144 0.40 1.56 - 0.23
80.0 11.77 0.58 6.68 0.86 0.08 0.12 1.35 0.40 1.48 0.23
90.0 10.03 0.46 5.49 0.73 0.06 0.13 1.19 0.35 141 0.20
100.0 827 038 438 058 005 009 095 030 132 024
110.0 6.84 0.26 3.69 046 0.02 0.07 0.84 0.25 1.09 0.16
120.0 579 0.22 2.91 0.38 0.04 0.06 0.75 0.20 1.05 0.17
130.0 473 0.18 233 029 0.03 0.04 0.63 0.17 0.90 0.15

® The photoionization efficiency is normalized to unity above 17.5 eV.
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Table A.8 _
Absolute differential oscillator strengths for the total photoabsorption®
of PF3 in the P 2p,2s inner-shell region from 125 to 300 eV
Photon Differential| Photon Differential|l Photon Differential| Photon Differential
energy  oscillator | energy oscillator | energy oscillator | energy oscillator
strength | - strepgth strength strength
V)  (107%eVhH| (eV) (10ZeVYH| (V) @02Zevh| (eV)  (107Zev)

125.0 5.02 135.5 5.48 146.0 7.51 167.0 6.54
125.5 5.11 136.0 5.73 147.0 7.48 168.0 6.41
126.0 5.04 136.5 5.63 148.0 7.24 169.0 6.36
126.5 5.02 137.0 5.11 149.0 6.88 170.0 6.20
127.0 4.98 137.5 5.13 150.0 6.52 1171.0 6.12
127.5 4.94 138.0 5.57 151.0 6.43 172.0 6.08
128.0 4.90 138.5 -5.83 152.0 6.36 173.0 6.01
128.5 4.83 139.0 5.72 153.0 6.46 | 174.0 5.91
129.0 4.75 139.5 5.54 154.0 6.64 175.0 5.85
129.5 4.69 140.0 5.32 155.0 6.85 | 176.0 5.82
130.0 4.73 140.5 5.23 156.0 7.16 177.0 5.80
130.5 4.65 141.0 - 5. 21 157.0 7.38 178.0  5.68
131.0 4.66 141.5 5.20 158.0 7.47 179.0 5.66
131.5 4.59 142.0 528 | 159.0 7.5_1 180.0 5.66.
132.0 455 | 1425 5.36 160.0 - 7.47 181.0 5.56
132.5 4.52 143.0 5.53 161.0 7.38 182.0 5.49
133.0 4.52 143.5 5.9,1 162.0 7.19 183.0 5.46

-133.5 4.47 144.0 6.26 163.0 7.05 184.0 5.40
134.0 4.70 144.5 6.60 164.0. 6.92 185.0 5.36
134.5 5.06 145.0 7.03 165.0 6.80 186.0 5.32
135.0 5.28 145.5 7.30 166.0 6.68 187.0 5.30
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Table A.8 (continued)

Photon Differential| Photon Differential| Photon Differential Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength

V) (102eVYH| V) 102eVH| (V) (102eVvYH| (eV) (1072 eV

188.0 531 | 208.0  4.80 2400 396 | 272.0 3.21
189.0 5.29 210.0 . 4.74 2420  3.92 | 274.0 3.16
190.0 5.41 212.0  4.77 2440  3.84 276.0  3.11
191.0 5.63 214.0  4.69 2460  3.79 | 278.0 3.06
192.0 5.99 216.0  4.72 248.0  3.75 280.0 3.05
193.0 5.43 218.0  4.59 250.0  3.66 282.0  2.98
194.0 5.22 220.0 '_4.57 2520  3.61 284.0 3.00
195.0 5.20 222.0 453 | 2540 3.57 2860 292
196.0 5.09 9240 448 | 2560 352 288.0 2.93
197.0 5.09 2960 444 | 2580 349 | 2900 . 2.89
198.0 5.11 228.0  4.39 260.0  3.45 2920  2.85
199.0 5.02 230.0 4.33 | 2620 3.35 9294.0 2.81
200.0 4.91 232.0  4.24 264.0  3.35 2060 . 2.79
202.0  4.79 2340  4.16 266.0  3.29 298.0 2.75
204.0  4.81 236.0 412 | 2680  3.27 300.0 2.72
206.0 4.87 238.0  4.01 270.0  3.24 |

® The partial photoabsorption differential oscillator strengths for the P 2p,2s inner-shells can be
obtained by substituting the A, B, and C parameters given in table 5.1 into equation (3.1) and
then subtracting the resulting valence-shell contributions from the corresponding total
photoabsorption values in this table.



Appendix

Table A.9

Absolute differential oscillator strengths for the total photoabsorption and the
dissociative photoionization of PCl; (1 eV fwhm) up to 125 eV

Photon . X . 2 xr-1 Photoion-
Differential oscillator strength (107 eV ™) ization
energy : X
Efficiency

(V) f{,ﬁfpﬁon PCI, " PCI, pCl* P* N;

4.5 1.21

5.0 0.01

5.5 9.40

6.0 11.92

6.5 12.52

7.0 15.00

7.5 17.08

8.0 29.24

8.5 40.38

9.0 53.72

95 61.32 _
10.0 '80.66 4.76 0.05 0.06
10.5 95.26 9.00 0.17 0.10
11.0 97.71 13.59 2.03 0.16
11.5 104.39 19.66 11.14 0.09 0.30
12.0 117.71 24.21 24.85 0.19 .0.42
12.5 136.36 26.92  37.38 0.32 0.47
13.0 148.85 29.34 47.16 0.34 10.52
13.5 156.51 30.46 52.60 - 0.50 0.53
14.0 151.73 30.73 56.16 0.20 0.56 0.58
14.5 144.77 30.21  59.50 0.29 0.61 0.63
150 | 138.24 30.22 63.16 . 0.35 0.67 0.68
155 134.95 30.21 6691 0.35 0.78 - 0.73
16.0 133.20 30.64 68.89 0.81 0.83 0.22 0.76
16.5 132.05 30.65 70.29 141 0.75 0.15 0.78
17.0 128.60 30.02 70.49 2.26 1.00 0.18 0.81
17.5 125.56 29.00 70.15 3.51 0.91 0.27 0.83
18.0 121.86 28.07 69.35 4.70 097 . 0.24 1 0.85
18.5 118.04 27.75  68.12 6.15 1.15 0.25 0.88
19.0 113.97 26.55  66.80 7.45 1.24 0.16 0.90
19.5 110.19 25.20 64.63 8.30 1.25 0.27 0.90
20.0 104.54 24.14 63.86 8.89 1.34 0.29 0.94
20.5 101.28 22.84 62.34 9.35 1.57 0.35 - 0.95
21.0 94.90 20.71  59.72 9.35 1.43 0.45 0.97
21.5 90.47 19.35 57.19 9.69 1.33 0.88 0.98
22.0 85.36 1775  54.22 9.46 1.44 1.32 0.99
22.5 81.48 16.32  51.06 910° 140 192 0.98
23.0 77.60 15.16 48.95 8.92 1.52 2.65 0.99
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Table A.9 (continued)

Photon | . . L 2 el Fhotoion-
“energy leferentlal oscillator strength (107 eV™) 1zat.1on
' Efficiency
e Ell;lso(f:ption PCl3 PCIE - pCr’ cr P Mi
23.5 73.81 14.26 . 46.01 8.35 1.64 3.37 1.00¢
24.0 71.13 13.42  44.19 7.99 1.59 3.94
24.5 67.53 12.28  41.59 7.58 1.69 4.39
25.0 64.15 11.53 39.18. 7.09 1.80 4.55
25.5 59.94 1044  36.25 6.62 2.06 4.56
26.0 55.24 9.51 32.92 6.11 2.17 4.53
26.5 52.74 . 895 31.14 5.77 2.41 4.47
27.0 48.71 8.06 28.64 5.31 2.58 4.11
27.5 44 .89 7.30 26.21 4.88 2.63 3.86
28.0 41.86 6.71 24 .27 4.47 2.77 .3.65
28.5 37.50 585 21.52 3.97 2.79 3.38
29.0 35.20 5.47 20.02 364 288 3.20
29.5 31.97 4.83 18.01 3.30 2.87 2.97
30.0 28.52 4.28 16.01 2.90 2.69 2.64
32.0 19.58 - 2.66 10.32 1.91 2.76 1.93
34.0 13.19 1.65 6.69 1.35 2.13 1.37
36.0 8.47 1.00 4.14 0.85 1.63 0.86
38.0 5.62 0.65 2.54 0.63 1.20 0.60
40.0 4.17 0.50 1.68 0.50  1.02 0.47
42.0 3.50 0.40 1.30 - 046 - 0.90 0.43
44.0 3.29 0.38 - 1.14 -~ 045 0.88 '0.44
46.0 3.24 0.37 1.06 0.43 0.89 . 049
48.0 3.22 0.38 1.03 0.42 0.93 0.48
50.0 3.33 0.39 1.07 045 094 0.49
55.0 3.45 :
60.0 '3.49
65.0 3.48 0.23 0.75 0.44 1.35 0.71
70.0 3.42
74.0 3.34
© 178.0 3.23
82.0 3.12
86.0 3.02
90.0 2.86
95.0 2.74 0.18 0.64 0.31 1.08  0.54
100.0 2.62
108.0 2.35
116.0 2.17
120.0 2.02
125.0 1.90 0.11 045 0.22 0.73 0.38

* The photoionization efficiency is normalized to unity above 23.5 eV. '

275



Appendix 276
Table A.10
Absolute differential oscillator strengths for the total photoabsorption® of PClg in the
P 2p,2s and Cl 2p,2s inner-shell regions from 124 to 350 eV
Photon Differential| Photon Differential| Photon Differential] Photon Differential
energy oscillator | energy. oscillator | energy oscillator | energy oscillator
strength strength | strength | - strength
V) (102eVvhH| (V) (10ZevY| (V) @0 2evh| (ev)  (102eVY

124.0 1.93 138.0 2.62 154.0 4.42 182.0 3.61
124.5 1.91 138.5 | 3.21 155.0 4.47 183.0 3.59
125.0 1.90 139.0 3.96 156.0 . 4.45 184.0 3.55
125.5 191 139.5 4.42 157.0 4.46 185.0 3.59
126.0 1.87 140.0 4.45 158.0. 441 186.0 3.57

126.5 1.88 140.5 4.03 159.0 4.38 187.0 3.57 .
127.0 1.87 141.0 3.66 160.0 4.36 187.5 3.57
127.5 1.83 141.5 3.47 161.0 4.35 188.0 3.62
128.0 1.86 142.0 3.37 162.0 4.30 188.5 3.68
128.5 1.84 142.5 331 163.0 4.25 189.0 3.73
129.0 1.84 143.0 3.30 164.0 4.24 189.5 3.82
129.5 1.83 143.5 3.33 165.0 4.18 190.0 4.01
130.0 1.83 144.0 3.36 166.0 4.10 190.5 4.36
130.5 1.80 144.5 341 - 167.0 4.09 191.0 4.54
131.0 1.81 145.0 3.46 168.0 4.01 191.5 4.31
131.5 1.81 145.5 3.56 169.0 3.96 192.0 3.89
132.0 1.93 146.0 3.65 170.0 3.93 192.5 3.65
132.5 2.46 146.5 3.78 171.0 3.87 193.0 345
133.0 3.19 147.0 3.90 172.0 3.85 193.5 3.42
133.5 3.51 147.5 4.03 173.0 3.84 194.0 .8.37
134.0 3.30 148.0 4.11 174.0 3.79 194.5 3.39
134.5 2.62 148.5 422 175.0 3.77 195.0 3.40
135.0 2.14 149.0. 4.31 176.0 3.74 195.5 3.40
135.5 1.96 149.5 4.39 177.0 3.70 196.0 341
136.0 1.87 150.0 4.43 178.0 3.66 196.5 3.48
136.5 1.94 151.0 443 179.0 3.66 197.0 3.48
137.0 2.07 152.0 4.43 180.0 3.63 197.5 3.51
1375 2.32 153.0 4.45 181.0 3.62 . 198.0 3.48
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Table A.10 (continued)

Photon Differential] Photon Differential| Photon Differential| Photon Differential

energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength

V) (1072eVv Y| (eV) (10ZeVH| (V) (102eVvDH| (eV)  (102eVl)
198.5 3.49 214.0 10.14 265.0 8.35 304.0 - 17.30
199.0 3.55 215.0 1041 266.0 8.40 306.0 - 7.20
1995 3.77 216.0 10.59 267.0 8.38 308.0 - 7.13
-200.0 4.20 © 2180 . 10.34 268.0 8.38 310.0 © T.06
200.5 4.39 2200 1025 | 269.0 844 | 312.0 7.00
2-01.0 4.45 222.0 10.19 270.0 8.62 314.0 6.90
201.5 4.62 224.0 10.01. 271.0 8.83 316.0 6.80
202.0 4.53 226.0 9.80 272.0 8.78 318.0 6.79
202.5 4.32 228.0 9.69 273.0 8.56 320.0 6.71
203.0 4.33 _ 230.0 9.54 274.0 8.46 322.0 6.63

v 203.5 4.48 232.0 943 275.0 8.40 324.0 T 6.62
204.0 4.39 234.0 - 9.25 276.0 8.47 326.0 6.57
204.5 4.56 236.0 9.10 277.0 8.53 328.0 6.53
205.0 5.18 238.0 9.02 278.0 8.52 330.0 6.49
205.5 5.79 240.0 8.87 279.0 ' 8.47 332.0 6.45
206.0 6.49 242.0 8.83 280.0 8.40 334.0 6.42
206.5 7.27 2440 8.77 282.0 8.32 336.0 . 6.33
207.0 7.56 246.0 8.71 1284.0 - 825 338.0 6.32
2075 . 17.65 248.0 8.71. 286.0 - 817 340.0 - 6.24
208.0 7.90 250.0 8.67 288.0 - 811 . 342.0 6.23
208.5 7.99 252.0 8.57 290.0 8.00 344.0 6.19
209.0 8.14 254 .0 8.58 292.0 7.88 346.0 6.12
209.5 8.30 256.0 - 8.53 294.0 7.79 348.0 . 6.04
210.0 8.54 258.0 . 8.47 296.0 7.72 350.0 6.01
211.0 8.96 260.0 8.43 298.0 7.57 '
212.0 - . 9.37 262.0 - 8.42 3000 751 _

12130 9.72 | 2640 = 836 302.0 137

¢ The partial photoabsorption oscillator strengths for the inner shells (P 2p,2s; Cl 2p,2s) can be
estimated by substituting the A, B, and C parameters in table 5.1 into equation (3.1) and then
subtracting the resulting valence-shell contributions from the corresponding total photoab-
sorption values in this table.




Table A.11

Absolute differential oscillator strengths for the total photoabsorption and the dissociative photoionization of PF; up to 130 eV

Photon . . . ' 9 1 ‘ Phot(?ion-
energy Differential oscillator strength (107 eV™) 1za’§10n
Efficiency]

(eV) Photo-

absorp- PFf PFjf PFy PF* PF* PFST™ PF;T PY  PF¥* F+  p* ub

tion
10.0 0.26
10.5 0.84
11.0 2.61
11.5 7.84
12.0 18.53
12.5 19.56
13.0 17.33
13.5 29.36
14.0 38.66
14.5 34.31
15.0 35.24 1.29 0.04
15.5 35.69 4.75 0.13
16.0 40.96 11.78 0.29
16.5 52.83 23.94 0.23 0.46
17.0 54.92 34.75 0.22 0.64
17.5 49.40 37.51 0.34 0.77
18.0 50.41 41.57 0.32 0.83
18.5 55.26 48.04 0.37 0.88
19.0 60.03 54.45 - 0.38 0.91
19.5 63.87 61.20 0.43 0.96
20.0 66.55  64.62 0.48 0.52 0.99
20.5 68.63 66.81 0.57 0.49. 0.99
21.0 70.60 67.71 228 0.62 1.00“
21.5 73.35 66.91 5.83 0.61
22.0 76.38 67.56 8.33 0.49
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Table A.11 (continued) .

Photon . . . ' 9 1 Photqion—

energy Differential oscillator strength (107 eV™) 1zat:,10n
Efficiency]

(eV) Photo- '

absorp- PF; PFf PFyj PF:* PF* PF:* PFSY PY PF?* F*  p* N;
| tion ‘

22.0 76.38 6756 833  0.49

22.5 79.52 70.65 8.48 0.40

23.0 82.21 72.96 8.84 0.41

23.5 83.78 74.45 8.87 "0.46

24.0 85.25 75.'8'5 8.88 0.52

24.5 85.51 75.60 9.37 0.53

- 25.0 8501 7515 951 035

25.5 83.59 74.09 9.19 0.31 -

26.0 81.10 7116 9.35 0.59

26.5 78.09 68.62 9.04 0.44

27.0 75.42 65.76  9.05 0.61

27.5 72.71 63.28 8.67 0.76

28.0 70.44 61.22 8.25 0.98

28.5 68.28 5945 7.81 1.02

29.0 66.44 . 57.67  7.37 1.40

29.5 64.35 55.87 6.81 1.68 v

30.0 62.47 53.80 6.37 2.01 0.24 - 0.05

31.0 59.88 50.25  6.07 2.70 0.56 0.30

32.0 57.31 48.03 5.51 2.76 0.87 0.14

33.0 55.53 44.92 5.77 2.97 141 0.45

34.0 54.18 43.04 5.64 2.88 2.28 0.34

35.0 54.21 41.73  5.78 2.89 3.38 0.44

36.0 | 53.39 40.22  5.85 2.57 . 4.20 0.17 0.39

37.0 '52.96 3848 591 2.45 5.15 0.36 0.61

38.0 52.27 36.50 5.98 2.45 o 6.00 0.48 0.85

39.0 50.01 34.29 5.93 1.89 0.07 6.16 0.75 0.92
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Table A.11 (continued)

Photon i . ] o w1 Pbotqion—
Differential oscillator strength (107 eV™) ization
energy : X
Efficiency]
(eV) Photo-
absorp- PFf PFf PFf ©PFZ* PF* PF:* PFSY P PF2*  FY P Ni
tion
40.0 47.60 32.69 5.58 1.51 0.16 5.47 0.17 0.97 1.04
41.0 44.80 30.15 5.68 1.54 0.18 4.83 0.27 1.12 1.03
42.0 42.71 28.47 5.75 1.20 0.15 4.28 0.40 1.33 1.13
43.0 40.70 26.66 5.77 1.15 0.21 3.85 0.61 1.36 1.10
44.0 39.35 2591 5.56 0.97 0.15 3.56 0.73 1.38 1.08
45.0 37.76 24.63 5.44 0.97 0.19 3.37 0.81 1.29 1.07
46.0 36.86 23.60 5.39 0.99 0.17 3.26 0.82 1.40 1.23
47.0 35.68  22.92° 5.03 0.93 0.16 2.97 0.93 1.44 0.08 - 1.22
48.0 34.54 21.89 4.96 0.91 0.16 2.82 0.89 143 0.13 1.35
- 49.0 33.53 21.02 4.71 0.90 0.18 2.73 1.00 1.48 0.08 1.33 0.10
50.0 32.77 20.33 461 0.92 0.13 2.63 1.05 - 140 0.11 1.50 0.08
55.0 29.72 18.64 3.98 0.78 0.12 2.22 0.84 - 1.35 0.12 1.60 0.06
60.0 27.21 16.57 3.51 0.66 0.10 2.03 0.90 0.12 131 0.22 1.70 0.09
65.0 ©25.23 15.19 3.02 0.70 0.14 1.83 0.86 0.13 ©1.22 0.32 1.75 0.08
70.0 22.84 13.69 2.68 0.69 0.09 1.63 0.76 0.13 1.08 0.34 1.67 0.08
75.0 2091 12.10 2.46 0.60 0.08 1.54 0.80 0.13 099 . 0.40 1.70 0.11
80.0 18.68 10.53 211 0.56 0.08 143. 0.71 0.12 0.95 0.37 1.71 0.09
90.0 1541 8.36 1.63 0.48 0.06 1.29 0.63 0.08- 086 0.32 1.64 0.05
100.0 12.83 6.65 1.23 0.43 0.06 1.07 0.52 0.11 0.75 - 0.29 1.64 0.08
110.0 10.92 5.47 1.03 0.34 0.05 093 044 0.11 0.67 0.29 1.52 0.07
120.0 9.10 4.54 0.83 0.28 0.07 0.74 0.36 0.09 0.59 0.24 1.28 0.07
130.0 7.67 3.78 0.74 0.24 0.04 0.65 0.31 0.05 0.51 0.22 1.08 0.05

® The photoionization efficiency is normalized to unity above 21.0 eV.
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Table A.12

Absolute differential oscillator strengths for the total photoabsorption®
of PF5 in the P 2p,2s inner-shell region from 126 to 300 eV -

Photon Differentiall Photon Differential| Photon Differential| Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy  oscillator
strength strength strength strength
V) (1072ZeVh| (eV) (@0ZeVhH| (V) (10ZeVDH| (V) (107%evh
126.0 8.23 | 136.5 | 6.89 147.0 737 v159.5 9.29
126.5 8.20 137.0 - 6.97 ,147.5 7.98 160.5 ..-9.63 
127.0 811 | 1375  7.62 | 148.0 . 8.72 161.5 | 110.04
127.5 8.02 | 138.0 8.93 | 1485 9.46. | 1625 10.18 )
128.0 799 | 1385  10.08 | 149.0 10.00 | 163.5 10.01
128.5 7.96 | 139.0 10.54 | 149.5 = 10.10 | 164.5 - 9.54
129.0 7.81 | 139.5 9.61 | 150.0 9.89 | 165.5 9.16
129.5 7.79 140.0 | 8.95 | 150.5 9.40 166.5 8.73
130.0 7.67 140.5 8.98 | 151.0 8.87 167.5 8.37
130.5 763 | 141.0 = 876 | 1515 8.56 | 1685  8.05
131.0° 760 | 1415 873 | 1520 8.25 | 1695 1,79
131.5 751 | 142.0 854 | 1525 805 | 170.5 | “7.6.5'
132.0 - 7.50 142.5 ' 8.18 : 153.0 7.87 172;5 . 7.32
132.5 7.39 v143.0‘ 7.81 153.5 783 1745  7.25
133.0 7.35 143.5 7.38 154.0 7.85 176.5 | 7.03
133.5 7.27 | 144.0 7.08 | 154.5 7.85 | 1785 6.93
134.0 7.18 | 144.5 6.89 | 155.0 8.04 | 180.5 6.78
134.5 7.16 | 145.0 6.84 | 1555 8.24 | 1825 6.69
135.0 - 7.06 145.5 6.75 156.5 8.53 184.5 . 6.49
135.5 7.04 146.0 6.83 157.5 8.81 186.5 1 6.46
136.0 6.94 146.5 6.98 158.5 9.03 1885 . 6.34
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Table A.12 (continued)

Photon Differential| Photon Differential| Photon Differential| Photon Differential
energy - oscillator | energy oscillator | energy oscillator | energy oscillator
_ strength strength ' strength | . ' strength
(V) (102eVhH| (eV)  10ZeVY| (eV) (10ZeVY| (eV)  (1072eVY
190.5 6.25 210.5 5.39 242.5 -4.50 274.5 3.55
1925 . 6.12 212.5 5.32 2445 4.48 276.5 3.46
193.5 6.15 214.5 5.31 246.5 4.40 278.5 3.43
194.5 6.14 216.5 5.21 248.5 425 | 2805 3.38
195.5 - 6.20 | 218.5 5.20 250.5 ' 4.20 - 282.5 3.30
196.5 o 6.39 2205 - 5.17 252.5 4.15 284.5 3.33
197.5 6.57 222.5 5.17 254.5 4.06 286.5 3.29
198.5 6.47 224.5 5.10 256.5 3.97 288.5 3.23
199.5  6.25 226.5 5.09 258.5 3.93 | 290.5 3.24
200.5 6.09 228.5 - 5.02 260.5 3.89 2925 3.20
2015 6.03 | 230.5 5.00 262.5 3.83 | 294.5 3.14
20.2.5 6.02 232.5 | 4.96 264.5 - 3.75 296.5 3.14
203.5 5.72 234.5 4.86 266.5 - 3.72 298.5 3.04
204.5 5.67 236.5 4.79 268.5 3.71 300.5 3.03
206.5 5.48 238.5 4.74 270.5 3.59

208.5 5.38 e 240.5 4.63 272.5 3.57

¢ The partial photoabsorption differential oscillator strengths for the P 2p,2s inner-shells can be
obtained by substituting the A, B, and C parameters given in table 5.1 into equation (3.1) and
then subtracting the resulting valence-shell contributions from the corresponding total photoab-
sorption values in this table. :




Appendix . 283

Table A.13

Absolute differential oscillator strengths for the total photoabsorption and the molecular
and dissociative photoionization” in the valence and the P 2p,2s inner shell regions of PF,
from 130 to 192.5 eV

Photon Partial oscillator .strength (1072eVY

er(f{;(fy apf,l;);fpﬁon PF; PF, PF* PF2* PF:* P* PF®* F*  p*
130.0 4.73 0.19 2.33 0.29 0.03 0.05 0.63 0.17 090 0.15
135.0 5.28 0.18 1.93 0.48  0.03 0.06 . 0.97 0.20 1.22 0.21
136.5 5.63 0.27 ~2.26 0.47 0.05 0.06 0.89 0.22 1.23 0.19
138.0 5.57 020 - 1.77 048 - 0.02 . 0.09 1.15 021 141 0.23
138.5 5.83 0.16 1.88 0.47 0.04 0.08 1.15 0.24 1.58 0.23
139.5 5.54 0.18 1.81 0.39 0.03 0.10 1.11 0.21 148 .0.22
141.0 5.21 0.19 1.74 0.28 0.05 0.06 1.00 0.20 1.49 0.20
144.0 6.26 0.13 1.48 0.33 0.08 0.07 0.97 0.57 2.13 0.51
145.0 7.03 0.13 1.41 0.40 0.11 0.10 1.11 0.71 2.51 0.56
146.0 7.51 0.11 1.42 0.40 0.10. 0.08 1.20 0.75 2.85 .0.61
147.0 7.48 0.13 1.54 0.37 0.11 0.12 1.22 0.76 2.67 0.57
148.0 7.24 0.15 ~ 1.57 0.33 0.09 0.09 1.16 0.68 2.61 0.56
152.0 6.36 0.09 1.35 031 0.10 0.10 1.05 0.64 2.20 0.53
157.0 7.38 0.11 1.23 0.34 0.13 0.08 1.20 0.72 2.85 0.70
162.0 7.19 0.06 1.15 0.32 0.11 0.11 1.14 0.74 2.90 0.68
175.0 5.85 0.07 1.00 0.25 . 0.07 0.09 0.91 0.54 2.35 0.56
192.5 5.71 0.08 0.76 0.21 0.05 0.08 091 * 045 2.54 0.63

¢ Assuming a photoionization efficiency of unity. Note that these values include the
contribution from the underlying valence shell.
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Table A.14

Absolute differential oscillator strengths for the total photoabéorption and the
dissociative photoionization® of PClg in the P 2p,2s and Cl 2p,2s inner-shell regions
: from 125 to 271 eV

Photon Differential oscillator strength (1072 ev])

er(f{;‘;’y I:ils";fr')tion PCl} PCl; PC* PCIZ* cCI* P+ CI2+ p2
125.0 | “1.90 011. 046 022 . . 075 0.37

1335 | 3.51 0.11 050 047 003 156 0.83

1365 | 1.94 0.09 033 022 0.86  0.43

139.5 | 4.42 0.09 041 047 0.03 226 113 0.03
1425 | 331 0.04 028 034 003 175 084 ©0.02
150.0 | 4.43° 009 - 033 046 005 234 107 0.05 005
162.0 | 4.30 0.04 024 037 004 233 107 0.10 0.09
1740 | 3.79 0.05 021 031 004 208 097 007 0.07
191.0 | 4.54 0.04 019 029 003 252 126 0.08 0.14
198.0 | 3.48 011 021 001 204 094 0.08 0.09
201.5 | 4.62 004 0.18 039 004 242 130 012 0.13
207.0 | 7.56 - 019 061 004 442 199 0.18 0.13
216.0 | 10.59 0.35 1.08 0.06 629 249 017 0.6
250.0 | 867 . 014 069 004 527 217 021 0.14
271.0 | 8.83 016 058 005 538 225 023 0.18

% Assuming a photoionization efficiency of unity.



Table A.15

Absolute differential oscillator strengths for the total photoabsorption and the dissociative photoionization® of PF;
in the P 2p,2s inner-shell region

Photon Differential oscillator strength (1072 eV-1)
energy
(eV) |Photoabsorption PFf  PFf PFj PF;* PF* PFZ* PFZ* Pt PF**  F* p2+
130.0 7.67 3.76 0.74 0.24 0.04 0.64 0.31 0.05 0.51 0.22 1.11 0.05
139.0 10.54 2.84 0.75 0.58 0.02 1.38 0.31 0.15 1.10 0.42 276 0.22
141.0 8.76 . 2.89 0.69 -0.31 0.03 1.03 0.32 0.09 0.86 0.32 . 210 0.12
143.0 7.81 2.81 0.61 0.27 0.04 . 0.68 0.36 0.07 0.77 0.25 1.85 0.09
145.0 . 6.84 2.55 0.53 0.21 0.04 0.58 0.37 0.07 0.61 0.27 1.54 0.07
149.0 10.00 2.00 048 0.44 0.05 0.65 0.31 0.18 0.94 0.74 3.97 0.25
153.5 7.83 1.98 0.40 0.30 002 057 0.24 0.13 0.73 0.51 2.78 0.16
158.0 8.92 1.78 0.40 0.37 0.06 0.60 0.22 0.13 0.87 0.60 3.66 0.24
162.5 10.18 1.73 0.39 0.42 0.03 0.70 0.25 0.17 0.90 0.78 4.49 0.31
167.0 8.55 151 0.34 - 0.32 0.03 0.61 0.22 0.14 0.87 0.61 3.61 0.28
181.0 6.78 1.20 0.29 0.27 0.01 0.46 0.18 0.12 0.64 0.45 - 291 0.23
197.5 6.57 0.91 0.25 0.21 0.01 0.44 0.16 0.09 0.64 0.44 3.16 0.27

¢ Assuming a photoionization efficiency of unity.
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Table A.16

Absolute differential oscillator strengths for the total photoabsorption and the molecular and
dissociative photoionization of nitrogen dioxide up to 80 eV

Photon " Differential oscillator strength (1072 eV-1) Photoionization
energy | . efficiency
(eV) Photoabsorption NO; 0, . NoO* o* N* n;
1.5 . 0.00
2.0 0.03.
2.5 0.31
3.0 0.72
3.5 0.56
4.0 0.23
45 . 0.06
5.0 - 0.04
5.5 0.47
6.0 0.31
6.5 1.64
7.0 6.20
7.5 10.59
-8.0 11.39
8.5 11.45
9.0 10.91
9.5 14.46
" 10.0 14.72
10.5 10.33 ‘ 0.13 . 0.05 0.02
11.0 11.43 - 0.53 . 0.09 ‘ - 0.05
11.5 13.40 1.19 0.17 » 0.10
12.0 15.00 1.75 , 0.27 0.13
12.5 16.31 2.17 0.38 0.16
13.0 16.53 2.70 ' 0.95 0.22
13.5 17.31 . 3.13 - 2.52 : - - 0.33-
14.0 19.74 3.54 : 4.17 o 0.39
14.5 22.76 . 3.94 5.57 0.42
15.0 23.67 4.37 6.88 0.48
15.5 - 2239 4.67 N B £31 0.55
16.0 22.48 4.92 8.70 0.61
16.5 23.60 4.95 9.64 0.05 0.62
17.0 27.40 5.18 11.61 0.08 0.62
17.5 30.13 5.26 13.85 -0.12 0.64
18.0 31.27 5.09 0.00 15.71 0.32 0.68
18.5 : 33.14 4.75 0.04 17.56 0.67 0.69
19.0 33.16 435. - 011 18.67 1.86 0.75
19.5 34.74 411 0.19  20.03 -3.40 0.80
20.0 36.49 3.87 0.27 21.31 4.44 0.82
20.5 37.24 3.85 0.38 22.29 4.96 - 0.85
21.0 37.84 3.73 043  23.07 5.55 0.11 0.87
21.5 38.21 3.69 0.50 23.65 5.81 0.11 0.88
22.0 38.06 3.68 0.51 24.23 591 0.13 0.91
22.5 37.51 3.69 0.53 24.54 6.00 0.14 0.93
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Table A.16 (continued)
Photon Differential oscillator strength (1072 eV™1) Photoionization
energy ‘efficiency
(eV) Photoabsorptlpn NO; ' 0} NO* ot Nt n;
23.0 36.43 3.65 0.57 24.69 5.89 0.15 0.96
23.5 35.46 3.63 0.52 24.40 5.67 0.19 . 0.97
24.0 34.21 3.48 0.51 23.83 5.51 0.18 - 0.98
~24.5 32.81 3.50 0.45 23.40 5.25 0.20 1.00 ¢
25.0 31.73 3.35 0.47 22.63 5.08 0.20
25.5 31.00 3.24 0.43 22.17 4.92 0.24
126.0 30.18 - 3.15 0.42 21.51 4.76 0.35
26.5 29.47 3.11 0.41 20.94 4.62 0.39 -
27.0 28.95 3.04 0.39 20.54 4.52 0.46
27.5 28.68 3.01 041 20.23 4.48 0.56
28.0 28.04 2.93 0.37 19.71 4.37 0.66
28.5 27.66 2.94 0.35 19.20 4.35 0.82
29.0 2751 2.95 0.37 18.92 4.37 0.90
29.5 -27.11 292 . 037 18.56 424 1.03 -
30.0 26.82 2.91 0.31 18.22 4.20 119
31.0 25.98 2.70 0.31 17.43 4.25 1.28 -
32.0 25.45 2.67 0.30 16.63 4.25 1.59
33.0 24.57 263 - 0.26 15.67 4.15 1.86
- 34.0 24.09 2.57 0.25 14.94 4.22 2.10
35.0 23.47 2.49 0.24 14.16 4.27 2.32
36.0 23.06 244 - 0.24 13.52 4.37 2.48
37.0 22.58 234 023 1293 448 2.61
38.0 21.87 2.27 0.21 12.31 4.49 2.59
39.0 21.09 2.17 0.21 11.68 4.51 2.52
40.0 20.23 2.06 0.17 11.11 4.44 2.44
41.0 19.59 2.02 0.17 10.64  4.44 2.32
42.0 19.13 1.92 0.17 10.31 4.45 2.27
43.0. 18.67 1.88 0.16 . 10.00 4.46 2.18
44.0 18.44 1.84 0.16 9.75 457 2.13
45.0 18.02 1.82 0.16 9.40 458 205
46.0 17.81 1.77 0.16 9.22 4.61 2.04
47.0 17.26 1.65 0.14 8.87 4.59 2.00
48.0 16.79 1.65 0.15 8.57 4.49 1.94
49.0 16.14 1.58 0.14 - 8.22 435 185
50.0 15.51 1.51 0.12 7.87 4.25 1.77
55.0 13.02 1.19 -0.16 6.40 3.70 1.57
.60.0 11.13 0.93 0.11 -5.33 3.33 1.43
65.0 9.69 '0.75 010  4.50 3.00 1.34
70.0 8.45 0.60 0.09 3.84 - 2.69 1.23
75.0 7.52 0.50 0.08 3.27 2.51 1.17
80.0 6.58 0.41 0.07 2.82 2.26 1.02

¢ The photoionization efficiency is normalized to unity above 24.5 eV.
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Table A.17

Absolute differential oscillator strengths for the valence-shell photoabsorption
of nitrogen dioxide from 80 to 200 eV

288

Photon Differentiall Photon Differentiall Photon Differential| Photon Differential
energy oscillator | energy  oscillator | energy oscillator | energy = oscillator
- strength str'ength strength strength

@)  (102evh| (V) (107%eVhH| (V)  (10ZeVH| (V)  (10ZeVhH
80.0 6.58 | 102.0 - 3.91° | 136.0 1.96 170.0 | 1.18 .
81.0 6.54 104.0. 3.75 138.0 1.90 172.0 1.17
82.0 6.22 106.0 . 3.58 140.0 1.82 174.0 1.14

- 83.0 6.09 108.0 3.44 142.0 1.76 176.0 1.16

- 84.0 - 5.96 110.0 - 3.29 144.0 1.71 178.0 1.08
85.0 5.76 112.0 3.16 146.0 1.68 180.0 1.05
86.0 5.65 114.0 3.01 148.0 1.60 182.0 1.06
87.0 . 5.52 116.0 2.90 150.0 1.57 | 184.0 0.99
88.0 5.39 118.0 - 2.78 152.0 1.51 186.0 - 0.95
89.0 5.26 120.0 | 2.64 154.0 1.49 188.0 0.97
90.0 5.14 122.0 2.54 156.0 1.42 190.0 0.93
91.0 5.03 124.0 - 2.46 158.0 1.41 192.0 0.93
92.0 4.92 126.0 2.36 160.0 1.38 194.0 0.91
94.0 4.70 | 128.0 v 2.28 162.0 1.33 196.0 0.88
-96.0 4.48 130.0 2.17 | 164.0 1.29 198.0 0.86
98.0 4.28 132.0 2.12 166.0 1.24 200.0 0.88
100.0 4.09 134.0 2.02 168.0 1.23
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‘Table A.18
Absolute differential oscillator strengths for the valence-shell photoabsorption
of CFClg from 5.5 to 200 eV
Photon | Differential] Photon Differential Photon Differential] Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength
(V) 102V H| (V)  (102eVh| (V) (102eVh| ev)  (102evY
5.5 0.00 16.5 119.55 275  57.37 38.5 15.63
6.0 1.51 17.0 120.68 ' 28.0 53.80 39.0 - 15.09
6.5 2.42 17.5 119.51 28.5 50.65 39.5 14.'73
7.0 3.42 18.0  117.85 29.0 47.32 40.0 14.52
7.5 4.17 18.5 115.53 205 - 44.72 40.5 14.25
8.0 5.08 19.0 112.19 30.0 40.88 41.0 13.87
8.5 10.74 19.5 110.11 30.5 38.07 41.5 13.61
9.0 27.67 ’20.0 109.04 31.0 35.20 42.0 13.42
9.5 64.25 20.5 107.91 31.5 32.76 42.5 13.23
10.0 74.71 21.0 105.51 32.0 30.70 43.0 13.04
105 69.79 21.5 103.75 32.5- 28.72 44.0 12.73
11.0 67.42 22.0 101.15 33.0 26.85 45.0 12.46
11.5 70.47 22.5 97.82 33.56  24.78 46.0 12.15
12.0 72.65 23.0 93.39 34.0 23.13 47.0 11.93 "
12.5 78.54 23.5 89.35 34.5 22.18 48.0 | 11.66
13.0 86.93 .24.0 84.94 35.0 20.75 49.0 11.32
13.5 100780 24.5 80.32 35.5 19.84 50.0 11.10
14.0 113.62 | 25.0 77.27 '36.0 18.74 51.0 10.82
14.5 125.16 25,5 . 7298 36.5 17.94 52.0 10.65
15.0 128.89 26.0 69.06 37.0 17.34 53.0 10.44
15.5 122.88 26.5 65.22 375  16.66 54.0 10.31
16.0 118.31 27.0 61.22 38.0 16.18 55.0 10.12
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Table A.18 (continued)

Photon ljiﬁ'erential Photon Differential| Photon Differential| Photon. Differential
energy  oscillator | energy oscillator | energy oscillator | energy - oscillator
. strength | strength strength strength

@) 10%evhH| V) A0%evh| V) 1026V (eV)  (107%eVThH
56.0 9.86 79.0 7.12 116.0 4.22 162.0 2..36 '
57.0 9.73 80.0 7.01 118.0 4.10 164.0 2.34

| 580 9.56 81.0 6.88 120.0 4.00 166.0 2.28
59;0 9.43 82.0 6.79 122.0 3.91 168.0 2.24
60.0 9.32 83.0 6.66‘ 124.0 3.80 170.0 2.17
61.0 9.20 84.0 6.52 126.0 3.72 172.0 2.16
62.0 . 9.04 85.0 6.41 128.0 3.61 174.0 2.14
63.0 8.89 86.0 6.31 130.0 3.46 | 176.0 2.05
64.0 8.84 87.0 | 6.17 132.0 3.42 178.0 | 2.00
65.0 8.73 88.0 6.12 134.0 3.33 180.0 2.00
660 863 | 900 593 | 1360  3.18 | 182.0 1.95
67.0 ' 8.49 92.0 5.74 138.0 3.16 184.0: 1.95 |
68.0 8.41 94.0 5.57 140.0 3.05 - | 186.0 1.88
69.0 8.29 96.0 5.42 142.0 2.99 188.0 1.85
70.0 8.18 98.0 | 5.28 144.0 2.92 190.0 1.83
71.0 8.06 100.0 5.16 146.0 2.81' 192.0 1.76

' 72.0 7.89 102.0 5.02 148.0 2.73 194.0 1.75
73.0 7.82 104.0 4.91 150.0 271 196.0 1.72
74.0 7.67 106.0  4.75 152.0 2.63 198.0 1.66
75.0 7.58 108.0 4.66 154.0 2.57 200.0 1.83
76.0 7.44 110.0 4.53 156.0 2.55

77.0 7.33 112.0 4.45 158.0 2.46

78.0 7.25 114.0 4.32 160.0 2.43
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Table A.19-
Absolute differential oscillator strengths for the valence-shell photoabsorption
of CFoCly from 6 to 200 eV
Photon Differential| Photon Differential| Photon Differential] Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength
@V)  @0PeVvh| (V)  (10%eVhH| (V)  (10%eVDH| (eV)  (1072eVH
6.0 0.00 |.. 17.0 92.18 28.0. 54.77 : 39.0 24.42
6.5 0.53 17.5 93.16 28.5 52.49 39.5 23.94
7.0 1.07 18.0. 95.83 29.0 49.42 40.0 23.67
7.5 0.80 18.5 98.09 29.5 47.06 | 40.5 22.96
8.0 0.86 19.0 99.47 30.0 45.02 41.0 22.81
8.5v 3.23 19.5 100.48 30.5 42.60 415 22.54
9.0 13.49 20.0 99.80 31.0  40.23 42.0 21.99
9.5 32.55 - 20.5 96.22 31.5 38.02 1 42.5 21.43
10.0 38.52 21.0 93.43 32.0 36.36 43.0 21.38
10.5 4453 |. 21.5  90.28 32’.5 35.07 43.5 20.85
11.0 54.30 22.0 87.19 33.0 33.56 44.0 20.66
11.5 60.00 22.5 84.00 33.5 31.93 44.5 20.32
12.0 64.54 23.0 81.81 34.0 30.47 45.0 20.06
12.5 70.65 23.5 79.62. 34.5 29.70 46.0 19.39
13.0 74.92 24.0 77.13 35.0 28.32 47.0 18.78
13.5 71.38 24.5 74.19 35.5 27.80 48.0 18.21
14.0 70.75 25.0 . 7217 36.0 - 27.40 49.0 1762
14.5 81.51 25.5 69.44 36.5 26.05 50.0 17.08
15.0 87.26 26.0 66.35 37.0 26.09 51.0 16.51.
15.5 87.97 265  63.60 37.5 | 26.53 | 52.0 16.17
16.0 91.11 27.0 60.80 38.0 25.30 53.0 ~ 15.70
16.5 93.06 27.5 57.62 38.5 25..15 54.0 15.42
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Table A.19 (continued)
Photon Differential| Photon Differential] Photon Differential| Photon Differential
energy  oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength

@) 102V | @) 102evh| @) a0V | @) 10%ev )
55.0 15.01 78.0 10.20 120.0 5.31 166.0 2.78
56.0 1481 | . 79.0 10.04 122.0 5.17 168.0 2.69
57.0 14.52 80.0 9.83 124.0 5.03 170.0 2.66
58.0 14.24 81.0 9.71 126.0 4.85 172.0 -2.62
59.0 ‘14.05 | 82.0 9.48 128.0 4.72 174.0 254
60.0 13.74 84.0 9.12 130.0 . 4.60 176.0 2.48
61.0 13.63 _86.0 - 8.82 132.0 4.46 178.0 '2.40
62.0 13.35 88.0 8.52 134.0 4.35 180.0 2.38
63.0 13.20 90.0 8.24 136.0 4.21 182.Q 2..28.
64.0 13.06 92.0 7.98 138.0 - 4.08 184.0 2.36
65.0 12.76 94.0 7.71 140.0 3.94 186.0 2.20
66.0 12.67 96.0 . 7.52 142.0 .3.84 188.0 211
67.0 12.32 98.0 - 7.29 144.0 3.73 190.0 -2.08
68.0 12.26 100.0 7.10 146.0 3.63 192.0 2.14
69.0 12.09 102.0 .6..91 148.0 3.56 194.0 2.04 |
70.0 11.81 104.0 6.68 150.0 3.38 196.0 1.95
71.0 11.61 106.0 6.51 | .152.0 3.35 198.0 1.93
72.0 11.41 108.0 6.38 154.0 3.29 ‘ 200.0 2.29
73.0 11.32 110.0 6.13 156.0 3.16 |

74.0 11.05 112.0 5.97 158.0 - »3.05

75.0 10.86 114.0 5.81 160.0 2.98

76.0 10.64 | 116.0 5.68 162.0 2.99

770 1052 | 1180 545 | 164.0 2.88
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Table A.20
Absolute differential oscillator strengths for the valence-shell photoabsorption
of CF3Cl from 9 to 200 eV
Photon Differential| Photon Differentiall Photon Differentiall Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength
€V)  1072eVhH| (eV)  (Q02ZeVYH| (V) (102eVvhH| (eV)  (102eVvY
7.0 0.10 18.0 75.07 29.0 49.68 40.0 34.73
7.5 0.14 18.5 76.82 29.5 . 48.32 40.5 33.89
8.0 0.14 19.0 77.11 30.0 46.43 41.0 33.50
8.5 0.28 19.5 75.78 30.5 45.64 41.5 32.98
9.0 3.59 20.0 75.28 31.0 44.67 42.0 32.46
9.5 14.69 20.5 75.44 31.5 43.15 | 425 31.79
10.0 14.85 21.0 75.82 32.0 41.81 '_ 43 .0 30.67
10.5 13.67 21.5 74.97 32.5 40.90 44.0 29.29
11.0 23.52 22.0 74.86 33.0 39.96 45.0 28.07
11.5 42.33 22.5 75.37 33.5 39.06 46.0 | - 26.93
1 12.0 44.62 23.0 73.74 34.0 38.26 47.0 26.12
12.5 48.39 23.5 72.37 34.5 37.59 |- 48.0 25.19
13.0 . 59.88 24.0 69.75 35.0 37.51 49.0 24.38
13.5 63.18 245 66.83 35.5 36.69 - 50.0 23.53
14.0 56.86 25.0 64.31 36.0 36.65 51.0 22.88 |
14.5 51.80 25.5 62.43 36.5 35.80 52.0 22.30
15.0 49.53 26.6 60.70 37.0 35.69 53.0 - 21.72
15.5 52.15 26.5 58.70 37.5 35.95 54.0 21.37
16.0 62.18 27.0 57.18 38.0 35.74 55.0 20.85
16.5 68.56 27.5 54.86 38.5 35.35 56.0 20.32
17.0 71.70 28.0 53.36 39.0 --35.45 | 570 19.96
17.5 73.73 28.5 51.73 39.5 3499 | 58.0 19.61
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Table A.20 (continued)
Photon Differential| Photon Differential] Photon Differentiall Photon Differential
energy oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength

@)  (102eVY| (V)  (10%eVY| (eV)  (102eVY| (V)  (102eVY
59.0 19.26 82.0 12.92 120.0 '6.73 166.0 3.16
60.0  19.02 83.0 . 12.63 122.0 6.50 168.0 3.10
61.0 .18.84 84.0 1231 124.0 6.31 | 170.0 3.00
62.0 18.47 85.0 12.12 | 126.0 6.12 172.0 2.94
63.0 18.21 86.0 11.88 128.0 5.92 174.0 2.76
64.0 17.89 87.0 11.65 130.0 5.72 | 176.0 2.75
65.0 17.57 88.0 ~ 11.45 132.0 5.52 178.0 2.65
66.0 17.33 89.0 11.24 134.0 5.28 180.0 2.58
67.0 16.97 90.0 11.07 136.0 5.19 182.0 2.46
68.0 = 16.83 92.0 10.67 138.0 - 5.02 184.0 2.49
69.0 16.33 94.0 10.27 140.0 4.87 186.0 2.24
70.0 15.99 96.0 9.95 142.0 4.70 188.0 » 2.30
71.0 15.83 98.0 9.58 144.0 4.50 190.0 2.16
72.0 15.55 100.0 9.30 146.0 4.40 192.0 2.06
73.0 15.37 102.0 9.03 148.0 4.30 194.0 2.02
74.0 15.09 104.0 8.68 | 150.0 4.14 196.0 1.93
75.0 14.70 .106.0 8.38 .152.0 3,.987 198.0 1.99
76.0 14.48 108.0 8.15 154.0 . 3.86 200.0 1.84
77.0 14.10 110.0 7.93 156.0 3.70

- 78.0 13.93 112.0 7.65 158.0 3.66

79.0 13.62 114.0 7.38 160.0 3.50

80.0 .13.27 116.0 . 7.23 162.0 3.47

- 81.0 13.08 118.0 6.96 164.0 3.26
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Table A.21
Absolute differential oscillator strengths for the valence- shell photoabsorptlon
of CF4 from 10 to 200 eV

Photon ; Differential Photon ,.Diffexl'ential Photon Differential| Photon Differential

energy  oscillator | energy oscillator | energy oscillator | energy oscillator

strength strength strength strength

V) (1072eVY| (V) (102eVDH| (V)  @0ZeVDH| (eV)  (102eV)
10.0 0.05 | 21.0 58.65 32.0 44.56 43.0 37.73
10.5 0.06 21.5 60.84 32.5 44.15 | 43;5 36.62
11.0 0.10 22.0 62.47 33.0 44.20 | 44.0 35.71
11.5 0.27 225 - 6201 | 335 44.42< h 44.‘5 35.18
12.0 1..32 23.0 ) 60.63 34.0 44.23 - 45.0 34.05

12.5 3.51 23.5 59.36 34.5  43.65 45.5 33.21 |
13.0 11.97 24.0 - 57.26 35.0 43.44 46.0 32.14
13.5 29.62 24.5 54.58 35.5 43.23 - 47.0 30.72
14.0 31.67 25.0 - 52.55 . 36.0 42.79 48.0 29.45
14.5 19.92 25.5 50.40 36.5 42.69 49.0 28;25
15.0 16.82 26.0 48.52 37.0 42.52. 50.0 27.56
15.5 28.76 .26.5 47.15 37.‘5 42.77 51.0 26.71
16.0 35.24 27.0 45.89 38.0 42.65 52.0 26.11
16.5 3592 | 275 45.11 | 385 42.56 53.0 25.50
17.0 39.14 1 28.0 44.67 39.0 42,98 | 54.0 24.91
17.5 41.84 28.5 '4,4;49 : 39.5 42,57 | . 55.0 2440
180 4486 | 290 4427 | 400 ~ 4233 | 560 2391
18.5 46.84 129.5 4427 | 405 41.93 57.0 23.60
19.0 48.48 30.0 44.35 41.0 41.10 58.0 23.14
19.5 49.98 30.5 44.61 415 4051 59.0 22.60
20.0 51.66 31.0 44.67 42.0 39.84 60.0 22.35
20.5 55.96 31.5 44.30 42.5 38.82 61.0 21.92
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Table A.21 (continued) -
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Photon Differential| Photon Differential| Photon Differential] Photon Differential
energy  oscillator | energy oscillator | energy oscillator | energy oscillator
strength strength strength strength
V)  (1072ZeVh) (eV)  (102eVhH| (V) (107Z%eVH| (V)  (1072eVY
62.0 21.40 | 85.0 13.62 | 120.0 735 | 166.0.  3.75
63.0 21.06 86.0 1351 | 122.0 7.15 | 1680  3.58
64.0 20.52 87.0 13.24 | 124.0 6.94 | 170.0 3.46
65.0 20.17 88.0 12.74 | 126.0 6.71 | 172.0 3.35
66.0 19.92 89.0 12.66 | 128.0 6.45 | 174.0 3.26
67.0 19.55 90.0 12.47 | 130.0 6.27 | 176.0 3.17
68.0 19.00 91.0 12.18 | 132.0 6.09 | 178.0 3.10
69.0 18.84 92.0 11.84 | 134.0 591 | 180.0 3.13
70.0 18.39 93.0 11.73 | 136.0 5.69 | 182.0 2.99
71.0 18.05 94.0 11.50 | 138.0 5.56 | 184.0 2.91
72.0 17.81 | 95.0 11.23 | 140.0 5.30 | 186.0 2.79
73.0 17.31 96.0 11.01 | 142.0 518 | 188.0° 2.67
74.0 17.06 98.0 10.61 | 1440  5.03 | 190.0 2.68
75.0 16.62 | 100.0 10.33 | 146.0 487 | 1920 - 2.72
760 1643 | 102.0 9.98 | 148.0 474 | 1940 255
77.0 16.02 | 104.0 9.65 | 150.0 452 | 196.0 2.52
78.0 15.74 | 106.0 9.31 | 152.0 4.42 | 198.0 2.45
79.0 15.43 | 108.0 9.02 | 154.0 4.27 | 200.0 2.42
80.0 1512 | 110.0 8.65 | 156.0 4.15 |
81.0 14.64 | 112.0 8.43 | 158.0 4.13
82.0 1457 | 114.0 813 | 160.0  3.94
83.0 14.05 | 116.0 7.86 | 162.0 3.89
84.0 13.87 | 118.0 7.64 | 164.0 3.80




