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Abstract

The absolute differential oscillator strengths (cross sections) for the photoabsorption
spectra of the thrée hydrogen halide molecules HCI (5-280 eV), HBr (5-300 eV), and HI (5-120
eV) have been obtained by using dipole (e,e) spectroscopy, at both low (1 eV fwhm) and high
(0.05-0.1 eV fwhm) resolution. Data for the valence and selected inner shells (Cl 2p, Br 3d, and I
4d) have been obtained at equivalent photon energies from the UV to soft X-ray regions. The
absolute oscillator strength scales were determined by use of the VIRK (S(0)) sum rule for HCI,
and the dipole polarizability (S(-2)) sum rule for HBr and HI. The value of the dipolé
polarizability derived from the VTRK normalized spectrum of HCI is in very good agreement with
published experimental values.

In further experiments, dipole (e,e+ion) spectroscopy has been used to investigate the
molecular and dissociative photoionization of HCI and HBr, in the valence and selected inner shell
(Cl 2p, Br 3d) regions. Photoion branching ratios for molecular and dissociative photoionization
determined from time-of-flight mass spectra have been used together with the absolute
photoabsorption data to obtain partial photoionization differential oscillator strengths.
Photoionization efficiencies have also been obtained. A consideration of the partial differential
oscillator strengths for molecular and dissociative photoionization together with the electronic
state partial differential oscillator strengths (obtained from earliér dipole (e,2e) studies, Chem.

Phys. 83 (1984) 391, Chem. Phys. 98 (1985) 367) provides information concerning the dipole-

induced breakdown pathways of HCI and HBr.
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Chapter 1
Introduction
1.1 Background

A quantitative knowledge of the primary and secondary processes taking place in radiation
chemistry, physics, and biology is essential for understanding and predicting the interaction of
energetic radiation with matter. The primary step involves absorption of a photon by the
molecule, followed by decomposition (i.e. ionization, dissociation, fluorescence, etc...). Above
~20 eV in the vacuum ultraviolet, decomposition is dominated by molecular ionization and ionic
photofragmentation processes, in which one or more positively charged ions are formed per
photon absorbed. In particular it is necessary to know not only the energies of the electronically
excited and ionized states of atoms and molecules, but also the associated transition probabilities
[cross sections (o) or oscillator strengths (df/dE), where o (megabarns) = 109.75(df/dE)eV ).
Such photoabsorption and photoionization data are useful in a variety of applications. Important
areas requiring such absolute measurements include radiation-induced decomposition, dosimetry,
radiation therapy and health physicS, upper atmosphere modelling, space chemistry and physicé,
environmental protection, fusion, plasmas, electron and X-ray microscopy, the nuclear industry
and indeed any area where energetic radiation .or particles are to be found [1].

Dipole electron impact studies have provided much useful information (examples of which
can be seen in the following references [2, 3, 4, 5, 6, 7]) regarding the electronic processes that
occur within atoms or rrlolecules. These studies give absolute photoabsorption and
photoionization spectra, and thus absolute optical oscillator strengths (transition probabilities)
over wide energy ranges, encompassing the valence and inner-shell regions. In the present work

results of high impact energy electron energy loss spectroscopy (EELS) experiments in the dipole

1




Chapter 1. Introduction : 2

regime are presented for the photoabsorption, photoionization and ionic photofragmentation of
the hydrogen halides HCl, HBr, and HI. Dipole studies of the photoabsorption and
photoionization of HF have been reported eatlier 8, 9]. |

Traditionally spectroscopic investigations have used direct optical techniques to measure
optical oscillator strengths for photoabsorption and photoionization processes. However,
.application of direct optical methods has proven to be somewhat limited, especially for studies of
absolute transition probabilities in the far UV, vacuum UV, and soft X-ray regions of the
spectrum. These regions are important as they cover formation of most of the electronically
excited and ionized states of the valence shell as well as all inner shell transitions. The reasons for
these limitations will be discussed in sections 1.2 and 1.3. A more recent advance in the
measurement of absolute photoabsorption and pﬁotoionization oscillator strengths has been the
use of inelastic collisions of high energy electrons at zero degree scattering angle [1, 2]. In
electron impact experiments with sufficiently high impact energy and negligible momentum
transfer, dipole selection rulés operate and the excitation or ‘ionization cross section is directly
related to the optical oscillator strength. Therefore such dipole electron impact techniques,
utilizing electron energy loss spectroscopy, can be used to determine the optical oscillator
strengths (cross sections) for photoabsorptioﬁ and photoionization of atoms or molecules as a
function of electron energy loss, which is equivalent to the photon energy [1]. Why this is
possible and how it is accomplished will be described further in sections 1.3, 2.1 and 2.2. The
basic function and features of the dipole (e,e) and dipole (e,e+ion) instruments used to obtain this
data will be described in chapter 3. Finally, in chapters 4-6 the experimental results for the three

hydrogen halide molecules HCl, HBr, and HI will be reported and discussed, comparing the
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present work with previously published data, in those cases where such information is available.
Very little absolute photoabsorption and photoionization data is available for these molecules
using direct optical techniques. Much earlier low resolution dipole (e,e) and (e,e+ion§
measurements for HCl and HBr [10, 11] over limited energy ranges are possibly subject to
appreciable errors due to limitations in the instrumentation and measurement precedures used at
the time. Absoluté photoabsorption oscillator strength (cross section) data have been obtained for
the vaience and selected inner shell processes for the three hydrogen halide molecules HCl, HBr,
and HI in the UV, vacuum UV, and soft X-ray energy regions at high resolution. Photoionization
and ionic photofragmentation oscillator strength (cross section) data have also been obtained over
extended energy ranges for HCl and HBr from the absolute photoabsorption data and photoion
branching ratios determined from time-of-flight (TOF) mass spectra obtained in the valence and
inner shell regions of each molecule.
1.2 Conventional Photoabsorption Methods

Optical methods of spectroscopy, such as Beer-Lambert law photoabsorption, are capable
in principle of giving reliable and accurate absolute measurements. However su(;h information is
limited and typically available only over short ranges at lower photon energies. Prior to the
advent of synchrotron radiation, the principal limitation was the shortage of suitable continuum
light sources at energies above 20 eV. Conventional discharge light sources using hydrogen and
noble gas continua give useful but relatively weak structured continua up to ~20 €V [12]. In the
past two decades the growing availability of tuneable synchrotron radiation, long viewed as an

unwanted by-product of particle acceleration, has provided an intense photon source with a

continuum stretching from the IR through the UV and vacuum UV and up to the hard X-ray
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region, in the case of high GeV machines. Synchrotron radiation sources are giving some
impressive spectroscopic results, however the access to such sources is still limited, and the
technique presents 'other» difficulties, particularly for absolute photoabsorption and
photoionization measurements. In particular, direct optical studies are subject to the problems
involved in the dispersion (i.e. energy selection) of short wavelength radiation. For example,
mirrors and gratings, which are necessary for the monochromation used in optical techniques,
suffer from very low reflectivity at shorter wavelengths (i.e. photon energies above 20-30 eV).
This severely'attenuates the usable monochromated photon intensity in spite of the high flux from
the synchrotron source. However, it should be noted that significant higher photon fluxes have
very receﬁtly become available with Third Generation sychrotron radiation sources such as the
Advanced Light Source at the Lawrence Berkeley Laboratory [13]. Other difﬁcultiés in using
VUV and soft X-ray radiation include the presence of higher order radiation (i.e. order
overlapping), stray light corrections and light absorption by optical components, particularly in the
carbon K region due to surface contamination [14]. Furthermore, in order to compensate for low
light fluxes, energy resolution has often been sacrificed for sufficient intensity in optical work at
shorter wavelengths [1]. A further difficulty in absolute optical measurements is the need to
determine accurately the target density of the molecules and pathlength of the absorption cell,
which is usually windowless in the VUV and soft X-ray regions.

Optical measurements can suffer from a further extremely serious problem in determining
absolute oscillator strengths (crdss sections) for discrete transitions. In particular the

measurements typically require the use of the Beer-Lambert law, which relates absorption to the

ratio of the intensities of the incident to*transmitted light. This involves a logarithmic
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transformation, and for discrete transitions the resulting absorption cross sections can suffer from
the problem of “line saturation” if the spectrometer bandwidth is not significantly narrower than
the natural linewidth of the narrowest line in the spectrum [3, 15]. Line saturation errors, which
can in some cases be appreciable [3], result in cross-sections which are too small.

In terms of the intensity of the incident radiation, I, , the Beer-Lambert law states that the

intensity of the transmitted radiation, I, is given by

I=Le ™ (1.3.1)
where 7 is the number of molecules per cm®, o is the photoabsorption cross section (cm?) of the
molecule, and [ is the pathlength in cm. Therefore, to obtain o, the following logarithmic

transform must be performed:

o =i11n17° (1.3.2)
n

where nl is usually referred to as the number density of the target molecules. The actual observed
shape and height of any absorption peak, as well as the ratio (I/I,) depends on the bandwidth, or
energy resolution of the instrument, and therefore.at each energy the natural log of the ratio will
vary with resolution. Thus for an absofpﬁon peak corresponding to a discrete excitation the true
value of o can, in principle; only be obtained if the instrument has infinite resolution, which
requires the bandwidth to be equal to zero. Practically, this is obviously impossible, and this
situation presents a further limitation of optical spectrometers in some situations. Ideally, in order
to obtain a reasonably accurate absolute cross section, the instrumental bandpass should be

significantly narrower than the natural linewidth of all discrete excitations in the spectrum of

interest. The largest errors occur for transitions with high cross sections and very narrow
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linewidths [3, 6]. These problems are particularly likely to occur at shorter wavelengths in the
VUYV and soft X-ray regions, since here the monochromated light flux can be quite low, and as a
result the slits in the spectrometer are often opened up to compensate, resulting in lower
resolution and greater bandpass. Care should therefore be taken in obtaining the optical cross
sections, especially in the case of very strong, narrow bands, as they are more prone to the so
called “line saturation” effects caused by the Beer-Lambert law. It is possible to reduce these
errors by making the Beer-Lambert law measurements as a function of pressure and extrapolating
to zero pressure [3, 16]. However this procedure is tedioué and can still result in appreciablé
errors since the error bars are largest at the lowest pressures [16].
1.3 Photoabsorption and Photoionization by Fast Electron Impact

~Dipole electron impact techniques avoid the difficulties of limited photon energy range,
order overlapping, stray light, and low reﬂectivity at short wavelengths which are problematic in
direct optical methods for photoabsorption measurements. In addition, such electron scattering
techniques do not require path length or number density determinations for absolute
measurements. The problem of “line saturation” when using the Beer-Lambert law is alsd
avoided in dipole electron impact experiments using EELS since the measurements involve only
the determination of the number of scattered electrons at each energy loss, and no logarithmic
transform is involved.

In 1935, using the Born approximation, Bethe showed [17] that for inelastic fast electron

impact on an atomic or molecular target there is a quantitative relationship (see section 2.1)

between the differential electron scattering cross section and the optical oscillator strength, in the
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Figure 1.1. Virtual photon field induced in a molecular target by distant collision of a fast

electron.
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limit of zero momentum transfer (i.e. at high impact energy and zero degree scattering angle).
Such fast impacting electrons provide an excellent simulation of a tuneable 1ight>source due to
their abilit); to induce a virtual photon (dipole) field in the target molecule. As a fast electron
passes by, the target experiences a sharp electric field pulse in the time domain (see Figure 1.1).
If this function is Fourier transformed into the frequency domain, the result is a continuum
composed of all frequencies at equal intensities. In reality, the initial pulse has a finite, though
narrow, width, and the “flat” intensity falls off at higher frequencies. However, under appropriate
kinematic conditions a sufficiently wide spectral range of equal intensity can be achieved for use in
the laboratory. Continuous energy transfer to the target is possible over essentially a very large
portion of the electromagnetic spectrum. In dipole electron energy loss spectroscopy (EELS)
experiments the continuously variable energy loss is analogous to photon energy (see section 2.2).
An electron beam is readily produced by thermionic emission and the energy losses of the
inelastically scattered electrons can be continuously selected by means of a linear ramp potential
and an electrostatic electron analyzer, thus simulating photoabsorption using a tuneable source of
radiation. Since the intensity of the “pseudo photons” produced by passing fast electrons is
constant with energy loss E, there is a “flat” virtual photon source, which therefore gives the
correct relative spectral photoabsorption shape [2]. Whereas optical methods require several
different monochromators to cover sufficiently wide ranges of wavelength, dipole electron impact
methods simply require scanning of the energy loss in a single spectrometer to cover a very wide
spectral range. The target density, or pressure, is kept constant and sufficiently low so as to avoid

multiple scattering processes. No determination of the absolute target density is required since

absolute scales are determined using the S(0) or S(-2) sum rules as described in section 2.4. Thus
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quantitative photoabsorption, photoionization and photoelectron (PES) spectroscopies can be
simulated by appropriate dipole electron impact methods using EELS [2].

Limitations to the technique of electron energy loss measurements by dipole (e,e)
spectroscopy include the significant drop-off of the signal at higher energies, due to the ~E?
dependence of the Bethe-Born conversion factor (see section 2.2). This effectively imposes an
upper limit to the energy range accessible by this method. A second difficulty is the presence of
stray electrons and background gases in the measured energy-loss spectrum. This problem can be
avoided by careful and correct background subtraction. Thus far, the determination of absolute
photoabsorption data by dipole (e,e) methods is limited to gas phase experiments. Dipole electron

impact techniques, used within these limitations, still provide an excellent method of obtaining

data for the photoabsorption and photoionization of a variety of atomic and molecular targets.




Chapter 2
Theoretical Background
2.1 The Dipole (e,e) Method and the Bethe-Born approximation
Bethe's work using the Born theory of particle scattering provides the basis for dipole
electron scattering studies [17, 18]. An important result of the Bethe-Born theory is the
quantified relationship between the electron impact differential inelastic scattering cross section

do/dE and the generalized differential oscillator strength df/dE(K).

do _2 k1 dfX) (2.1.1)
dE E k, K* dE .

where k, , k, , and K are the incident, scattered and transferred momenta respectively, and E is
the energy loss. Bethe further showed that the generalized oscillator strength could be expanded

into a series of terms, the first of which is the optical or dipole oscillator strength, and the higher

(non-dipole) terms involve higher powers of K, the momentum transfer.

d
HE) _ Yo\ pg2 4 BKC ... (2.1.2)
dE  dE
From the cosine rule,
k. »
0 K
ko

K? = k> + k,” - 2k,k,cos0 (2.1.3)

It can be seen from equation 2.1.3 that K* approaches zero at high impact energy E, (i.e. k, ~ k)
and zero scattering angle (6 = 0°). Therefore in the limit of zero momentum transfer K, the
generalized oscillator strength becomes equal to the optical oscillator strength and dipole selection

rules are operative. Under these (dipole) conditions,

10
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d k
£=£._0.K2.d_0 (2.1.4)
dE 2 k, dE

The optical oscillator strength is related to the absolute photoabsorption cross section Opnans by the
relation
Ophabs= 109.75(df,/dE) (2.1.5)

where Gpuabs is in megabarns (1 Mb = 10™"® ¢cm?) and df,/dE has units of eV™". Thus the Bethe-
Born theory shows that dipole transitions are induced in the target by fast electrons, and also that
their optical oscillator strengths (i.e. transition probabilities) can be obtained by a simple kinematic
conversion of the corresponding differential electron scattering intensities. The kinematic quantity
(2/E)(ko/k,)(1/K?) in equation 2.1.4 is independent of the target species and is known as the
Bethe-Born conversion factor. In practiceA this factor must be integrated over the small range of
momentum transfers within the finite acceptance angle subtended about zero degrees by the
spectrometer entrance slit. The Bethe-Born factors for each of the two instruments used in the
present work have been detailed earlier [3, 19, 20]. This allows quantitative optical spectroscopy
to be carried out using dipole electron impact methods.
2.2 Photoabsorption by Dipole (e,e) Spectroscopy

In direct photoabsorption experiments, when a molecule AB absorbs a photon of energy

E = hv, the process results in an excited state AB*:

AB +hv — AB* (2.1.1)
E

The probability for these processes (including all discrete and continuum states), as a function of

energy, E, is given by the absolute total photoabsorption cross section. The same molecular

excitation process can also occur in an inelastic electron scattering (i.e. dipole (e,e)) experiment
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using an incident electron beam of fixed high energy E,. The process can be represented by:

e+ AB = AB* + € (2.1.2)
E, (Eo- E)

where the incident electron (with impact energy E,) imparts an energy E to the target during the
excitation, and is scattered with a final energy (E,-E). Under the conditions used in the present
work (i.e. zero mean scattering angle and high incident electron energy) the kinetic energy
transferred to the target molecule is small (< 1 IﬁeV), and therefore it can be seen from equations
2.1.1 and 2.1.2 that the energy loss, E, of the electron is equivalent to the photon energy, hv, in
dipole (e,e) spectroscopy. With this equivalence in mind all enefgy scales in the present work are
labelled as “photon energy.”

As shown in section 2.1, in the limit of zero momentum transfer to the target molecule,
dipole-allowed transitions are excited by fast electron impact. As the momentum transfer is
increased, higher multipole transitions can be excited [18]. Under the high impact energy and
zero degree mean scattering angle conditions of dipole (e,e) spectroscopy the momentum transfer
is extremely small and the contributions from multipdle transitions are negligible (< ~1%). Also,
as described in section 2.1, the photoabsorption oscillator strength is related to the differential
electron scattering cross section by the kinematic Bethe-Born factor (E/2)(k./k,)K?, which can be
shown to be essentially proportional to E? at zero degree scattering angle in the hypothetical case
of infinitely small acceptance angle.[2]. In practice, integration over the range of K in the finite
acceptance angle slightly modifies this relationship [3, 19, 20]. It can be seen that the electron
scattering signal will fall off more rapidly with energy loss than does the photoabsorption cross
section by a factor of ~E’ (or typically ~ E*® to E*7 in the real case of finite acceptance angles).

Therefore great care must be taken to account for any background due to stray electrons,
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impurities or background gases.

The kinematic Bethe-Born factor is a function of the energy loss E, and is the same for all
targets, but is spectrometer-dependent in that it depends on the acceptance angle of the particular
spectrometer used and on the impact energy E,. The Bethe-Born factor can be determined
directly from an analysis of the scattering geometry of the spectrometer [3, 20], or it can be
derived from the ratio of the Bethe-Born converted energy-loss signal to a known accurate
absolute photoabsorption oscillator strength over a wide range of energies in the smooth
continuum region [3, 19].

Thus the technique of dipole (e,e) spectroscopy can be used to measure photoabsorption
oscillator strengths. The notation “dipole (e,e)” simply indicates that the conditions of the
experiment determine that effectively only dipole-allowed transitions are studied, and that the
précess involves an incident electron and the release of a scattered electron. The dipole (e,e)
technique uses electron energy loss spectroscopy, EELS, for the detection of scattered electrons
with specific energy loss. In an EELS spectrometer the energy loss, E, can be continuously varied
by changing a linear ramp voltage. A programmable DC power supply may therefore be used as
the analogue of a scanning monochromator. A single power supply can scan a very wide energy
range, from the IR to the X-ray regioh, thus avoiding the hecessity of using several complex
optical monochromators. In summary, dipole (e,e) spectroscopy simulates tuneable energy
photoabsorption, with the energy loss being the equivalent of the photon energy [1, 2, 3].

2.3 Photoionization by Dipole (e,e+ion) Spectroscopy

If the photon energy hv supplied to the molecule AB is above the first ionization potential,

then an electron, €7; , can be produced and a positively charged molecular or fragment' ion will be
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formed:
AB +hv — AB’ + ¢ Molecular Photoionization (2.2.1)

— A"+ B+e Dissociative Photoionization
E

The same processes can also occur in an inelastic electron scattering (i.e. dipole (e,e+ion))
experiment, where a fast incident electron beam of energy E, and energy loss E, can cause the
formation of a molecular or fragment ion, an ejected electron e°; , and a fast scattered electron

escatt:

€ +AB — AB" + € + € Molecular photoionization (2.2.2)
— A"+ B+ e +€scant Dissociative photoionization
E, (Eo- E)

Thus the inelastic electron scattering experiment simulates photoionization with the energy loss E
of the incident electron being used in the formation of AB" + €7 (or A" + B + e';j).

The total photoionization oscillator strength distribution is made up of the sum of the
partial photoionization oscillator strengths for the production of the molecular and all dissociative
ions. In photoionization mass spectrometry, or in the equivalent electron-impact-based technique
of dipole (e,e+ion) spectroscopy used in the present work, mass spectra are measured as a
function of the equivalent photon energy (i.e. the energy loss) in order to determine what
products of photoionization are formed at the energies absorbed by the target molecule. A useful

ion

quantity is the photoion branching ratio, BR*", which represents the intensity of a given ion
relative to the total number of ions formed at any particular photon energy. It is determined by

integration of the peaks in the baseline-subtracted mass spectra, and varies as a function of the

photon energy. The partial photoionization oscillator strength (PPOS) for the production of a
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molecular or dissociative ion, x, (df "/dE) is given by the triple product of the photoion
branching ratio for the ion, the photoionization efficiency (n;), and the absolute photoabsorption

oscillator strength, determined in the present work from dipole (e,e) spectroscopy:

df ion . dfabs
——%—=PBR "y, —2— 233

dE X n; dE ( )
The photoionization efficiency, m; , is the probability that an ion is formed when a photon is

absorbed. In the present dipole (e,e+ion) work, time-of-flight mass spectroscopy is used to
determine the photoion branching ratios, by coincident detection of the fast scattered energy loss

electron and the molecular ion produced in the dipole (e,e+ion) experiment. The photoionization
efficiency r); is also determined. The toral photoionization differential oscillator strength

distribution is equal to:

df oy~ dfe  df™
dE E

(2.3.4)
and is the sum of the PPOS’s for the molecular and eéch dissociative ion, x.

The related techniques of photoelectron spectroscopy (PES) and dipole (e,2¢)
spectroscopy allow the determination of how the production of electronic states, j, of the
molecular ion varies With the energy absorbed by the target [1, 2]. The electronic ion state (i.e.
photoelectron) branching ratios can be determined from the background subtracted photoelectron
(or dipole (e,2e)) spectrum in a manner analogous to that for photoionization branching ratios,

and hence partial photoionization oscillator strengths for the production of electronic ion states, j,

can be determined:

d .ion . d abs
‘f; BR .IOII . ’r|l . fo
dE / dE

(2.3.5)
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Thus the total photoionization differential oscillator strength distribution can also be represented
by the sum of the partial photoionization oscillator strengths for the formation of each of the

electronic ion states j of the molecular ion.

dE

afirn, < 4" df,
od N L 2 (2.3.6)
2

dE V4B
The dipole-induced breakdown pathways for a molecule can therefore be determinéd from an
examination of these two complementary manners in which the total photoionization oscillator
strength distribution can be partitioned (i.e. equations 2.3.4 and 2.3.6), together with a
consideration of ionization and appearance potentials and the associated Frank-Condon widths for
production of the electronic and ion states. The latter quantities can be estimated from high.
resolution PES measurements.

2.4 Absolute Photoabsorption Oscillator Strengths (Cross sections)

The “flat” virtual photon field induced in the target atom or molecule allows the correct
shape of the spectrum to be obtained in dipole (e,e) spectroscopy as discussed above in sections
1.4 and 2.1. Thus, by an appropriate process of normalization of the Bethe-Born converted
relative energy loss spectrum, the absolute intensities of the photoabsorption spectrum can be
determined. In principle, normalization can be achieved at a single energy loss or photon energy
to a known optical absorption cross section. However, this latter method requires sufficiently
accurate optical data from the literature, and this is not always available. The normalization is
carried out independently in the present work by the use of one or other of two dipole sum-rules
[7, 18, 21], which avoids the very difficult measurement of absolute target densities which are
required in direct optical absolute photoabsorption and photoionization cross section

determinations. The Thomas-Reiche-Kuhn (TRK), or S(0), sum rule equates the total
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photoabsorption oscillator strength, integrated over all discrete and continuum states of the
valence and all inner shells, to the number of electrons in the target molecule. Since in the dipole
(e,e) method all inner shells cannot in general be measured, the valence shell modification
(VTRK) of the S(0) sum rule is used [22]. In the VTRK procedure Bethe-Born converted thé
valence-shell electron energy loss spectrum is obtained out to high energy and the small remaining
intensity (typically 5 - 10%) to infinite energy is estimated by extrapolation of a polynomial curve
fitted to the higher energy region of the valence shell measurements (typically from 100 to 200
eV). Assuming shell separation, the total area is then normalized to the number of valence shell
electrons, N,,;, plus a small correction, Npg, for Pauli. excluded transitions to the already occupied
states [22]. Reasonably accurate values of Npy are available from Hartree-Slater calculations

[23]. The valence shell, or VTRK sum-rule is given by
S (O)=f°° L dE=N_,+N (2.4.2)
val E, CE val PE 4.

where E, is the first excitation threshold. Using the VTRK procedures an absolute scale can
typically be obtained with an accuracy of better than ~5% [2, 7].

The VTRK sum rule normalization procedure requires the valence electron energy loss
spectrum to be obtained up to relatively high energies (typically at least 200 eV), well into the
valence shell photoabsorption continuum. For molecules such as HBr or HI, the VTRK sum rule
becomes difficult to implement because lower-energy inner-shell transitions (eg. Br 3d and I 4d)
can interfere [7]. In such cases other methods of absolute scale normalization must be used. The
accuracy of the absolute differential oscillator strength scales established using the VIRK sum
rule is estimated to be within +5% [7]. It has recently been shown [7] that the S(-2) sum rule,

which makes use of published experimental and theoretical dipole polarizabilities, can also be used
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to normalize relative differential oscillator strength spectra or,‘ alternatively, as a check of the
absolute scales established by other methods, such as the VTRK sum-rule [7]. The S(-2) sum-
rule is given by

-2

S(-2) = f; (f—) -%-dEmw (2.4.2)

where a.. is the static dipole polarizability and E is the Hartree atomic unit of energy. It can be
seen that due to the 1/E* weighting in equation 2.4.2 the dipole polarizability method of
normalization depends overwhelmingly on the low energy region (typically = 100 eV) of the
valence shell spectrum, and thus has the advantage of relying on the region with the highest
oscillator strength and typically the best signal-to-noise ratio. The S(-2) sum rule is used in the
present work for normalization of the photoabsorption spectra of HBr and HI since the low lying
transitions from the Br 3d and I 4d inner shells preclude the use of the VIRK sum rule. In
addition, the accuracy of the oscillator strength scale in the VITRK sum rule normalized
photoabsorption spectrum of HCI is evalﬁated by comparing the o.. value derived using the S(-2)

sum rule with directly measured and calculated values. The accuracy of measured dipole

polarizabilities are generally considered to be accurate to within +1-2%.
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Experimental Methods

3.1 Introduction

Tw6 instruments were used to collect the data: a low resolution (1 eV full-width half-
maximum (fwhm)) dipole (e,e) and (e,e+ion) spectrometer, and a high resolution (0.048 eV
fwhm) dipole (e,e) spectrometer. The energy loss data in each case were converted to relative
photoabsorption cross sections by use of the. Bethe-Born theory (see section 2.1). Each
instrument has a known energy-loss-dependent éethe-Born factor [3, 19], so the conversion is a
simple matter of multiplying the intensity in the energy loss spectrum by the value of this factor (at
each energy loss) to obtain relative photoabsorption data. The relative spectrum is then made
absolute by use of sum rules (see section 2.4). In the case of HCl use of the VTRK S(0) or the
S(-2) sum rules gives absolute scales which are in excellent agreement. For HBr and HI, where
inner shell processes (Br 3d and I 4d respectively) at lower energy interfere with the curve fitting
and extrapolation, use of the TRK Sum rule is not possible, and the spectra in these cases were
made absolute by using the S(-2) sum rule and known values of the dipole polarizabilities. Partial
photoionization oscillator strengths and photofragmentation branching ratios were obtained for
HCIl and HBr on the dipole (e,e+ion) instrument for valence and inner shell processes. The
branching ratios were obtained from time-of-flight mass spectral studies. Partial oscillator
strengths for molecular and dissociative photoionization were obtained by multiplying the
branching ratios for each singly or doubly charged iqnic species by the total photoabsorption

oscillator strength and by the photoionization efficiency at each equivalent photon energy.

19
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3.2 Low Resolution Dipole (e,e) and Dipole (e,e+ion) Spectrometer

The low resolution dipole (e,e) spectrometer (figure 3.1) is actually the non-coincident
forward scattering portion of a dipole (e,e+ion) spectrometer which was initially built at the FOM
institute in Amsterdam [20, 24,‘25]. This instrument was moved to UBC in 1980, and further
modified and refined [3, 7, 19, 26, 27] for use in absolute photoabsorption and photoionization
studies. It has since been used with great success in studying a variety of molecules [2, 3, 4, 5, 7,
19].

The details of the construction and operation of the low resolution instrument can be
found in a number of earlier pub]ications [1, 24, 25, 26, 27]. An electron beam is produced by an
indirectly heated barium oxide cathode in a black and white television gun (Phillips 6AWS59)
which is floated at a potential of -4 kV. The electrons are focussed with an einzel electron lens
into the collision chamber which is floated at a potential of +4 kV. This provides acceleration of
the incident electrons to 8 keV. The electron beam (typically ~2x107 amps) inelastically scatters
off the target molecule in the collision chamber, to excite electronic transitions to both neutral and
ionic states, and in so doing loses energy. The forward scattered electrons (solid angle of
acceptance of 1.4x10™ sr) are selected by an angular selection aperture and then decelerated and
focussed to a constant pass energy (typically 50 eV) using a series of five electron lenses. The
electron beam is aligned through the various regions of the spectrometer using X,Y deflectors
and apertures at which the current can be monitored. The energy loss is scanned by applying a
linear ramp voltage to the last lens element in the deceleration lens, and to the whole analyzer and
detector systems. Most of the electron beam which is not of the selected energy, is collected

in the primary beam dump. The selected electrons are bent around the analyzer, pass
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Figure 3.1. Schematic of the low resolution dipole (e,e) and dipole (e,e+ion) spectrometer. For
photoabsorption work, this instrument has been used in the dipole (e,e) mode. For the

photoionization studies, coincident detection of energy loss electrons and time of flight mass

selected ions in the dipole (e,e+ion) mode has been employed.
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through the exit aperture, and are detected by a channel electron multiplier (Mullard B419AL)
which is operated in the saturated pulse counting mode. The system is initially tuned on the main
unscattered beam at zero energy loss using an electrometer and the input cone of the channel
electron multiplier as a Faréday cup. The energy scale is calibrated by comparison of the obtained
spectrum with the convoluted (by 1 eV fwhm) high resolution spectrum obtained on the
instrument described in section 3.3.

The various sections of the spectrometer are differentially pumped by five turbomolecular
pumps. There are two stages of differential pumping to protect the electron gun and minimize
“poisoning” of the oxide cathode when reactive substances are used [7, 27). The electron guns
must be replaced periodically due to gradual deg'radation in performance. In addition the collision
region, the forward analyzer and the TOF detector region are separately pumped.

Positively charged ions that are formed during the electron scattering (ionization) events
are extracted by an electrostatic field of 400 Vem™ across the collision region and accelerated to
6 keV. The ions travel down a time-of-flight tube, are focussed by ion lenses, and detected with a
double chevron microchannel plate (40 mm diameter, model VUW-8920ES, Electro-Optical
Sensors (Intevac)) ion detector, used in the saturated pulse counting mode. The TOF mass
spectrometer has a mass resolution (m/Am) of ~50.

This spectrometer is capable of running two different types of experiments, involving
different modes of operation. In the dipole (e,e) mode the forward scattered electron beam is
analyzed as a function of energy loss. The relative differential electron scattering cross sections
obtained are converted to a relative optical photoabsorption oscillator strength spectrum by
multiplying the signal by the known Bethe-Born conversion factor for the spectrometer [3, 19], as

described earlier. As mentioned previously, the electron scattering signal decreases rapidly with
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energy loss - approximately as the inverse third power of the energy loss. Therefore, in order to
handle the very wide dynamic range of signal, the energy loss spectra are typically obtained from a
series of overlapping data sets covering the wide energy loss range required for VTRK sum rule
normalization. During both data acquisition and background subtraction allowance must be made
for the different incident electron currents when matching the different overlapping ranges of
energy loss. This change in current is necessary because of the very rapid drop-off of cross section
with increase in energy loss. Background subtraction is required to eliminate any effects due to
non-spectral electrons and to residual gases at the base pressure of ~1x107 Torr. Typical sample
gas pressure, as measured by an ion gauge on the spectrometer housing, was 6x10° Torr, and this
was reduced by 70% for background subtraction runs. At these pressures double scattering is
negligible.

Thé second type of operation, the dipole (e,e+ion) mode, was used to obtain
photoionization mass spectra by detection of the fast forward scattered electrons at eéch
particular energy loss (photon energy) in coincidence with the TOF mass analyzed ions. The
flight time is proportional to the square root of the mass to charge ratio (m/e) for eath ion and is
determined from a single-stop, time-to-amplitude converter using the ion signal as the “start”
pulse and the delayed electron signal as the “stop” pulse. Attention must be given to the baseline
of random coincidences, as this decays exponentially with increasing time. Since low mass ions
from dissociative photoionization proéesses can carry significant kinetic energies of
fragmentation, the TOF mass spectrometer has been designed with strong draw-out fields to
ensure uniform collection of energetic fragment ions with excess kinetic energies of fragmentation
up to 20 eV [25]. TOF mass spectra were obtained for HCl and HBr, at an energy resolution of 1

eV fwhm, from the first ionization threshold up to 260 eV and 90 eV respectively. The branching
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ratios for the individual ions formed were obtained by integrating the baseline-subtracted TOF
mass spectra which had been corrected for the response function of the ion multiplier (MCP) as a
function of m/e [28].

Data acquisition in both the dipole (e,e) and dipole (e,e+ion) modes is controlled by a 286
personal computer. Scanning of the energy loss is achieved under computer control using a D/A
converter to drive a voltage programmable power supply. Relative energy loss data are collected
by the computer and are multiplied by the instrumental Bethe-Born factor. The data, collected in
overlapping segments over different ranges of energy loss, are normalized to each other to give a
continuous spectrum and then made absolute by usevof either the VTRK (S(0)) or the S(-2) sum
rule as described earlier (section 2.4). Analysis of the data is achieved by using a suite of
programs written in PASCAL by Dr. G. Cooper of this laboratory.

3.3 High Resolution Dipole (e,e) Spectrometer

A detailed account of the constr;lction and operation of the high resolution dipole (e,e)
spectrometer can be found in earlier publications [3, 19, 29]. A brief description of the main
features of this instrument, pictured in figure 3.2, follows. The instrument consists of four
chambers, each differentially evacuated by a tqrbomolecular pump to a base pressure of ~107
Torr. The electron gun, an oscilloscope guﬁ body (Cliftronics CESAH) equipped with a thoriated
tungsten filament, is used as the electron beam source, and is floated at -3 keV with respect to the
collision chamber, which is at ground potential. The electron beam is decelerated (typically to 10
or 30 eV) to pass through the hemispherical monochromator, which serves to reduce the energy
spread of the primary beam, thus selecting a narrow range (in the range 0.03-0.07 ¢V fwhm) of

the initial Maxwell-Boltzmann distribution (.~0.9 eV fwhm) of electron energies. The

monochromated electron beam is re-accelerated to 3 keV and scattered off the sample gas in the




Chapter 3: Experimental Methods 25

collision chamber. Typical sample gas pressures were ~ 7x10° Torr. Each data collection run
was followed by a reduced pressure run with pressures of ~ 2x10”° Torr to be used for
background subtraction. After passing through the collision chamber, electrons scattered in the
forward direction are retarded before energy-selection in the hemispherical electron analyzer at a
constant pass energy. The overall enérgy resolution used for valence shell studies is 0.048 eV
fwhm at 10 eV pass energy. For inner shell studies a resolution of 0.098 eV fwhm (at 30 eV pass
energy) is used. Careful fine-tuning of the instrument is necessary to maintain the high resolution.
The energy loss is added to the complete aﬁalyzer and detector systems using ‘a computer
controlled linear ramp voltage to drive a programmable power supply. The energy loss range of
this spectrometer is presently limited to the regio.n below 100 eV and this generally precludes use
of the VTRK sum rule for normalization of high resolution data. The selected electrons pass
through the analyzer exit aperture (with most of the remaining beam going to the beam dump) and
are detected by a channel electron multiplier (Mullard B419AL) operating in the pulse counting
~ saturated mode.

The energy scale of the high resolution instrument is calibrated by introducing
approximately equal partial pressures of helium and the sample gas into the collision chamber and
referencing to the 1 'S — 2 'P transition of He §vhich occurs at 21.218 eV [30]. Such corrections
are normally less than 0.030 eV.

The high resolution data is collected by a 386 personal computer, multiplied by the known
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instrumental Bethe-Born factor, and background. subtracted. This is achieved using software
written by Dr. G. Cooper. Thus the collected high resolution EELS spectrum is converted to a
relative photoabsorption oscillator strength spectrum, which is made absolute either by
normalizing it in the smooth continuum region to the absolute low resolution oscillator strength

spectrum obtained from the low resolution instrument, or by using the S(-2) sum rule [7, 21, 31]

and a known value of the dipole polarizability.




Chapter 4
Photoabsorption and Photoionization Studies of Hydrogen Chloride
4.1 Introduction

Absolute cross-sections (oscillator strengths) for the photoabsorption and photoionization
of hydrogen chloridé in the vacuum UV and soft X-ray regions are of interest in many areas of
science and technology. Various chloride compounds are involved in etching and growing, and
hydrogen chloride is an important molecule in plasma processing [32]. Chloride compounds are
also important in interstellar and atmospheric chemistry [33]. HCI is of interest as a major
consti'tu‘ent or by-product of some gas discharge and chemical laser systems [34]. Previously
published absolute photoabsorption measurements using direct optical methods cover only limited
energies in the valence and Cl 2p regions. The present work is the only data set providing
photoabsorption and photoionization oscillator strengths (cross sections) over the energy range
from 5 to 280 eV, covering the valence shell and Cl 2p inner shell regions. Earlier low resolution
dipole (e,e) absolute photoabsorption (5 to 60 eV) and photoionization (up to 40 eV)
measurements (see below) have been reported [10], but the accuracy of the results is somewhat in
doubt due to limitations in instrurhentation and measurement procedures used at the time. Theée
limitations have since been overcome'[7, 27].

The electronic spectrum of HCI has been investigated in a variety of experimental studies
using direct optical techniques.” Previously published valence shell absolute photoabsorption
oscillator strengths have been obtained in the 170 to 230 nm (5.4 - 7.3 eV) range [35, 36], in the
1050 - 2150 A (5.8 - 11.8 eV) region [37], from 106 to 185 nm (6.7 - 11.7 ¢V) [33], and in the
980 - 720 A (12.65 - 17.22 eV) range using synchrotron radiation [38]. The Cl 2p inner shell of

HCI has also been investigated by Hayes and Brown [39], who used synchrotron radiation in the

28
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L;, edge region for HCl from 196 to 210 eV to obtain absolute cross sections. In other
synchrotron radiation work Ninomiya et al. measured absolute cross sections of HCl in the range
between 198 and 280 eV [40].

A number of relative photoabsorption studies of HCl have been previously published,
using direct optical techniques in the valence shell region below 20 eV excitation energy [41, 42].
The absorption [43, 44] and emission [45] spectra of HCl have been the subject of several studies
at photon energies below 10 eV. Relative intensities in electlron energy-loss spectra below 20 eV
have also been published by Wang et al. [34], who measured the electron energy-loss spectrum of
HCI from 5 to 19 eV, with an incident electron energy of 200 eV and scattering angles of 0° to
19°. York and Comer [46] studied both dipole and non-dipole transitions in the energy range
from 9 to 16.5 eV using a spectrometer with a range of impact energies from 10 to 120 eV and
scattering angles from 0° to 90°. Shaw et al. [47] measured the energy-loss spectrum of HCl in
the outer valence (8 - 18 eV) and Cl 2p (198 - 205 eV) regions with an incident energy of 1500
eV and 0° scattering angle.

HCI has been the subject of a previoﬁs photoionization study [48] in the energy range
below 21 eV, but no absolute measurements were reported. Photoelectron spectroscopy (PES)
studies of the binding energy spectrum of HCI, determined using the 584 A resonance line of
helium (Hel) have also been reported [49, 50]. More recently the photoelectron spectrum of HCI
up to 40 eV binding energy was reported by Adam [51], by Svensson et al. [S2] and by Will et al.
[53] using synchrotron radiation. Faegri and Kelly [54] have reported calculations of absolute
partial cross sections for photoionization from the 2w and 5o orbitals of HCI.

In the earlier work on HCl in 1984 in this laboratory, the low resolution (1 eV fwhm)

absolute photoabsorption (7-60 eV) oscillator strengths and partial photoionization oscillator
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strengths for molecular and dissociative photoionization as well as for production of the electronic
ion states (up to 40 eV) have been obtained [10], using dipole (e,e), dipole (e,e+ion) and dipole
(e,2e) spectroscopy respectively. However, possible problems with a few [7] earlier low
resolution dipole (e,e) photoabsorption measurements have since been discovered in the cases of
SiHy4 [27], C;:H4 [31], C;H; [55], and freons [56]. In these cases the target gases have been found
to have had a significant pressure dependent effect on the electron gun emission characteristics,
due to a poisoning effect on the oxide cathode used in the low resolution dipole (e,e)
measurements. It is now known that when such spurious effects are present, serious errors can
occur in the background subtraction procedures (and thus in the shape and magnitude of the
resulting oscillator strength spectrum) due to the significant change in operating pressures. These
problems have since been overcome By the installation, in 1991, of an additional differential
pumping stage between the electron gun chamber and the collision chamber [27]. Similarly the
background subtraction procedures have been further refined and improved [3]. Thus there is
somé doubt as to the reliability of the previous low resolution photoabsorption and
photoionization oscillator strength determinations for HCI [10]. An additional consideration in
the earlier HCl work [10] concerns the data analysis procedures and in particular the
normalization of the data, in which the VTRK sum rule was used without taking into account the
small correction (~4%) due to Pauli-excluded transitions (see section 2.4). Furthermore no
attempt was made to fit and extrapolate the data to infinite energy. Rather the spectrum was
simply integrated up to the rather low energy limit of the data at 60 eV. Extrapolation from 60

eV to infinity and the neglect of the Pauli excluded correction will have opposing effects on the

oscillator strength scale estimated by the VIRK sum rule. Thus the resulting absolute scale [10]
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should have been reasonably accurate, although the magnitude of the Pauli excluded correction is
expected to be somewhat smaller than the effect of data truncation at 60 eV. It is important to
note that any errors in the total photoabsorption differential oscillator strength would also be
reflected in the partial photoionization oscillator strengths (PPOS’s) for molecular and
dissociétive photoionization (see equation 2.3.3) as well as those for producing electronic ion
states (see equation 2.3.5). Furthermore the efficiencies of the ion detectors have since been
calibrated [28] with respect to different m/e (i.e., mass to charge) values.

For the above reasons the previous dipole (e,e) and (e,e+ion) studies of HCI have been re-
investigated in the present work with the modified (i.e. differential pumping and calibrated ion
detector) low resolution dipole (e,e) and (e,e+ion) spectrometer and with improved data
processing procedures, incorporating extrapolation to infinite photon energy and correction for
Pauli excluded transitions. Furthermore the valence shell photoabsorption and photoionization
data have been considerably extended to 195 eV and 85 eV respectively. In addition,
photoabsorption and photoionization studies have also been carried out in the Cl 2p inner shell
region from 195 to 280 eV. In further new work the absolute photoabsorption oscillator strength
spectrum has been obtéined in both the valence and Cl_2p inner shell regions with the high
resolution (0.05 eV fwhm) dipole (e,e) spectrometer (see section 3.3) which was developed some
years after the original low resolution studies were reported [10].

The interpretation of the electronic spectrum of HCI has been believed to be relatively
simple with most states being assigned to Rydberg transitions [57]. The ground state vibrational
structure has been investigated by Huber and Herzberg [58] and by Terwilliger and Smith [41].
The lowest four vibrational levels of the B'Z* state and their rotational structure have been

recorded in emission studies [45] in the 20004 region, i.e., transitions to high vibrational levels of
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the X'=" ground state. Tilford et al. [44] have identified the lowest Rydberg states b’II, and C'II

and higher Rydberg species [43], in particular the f *A state. Hirst and Guest [59] and Bettendorf
et al. [57] have reported ab initio calculations on the excited states of HCl below 12 eV. The
present work addresses mainly the question of absolute transition probabilities (oscillator
strengths) rather than assignments. The assignments shown in figures 4.4 and 4.6 are taken from
references [41, 47]. Further progress on the assignments will require high quality calculations of
both transition energies and oscillator strengths. The present work provides the latter data.
4.2 Results and Discussion
4.2.1 Electronic Structure

The ground state electron configuration of HCI in the independent particle approximation

can be expressed as: |

(10 (207 (o)’ (4ofSo2m)’ (60

Clls Cl2s Cl 2p Valence Virtual Valence
Lempka et al. [49] reported the values of the ionization potentials of the 2x and So outer valence
orbitals to be 12 74 (X13y), 12.82 (X°M,,), and 16.23 (A’Z*) eV using Hel high resolution
photoelectron spectroscopy. Svensson et al. [52] have reported the complete XPS valence shell
binding energy of HCI up to 55 eV using monochromated Al K, radiation at a resolution of ~0.6
eV fwhm. In other work, binary (e,2e) spectroscot)y (i.e. electron momentum spectroscopy, or
EMS) has been used by Suzuki et al. [60] to investigate the full valence shell binding energy
spectrum of HCI, including the inner valence (40) region at low resolution (2 eV fwhm). Further
slightly higher resolution EMS spectra have been reported by Hollebone et al. [61]. Shaw et al.

[47] have reported ionization potentials for the Cl 2p inner shell to be 207.40 eV (2ps;) and

209.03 eV (2p1,2) .
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4.2.2 Photoabsorption Oscillator Strengths
4.2.2.1 Low-Resolution Photoabsorption Measurements

The low resolution (1 eV fwhm) relative oscillator strength spectrum in the energy range 5
to 280 eV was obtained from the Bethe-Born converted EELS spectrum (see section 2.1) and
was put on an absolute scale by using the VTRK sum-rule, as described in section 2.4. The
resulting absolute photoabsorption oscillator strength'spectrum covering extensive ranges of the
valence and Cl 2p spectra is presented in figure 4.1. The low resolution oscillator strengths are .
given numerically in table 4.3. The higher energy region of the valence shell spectrum (85-198
eV) was ﬁtted to a polynomial curve of the form:

df/dE = AE? + BE® + CE™ (4.1)

where E is the energy loss, A, VB, and C are the best-fit parameters which were determinéd to be

A=16662x10"eV' B=-99539x10°eV:  C=1.3954x 10" eV>,
Thus the contribution to the valence shell region above 198 eV was estimated by extrapolation of
the fitted curve to infinite energy. The percentage of the total valence shell oscillator stréngth in
the region from 198 eV to infinity was.four‘ld' t‘o be 8.67%. The absolute oscillator strength scale
of the photoabsorption spectrum in the valence shell was obtained by normalizing the area under

the Bethe-Born converted EELS spectrum to the number of valence electrons (8) plus a small

correction (0.309) for Pauli-excluded transitions, for a total integrated oscillator strength area of
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Figure 4.1. Absolute low resolution (1.0 eV fwhm) photoabsorption oscillator strength spectrum

for HCl. (a) Valence shell region; (b) Long range spectrum showing the valence shell and Cl 2p

inner shell regions. The inset shows the photoionization efficiency (n,)-
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8.309. The Pauli excluded correction was obtained by using the value for the atom argon [62],
which is isoelectronic with HCI (see section 2.4). The energy scale of the low resolution
spectrum was set by comparison with the high resolution spectrum, convoluted with 1 eV fwhm
(figure 4.2). It can be seen that the two spectra show very good quantitative agreement over the
entire energy range.

As described in section 2.4 above, the S(-2) sum rule can be used to determine the
absolute scale of the oscillator strength spectrum. Conversely, the S(-2) sum rule can also be
used to obtain the dipole polarizabilit); from the VTRK sum rule normalized absolute spectrum.
Thus, from the absolute differential oscillator strength spectrum of HCI, a dipole polarizability of
16.97 a.u. was determined using the S(-2) sum rule. For greater accuracy, the high resolution
(0.05 eV fwhm) valence shell spectrum, presented in section 4.2.2.2 below, was used for this
determination in the discrete region. The value thus obtained is in good agreement (2.5%) with
the experimental values for the static dipole polarizability (o) of 17.4 a.u. [63, 64, 65, 66] and is
also in excellent agreement (s1.5%) with values obtained from theory (17.24 a.u. [67], 16.86 a.u.
[68]).

In a comparison (see figure 4.3 below) with the present work, the earlier photoabsorption
data reported by Daviel et al. [10] using dipole (e,e) spectroscopy are. ~20% higher than the
oscillator strengths obtained in the present work. This discrepancy is consistent with the differing
treatments in the two measurements, of integration to infinite energy and consideration of the
Pauli excluded transitions (see comments near the beginning of section 4.1). It has been found in

the present work that the Pauli excluded transitions contribute less than 4% to the total integrated

oscillator strength, compared to the ~26% contribution from the integration from 60 eV (the limit
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of the earlier data [10]) to infinite energy. Neglect of both these latter contributions would have
the net effect of increasing the absolute oscillator strength for the data of reference [10] by ~22%
relative to the present work.

Due to the low energy resolution (1 eV fwhm), the spectrum presented in figure 4.1(a)
exhibits very little discrete structure. Three broad peaks are observed with maxima at
approximately 9, 13, and 15 eV, respectively. Also, a shoulder is visible ~ 8 eV. The discrete
region is shown in much greater detail in the high resolution spectrum discussed in section 4.2.2.2
below. A large percentage (70 %) of the valence shell oscillator strength is located below the
Cooper minimum, which is at ~40 eV [69]. Figure 4.1(b) also shows the Cl 2p inner shell
spectrum in the region above ~ 200 eV. The pre-edge discrete structure is shown in detail in the
significantly higher resolution spectrum in figure 4.6 belovs( and discussed in section 4.2.2.3. The
oscillator strength rises steeply at the Cl 2p3,2,;,2 ionization edges and the continuum levels off out
to the limit of the data at 280 eV.
4.2.2.2 Valence Shell High Resolution Photoabsorption Measurements for HCI1

The valence shell absolute photoabsori)tion oscillator strength spectrum is shown at higher
resolution (0.050 eV fwhm) from 5 to 18 eV and from 5 to 40 eV in figures 4.4(a) and 4.4(b)
respectively. The assignments shown for the discrete transitions on figure 4.4(a) are from
reference [41] and the ionization potentials are from high resolution PES measurements [49]. The
spectrum was placed on an absolute scale by normalizing the Bethe-Born converted energy-loss
data to the low resolution absolute photoabsorption oscillator strength in the smooth ionization
continuum region (s¢e figure 4.4(b) and table 4.3). It can be seen from a comparison of the

spectra obtained at high and low resolution (figure 4.4(b)), that the shapes of the two spectra are
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the same over the smooth continuum region from 20 to 40 eV. This is a good consistency check
of the results, since the high and low resolution dipole (e,e) spectrometers have different impact
energies and scattering geometries, and thus different Bethe-Born factors.

As discussed in the introduction, only a few previous studies of the valence shell absolute
oscillator strength spectrum have been reported, and these only cover small ranges at low
energies. Using a Xe; discharge lamp Roxlo and Mandl [35] measured the absolute
photoabsorption spectrum of HCI from 5.8 to 7.3 eV, and reported absolute cross sections which
are significantly (33%) lower than those in the present work, as shown in figure 4.5(a) and table
4.1. Roxlo and Mandl also showed the work of Romand [36], who had earlier reported very
similar results. Myer and Samson [37] used direct optical techniques to measure the absolute
cross sections of HCl in the region 5.77-11.81 eV, at a resolution of 0.25A (AE ~0.002 eV
fwhm). A detailed comparison with the present work is not possible due to the difficulty of
integrating the spectrum reported by Myer and Samson [37], which showed a non-linear baseline
(due to stray light effects) and truncated peaks as well as large line-saturation errors. The
intensity of the broad peak at ~8 eV reported by Myer and Samson [37] is only 5% higher than
that found in the present work. However the intensities reported by Myer and Samson [37] in the
region of the much narrower Rydberg transitions. up to 11.8 eV (the limit of the data in reference
[37]) are very different from those in the present work, particularly in the region ~ 11.3 eV where
there is clear indication of severely attenuated intensities due to line saturation (i.e. line
width/bandwidth interaction) effects in the Beer-Lambert law optical work. The intensities [37] in

the region of ~11.3 eV are only a few percent of those obtained in the present work where line

saturation effects cannot occur. It is noteworthy in this regard that these large line-saturation
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Table 4.1: Integrated oscillator strengths for selected energy regions of the valence and Cl 2p
inner shell photoabsorption spectrum of HCI.

Energy Region Present Literature Ref.
(eV) Work Values
(Mb) (Mb)
5.80- 7.27 0.52 0.31 [35]
031 [36]
6.20- 9.5 5.27 5.11 [33]
9.25-10.8 20.96
9.3- 9.4 0.40 0.0026° [33]
9.5- 9.7 16.90 0.133 [33]
9.87-10.00 2.22 0.0173 [33]
10.10-10.35 0.62
10.35-10.80 0.46
10.90-12.11 46.20
10.93-11.05 1.37 0.01 [33]
11.05-11.18 459 | 00213 | [33]
11.18-11.34 15.37 0.032 [33]
11.44-11.67 5.24 0.0056 [33]
11.77-12.11 | 17.23
12.11-12.42 14.82
12.11-17.2 208.1
198 - 210 118 18.06 [39]
200 - 211 13.7 16.97 [40]

* Integrated area excluding small peak at 9.32 eV.
® This and the following values from Nee et al. [33] are sums of reported oscillator
strengths obtained at much higher resolution than in the present work.
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errors occur even though the resolution (AE ~0.002 eV fwhm) in the optical work [37] is much
better than that in the presently reported dipole (e,e) work (0.05 eV fwhm).

In 1986, Nee et al. [33] reported the photoabsorption and fluorescence cross sections of
HCI in the valence shell region from 6.7 to 11.7 eV using synchrotron radiation, with an optical
monochromator resolution of 0.05 nm (AE ~0.005 eV fwhm). It is clear from a comparison of
integrated peak areas (Mb) at selected energies (table 4.1) that the cross sections reported by Nee
et al. are very much lower (typically by .two orders of magnitude) than those obtained in the
present work despite the further improved resolution.Evidently the cross sections of the peaks
observed by Nee et al. are dramatically reduced by Beer-Lambert law line-saturation effects (see
section 1.2 above). Comparison of the broad band between 7 and 9 eV shows a 3% difference
between the work by Nee et al. [33] and the present work; this is not surprising since line-
saturation effects well not perturb the intensity of such a broad band. A more recent study by
Frohlich and Glass-Maujean [38] has reported absolute cross sections with high resolution from
12.65 to 17.22 €V using synchrotron radiation. Their measured cross sections are from ~3 to
50% higher than those reported in the present work (see figure 4.5(b) and table 4.1 above).
4.2.2.3 Inner Shell (Chlorine 2p) High Resolution Photoabsorption Measurements for HCIl

The absolute photoabsorption spectrum of the Cl 2p inner shell of HCl was obtained from
198 to 213 eV at 0.1 eV fwhm (figure 4.6(a)) using the high resolution dipole (e,e) spectrometer,
in order to examine the discrete excitation region in some detail. The high resolution spectrum
was normalized to the low resolution spectrum (figure 4.1(b)) at 198 eV below the first Cl 2p

electronic excitation threshold as shown on figure 4.6(a). The assignments on figure 4.6(a) are

taken from the work of Shaw et al. [47].
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Two previous studies [39, 40] of the absolute photoabsorption cross-sections in the inner
shell region of HCI have been reported. Hayes and Brown [39] obtained absolute cross sections
from 198 to 210 eV at 0.16 eV fwhm. The shape of the spectrum [39] agrees quite well with that
obtained in the present slightly higher resolution (0.1 eV fwhm) work. However the absolute
cross sections reported by Hayes and Brown [39] typically are 35% higher than those measured
in the present work, as can be seen from the broader features and continuum région in figure
4.6(a,b) and from the numerical data in table 4.1. The results obtained by Hayes and Brown [39]
included corrections for stray light which may have contributed to some of the differences in cross
section, as well as differences in shape with respect to the present work. The second study, by
Ninomiya et al. [40], using synchrotron radiation, reported absolute photoabsorption cross-
sections for HCI between 198 and 280 eV. Although the general shape of the spectrum and
relative intensities agree reasonably well with the spectrum obtained in the present work, (figure
4.6), this data is typically 10-20% lower than the data of Hayes and Brown [39] but still 20-50%
higher in cross section than the present work. Significant differences are also observed in the
energy scales between the spectrum of Hayes and Brown [39], that of Ninomiya et al. [40], and
that obtained in the present work (figure 4.6). The presently reported energy scale is based on the
very accurate valence shell energy calibration (see section 3.3). Ninomiya et al. [40] quote an
uncertainty of +20% in the cross section at the Cl 1,3 edge. It should be noted that the absolute
oscillator strength scale of the presently reported Cl 2p inner shell spectrum has been established
by use of the VTRK (S(0)) sum rule normalization of the valence shell, which gives a very

accurate (within 2%) value of the dipole polarizability of HCI (see section 4.2.2.1) via the S(-2)

sum rule.
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4.2.3 Photoionization Studies of HCI in the Valence Regions

Time of flight (TOF) mass spectra for HCI were obtained from 12 to 85 eV in the valence
shell region (figure 4.7) and from 195 to 250 eV in the Cl 2p inner shell region (shown in figure
4.15 below) usiﬁg the dipole (e,e+ion) spectrometer at 1 eV (fwhm). The relative intensities of
chlorine containing peaks are consistent with the natural relative abundances of Cl and ¥Cl
(~3:1). The doubly charged ion CI** is observed with a (double) ionization potential of 48 eV.
No stable HCI** is detected in the valence shell photoionization spectra. Table 4.2 shows a list of
the positive ions that were detected in the TOF mass spectra (figure 4.7), together with their
respective mass to charge ratios and appearance potentials. Photoion branching ratios for the
molecular and dissociative ions were determined as percentages of the total photoionization from
integration of the background subtracted TOF peaks. Figure 4.8 presents the photoionization
branching ratios as a function of photon energy for the valence and inner shell, and table 4.4 gives
the photoion branching ratios. As can be seen in figure 4.8, the HCI* branching ratio decreases
steeply initially, and levels off around 50 eV. This steep decrease correlates with steep increases
observed in the ClI" and H* branching ratios, with a similar leveling above 50 eV. The doubly
charged CI** appears at 48 eV and likewise levels off above 50 eV. These trends confirm that in
the valence shell continuum the ionic fragmentation pattern of HCl remains constant above the
upper limit of the Franck-Condon region [60, 74] of the B’S state of HCI*. A large change is
observed in the branching ratios in the region of Cl 2p excitation and ionization, indicating the
onset of different ionic photofragmentation processes, which are discussed in section 4.2.5 below.

The branching ratios determined (only up to 40 eV) in the earlier dipole (é,e+ion) study

reported by Daviel et al. [10] are compared with the present results in figure 4.9. The ion
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Table 4.2. Appearance potentials (in eV) for molecular and fragment ions resulting from

photoionization of HCI.

Appearance Potentials (eV)
Dipole (e,e) Calculated Experiment
Ton m/e | Present | Daviel Ref [70]
Work et al.
HCI 37 12.5 13x1 12.474 12.748% | 12.828% | 16.254°
. Cap) | Che) | (2

o’ | 3536 | 175 17+1 17.44 17.34°

H 1 19 18+1 18.071 14.5°

ot | 17,18 197
HCI | 19 211 35.5¢

e g

photoelectron spectroscopy [50]
photoionization [71]
retarding potential difference threshold experiment [72]
nth root extrapolation threshold experiment [73]
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photoionization of HCl, as a percentage of total photoionization.
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Figure 4.9. Comparison of photoion branching ratios (1 eV fwhm) obtained in the present work

and by Daviel et al. [10]. The photoion branching ratios obtained by Daviel et al have been

corrected for detector response (see text).
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detector used in the previous dipole (e,e+ion) TOF MS studies (a Johnston focused mesh
multiplier) was calibrated some considerable time after the 1984 study was published and found to
exhibit a slow decrease in sensitivity above m/e = ~ 30 [28]. A correction factor was therefore
applied to the previously obtained data for purposes of comparison with the branching ratios
obtained in the present work. It can be seen from figure 4.9 that the data from the two studies
agfee reasonably well. The largest difference can be seen in the branching ratio data for the H*
ion. The ion detector has since been replaced with a calibrated [28] doﬁble microchannel plate
(MCP) ion detector which shows conéiderably improved mass resolution. The MCP ion detector
was used for the present work.

Absolute partial photoionization oscillator strengths (PPOS’s) for the molecular and each
dissociative ion were obtained by taking the triple product of the photoionization efficiency, the
photoion branching ratio and the total photoabsorption oscillator strength (see equation 2.3.3) at
each photon energy. These PPOS’s are shown in figure 4.10 and the numerical values are given
in table 4.5. The relative photoionization gfﬁciency, as obtained from the ratio of the total
photoionization to the forward scattered energy loss counts at each .photon energy, making the
reasonable assumption that the ratio of ionic products‘ becomes unity above 25 eV, is shown in the
inset to figure 4.1(b). From the valence shell branching ratios, appearance potentials, and the

PPOS’s for molecular and dissociative photoionization, information regarding the dipole induced

breakdown pathways has been obtained.
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Figure 4.10. Absolute partial oscillator strengths for molecular and dissociative photoionization

of HCl from 6 to 265 eV at 1 eV fwhm resolution.
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4.2.4 Dipole-Induced Breakdown of HCI

As discussed in section 2.3 (see equations 2.3.4 and 2.3.6), the total absolute
photoionization oscillator strength distribution can be partitioned into contributions from the
partial oscillator strengths for molecular and dissociative photoionization or into contributions
from the electronic ion state partial photoionization oscillator strengths [8]. The latter quantities
can be obtained from tunable energy photoelectron spectroscopy (PES), or the equivalent
technique of dipole (e,2e) spectroscopy [2, 75]. Ii has previously been discussed [10] how given
ion partial photoionization oscillator strengths can be described as linear combinations of the
electronic ion state partial photoionization oscillator strengtfls or vice-versa. These procedures
operate under the assumption that the fragmentation pattern arising from a given ionic state is
constant above the upper limit of the Franck-Condon region for a given electronic ion state [8].
The validity of this assumption has been discussed in earlier publications [8, 76], along with a
discussion of the conditions under which the assumption breaks down. Complicating factors can
arise from (energy localized) autoionization of neutral states, or in the presence of significant
direct multiple photoionization processes [8]. The partial oscillator strengths for production of
each particular molecular or dissociative ion involve appropriate contributions from the
breakdown of the initially formed electronic states of the molecular ion [2, 8, 77], and hence the
dipole-induced breakdown for a molecule can be investigated in the valence shell above ~40 eV
(the upper limit of the B’Z Franck-Condon region corresponding to ionization of the most tightly
bound yalence orbital of HCI). The earlier study [10] in this laboratory investigated the dipole
induced breakdown of HCI in the valence shell up to 40 eV by a joint consideration of the

absolute photoabsorption and partial photoionization oscillator strengths derived from dipole

(e,2e) and (e,e+ion) measurements. For purposes of comparison, in the present work the dipole
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(e,2e) photoelectron branching ratios obtained by Daviel et al. [10] have been multiplied by the
photoionization efficiencies (see figure 4.1(b)) and the absolute total photoabsorption oscillator
strengths (figure 4.1(a)) obtained in the present work. The resulting PPOS’s for production of
the X°I1, A’Z* and B”Z electronic states (figure 4.11 and table 4.6) were then examined together
with those for production of HCI*, CI* and H*, and from this quantitative information on the
dipole-induced breakdown pathways of HCl can be deduced. Also shown in the top panel of
figure 4.11 is the complete valence shell low resolution binding energy spectrum as obtained by
Suzuki et al. [60] using electron momentum spectroscopy (EMS).

By considering together the appearance potentials (table 4.2) and electronic ion state
PPOS’s, an attempt has been made to partition the ion PPOS’s into contributions from the
decomposition of the various ion electronic states; Figure 4.12 shows the best fit for such
contributions to the molecular (figure 4.12(b)) and total dissociative (CI* + H*, figure 4.12(c))
photoionization oscillator strengths. The best fit for the molecular ion PPOS is given by the sum
(X + 0.905 A’Z* + 0.55 B*Z). Below 16.5 eV, formation of the molecular ion HCI" is due
solely to the X’IT state, whereas at higher energies the A’Z* and BT states make further
contributions. The PPOS for the total photoionization (i.e. CI* + H") is well matched by the
remaining oscillator strength (0.095 A’S* + 0.45 B®Z) as shown in figure 4.12(c). There is a
1.5 eV difference in the initial onsets of the ionic and electronic state PPOS’s, which is to be
expected, as can be seen by referring to the binding energy spectrum of HCI [60] shown in the top

panel of figure 4.12(a). The predicted contribution from the Azz*' state to the total dissociative

photoionization cross section is very small (less than 10%), and it can be seen in figure 4.12 that
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this is consistent with the onset of the dissociative ionization oscillator strength coming from the
upper tail end of the Franck-Condon region for production of the A’S" state (figure 4.12(a)).

The partitioﬁing of the separate Cl* and H* partial oscillator strengths into electronic ion
state contributions is more difficult, as can be seen in figure 4.13(b,c). For the dissociative ion‘
I, the best linear combination of electronic states was given by (0.065 A’Z* + 0.33 B%3). It can
be seen that there is a small difference (~1 eV) between the onsets of the Cl* and the A’S
PPOS’s. Clearly the onset of the dissociative jon CI" is in the upper portion of the A’ Franck-
Condon region, consistent with the» major (lower energy) portion going to the molecular ion as
discussed above. The sharp rise in Cl" oscillator strength above 20 eV clearly corresponds with
the onset of the B*Z electronié state oscillator strength, shown in the binding energy spectrum in
figure 4.13(a). As can be seen from figure 4.13(b), there is a significant difference between the
CI* PPOS and the BS electronic ion state contribution in the 23 to 30 eV region, which could be
due to dissociative autoionization of neutral excited states of HCl down to dissociative states
leading to H + C1'. Above ~30 eV the proposed breakdown linear combination fits very well, as
might be expected [8].

The remaining linear conﬂbination of electronic ion state contributions, (0.03 A’Z* + 0.12
B%), can be seen in figure 4.13(c) to fit the H* partial oscillator strength quite well above
~30 eV. The initial onset of H* does not correspond with the onset of the A%Z* state of HCI*,
similar to the situation for Cl* in figure 4.13(b). Again, this is not unreasonable since the H*
appearance potential indicates that it comes only from the upper energy portion of the A%

Franck-Condon zone. This is consistent with the small fraction (0.03 A’S*) predicted by the

model. Further contributions to H* come from the B2 state of HCI".
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Figure 4.13. Absolute partial oscillator strengths for dissociative photoioniz

ation of HCI, with
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oscillator strengths. The top panel shows the EMS binding energy spectrum from reference [60].
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The sharp peak at ~24 eV is most likely due to dissociative autoionization of neutral excited states
of HCI, converging ‘on the BZ ion state, to give H* + Cl. The differences in the 23-30 eV region
are understandable due to the “extra” oscillator strénéth in the Cl* P?OS in this region (see figure
4.13(b) and preceding discussion). It is possible that dissociative autoionization processes are the
reason for the differences below 30 eV in figures 4.13(b,c). For figure 4.12(c), it can be seen that
the overall agreement is much better below 30 eV when the fotal dissociative photoionization is
considered. However it should be remembered (see figure 4.13) that the 25-30 eV bra_nge
corresponds to the Franck-Condon region of the main B°Z peak of HCI*, and the breakdown
model is therefore not likely to apply strictly in these circumstances [8]. A summary of the dipole
breakdown pathways, detailing the electronic ion state contributions to the formation of the
molecular and dissociative ions, is shown in figure 4.14.

In the earlier work reported by Daviel et al. {10], the dipole breakdown pathways of HCI
were examined, with similar results to those reported in the present work. The A’Z* and B’
electronic ion state contributions to the molecular ion (HCI") PPOS, as reported by Daviel et al.
[10], were 3% and 5% higher, respeétively, than in the present work, while contributions to the
total dissociative (Cl* + H") PPOS were 3% and 5% lower than in the present work. These slight
differences are understandable in light of the possible problems encountered in the earlier work
[10], as discussed above in sections 4.2.2.1 and 4.2.3. In particular, the branching ratio for H"
obtained in the earlier work [10] was reduced due to decreased response of the ion detector (see
section 4.2.3 and figure 4.9). Since the branching ratios are used to determine the PPOS’s for

production of the ions, a lower PPOS for H" was obtained, which thus required smaller

contributions from the A’S* and BT electronic ion states. In the present work, more accurate
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photoionization data were obtained, and thus slightly different fits of electronic ion state
contributions to molecular and dissociative ion PPOS’s were found. The differences between Cl*
and H" oscillator strengths and the eleétronic ion state contributions (figures 4.13(b,c)) in the 25-
30 eV range, which have been observed in the present work, were also seen in the earlier work by
Daviel et al. [10].
4.2.5 Photoionization Studies of HCl in the CI 2p Region

Time-of-flight (TOF) mass spectra at selected energies in the Cl 2p inner shell region, and
in the valence shell at 197 eV just below the onset of Cl 2p excitation, are shown in figure 4.15.
In this region (see figure 4.1) the total photoabsorption, and thus the photoionization, is
dominated by Cl 2p processes, with only ~10% being due to valence shell photoionization. The
intensity scale for each panel of figure 4.15 is relative to the tallest (i.e. the height of the most
intense) peak in each spectrum. As can be seen in the top panel, at 197.0 eV, below the first 2p
excitation edge, the most intense peak is the H>>CI*, consistent wiih this being due only to the
valence shell. As the equivalent photon energy increases, i.e. as the Cl 2p o* excitation threshold
is reached (201.5 eV), the relative intensity of the HCI" peaks (two isotopes) decreases with
respect to the CI* peaks, indicating an increasing role for dissociative ionization. At 197 eV, in
the valence continuum, the doubly charged ion Clz‘+ is formed, b;lt there are still no discernible
HCI* ions. As the energy increases further into the Cl 2p inner shell Rydberg excitation region
(206 eV), the intensity of the CI** peaks increases, and HCI" decreases markedly. In the 2p

ionization continuum (220 and 260 eV), HCI** appears while HCI" is dramatically reduced. The

H" peak increases in relation to the other ion peaks as the energy increases.
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The trends outlined above are consistent with what is observed in the photoabsorption
studies. As can be seen in figure 4.1(b), above the CI 2p ionization edge, the valence shell cross
section represents only a small fraction of the total cross section. Thus the molecular ion, HCI, is
formed mostly from valence shell processes and drops off significantly above the ClI 2p edge with
respect to the other ion peaks. The formation of C1** in the valence shell could result from
dissociative Auger decay of inner valence ion states (BZ), i.e. VVV Auger processes, or by
dissociative double photoionization. Clearly the relative yield of CI** increases significantly in the
Cl 2p excitation and ionization regions. In the a 2p o* aﬁd Rydberg excitation regions this could
be due to dissociative autoionization (i.e. Resonance Auger [56]) of neutral, Cl 2p, excited states
of HCI down to H + CI** with ejection of two electrons. In the Cl 2p continuum, CI** can be
formed by dissociative (LVV) Auger processes. Furthermore, the increase of H' as well as Cl"
with respect to HCI" is likely due to Coulomb explosion of doubly charged (HCI**) ions to give
H* + CI". The increased width of the H* peaks (see figure 4.15) at 220 and 260 eV is consistent
with the high kinetic energy of H" ions expected from Coulomb explosions. The doubly charged
HCI*, which appears in the Cl 2p continuum, could be the result of a competing Auger process in
which ionization of HCI results in a 2p hole state, which then decays, without dissociation, to
form HCI*.

Photoion branching ratios for the ClI 2p inner shell region are shown in the higher energy
portions of ﬁgure 4.8 and given numerically in table 4.4. It should be noted that the branching
ratios, obtained from TOF mass spectra, are relative to the peak with the greatest integrated area,

as opposed to the height of the most intense peak in the case of the TOF spectra presented in

figure 4.7. As discussed in section 4.2.3 above, the branching ratios of all ions present in the
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valence shell level off above 50 €V and up to 197 eV, as expected by the ionic
photofragmentation model [8]. waeVer, not éurprisingly some changes occur above 197 €V in
the Cl 2p inner shell region. Most noticeably, the amount of HCI* decreases sharply with respect
to the other ions, then levels off above 210 eV. This is expected, since as discussed above HCI' is
formed mostly from valence shell processes. The very small yield of HCI" in the Cl 2p region

indicates that when a 2p hole occurs in the molecule due to excitation or ionization, then the

molecular ion has a very high probability of break-up (i.e. dissociation) by non-radiative processes-

such as autoionization (resonance Auger) and Auger decay. The relative yield of the CI* ion
increases sharply (figure 4.8) near 206 eV, just below the Cl 2p ionization edge, then drops and
levels off above 210 eV. The resulting spike is apparently due to dissociative autoionization of Cl
2p neutral (valence and/or Rydberg) excited states down to H + CI¥, which would account for
both the sharp drop in HCI* as well as the spike in CI*. The photoion branching ratio for CI** rises
sharply at the Cl 2p excitation edge. Similarly the relative yields of HCI** and H' ‘increase
dramatically at the Cl 2p ionization edge. HCI** is formed only from Cl 2p ionization with no
detectable contribution from valence shell or Cl 2p excitatipn procesées.

Partial oscillator strengths for photoionization of HCl in the Cl 2p inner shell region
(derived from the product of the branching ratios, the photoionization efficiency and the total
photoabsorption) are shown in figure 4.10 and given numerically in table 4.5. The
photoionizaﬁon efficiency has been assumed to be unity in the CI 2p inner shell region. The
trends observed in the PPOS’s in the CI 2p inner shell correspond to those already observed in the
TOF mass spectra and in the photoion branching. ratios, bu£ in this case (figure 4.10) absolute,

rather than relative, yields are shown. The PPOS for HCI* drops dramatically in the Cl 2p region,

corresponding with increases in the yields of the other four (dissociative) ionic species. The
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PPOS’s conclusively show that in the soft X-ray region above ~198 eV, Cl 2p excited HCl
molecules or singly charged cations (HCI") with a Cl 2p hole are extremely unstable and very
rapidly decay to give a range of singly or doubly charged fragment ions as well as neutral
fragments. The overall breakdown pathways of HCl in the VUV and soft X-ray regions above
~40 eV (i.e. above the Franck-Condon limits of all valence shell ionization processes) resulting
from the present measurements and analysis are summarized in figure 4.14 above. Further

information and confirmation of the dipole breakdown pathways described above could be

obtained from photoelectron-photoion coincidence experiments as a function of energy.
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Table 4.3: Absolute differential photoabsorption oscillator strengths of HCI for the valence shell

and Cl 2p inner shell regions (1 eV fwhm).

Total Photoabsorption Oscillator Strength (df/dE)
eV  10%V'| eV  10%V'| eV  10%V'| eV  10%V!
6.0 0.10 18.5 39.66 |31.0 8.29 47.0 1.11
6.5 0.33 19.0 3894 | 315 7.48 48.0 1.13
7.0 1.04 19.5 37.79 | 320 6.90 49.0 1.12
7.5 2.12 20.0 36.73 | 325 5.89 50.0 1.14
8.0 287 20.5 3525 | 33.0 5.46 51.0 1.13
8.5 2.75 21.0 33.60 |33.5 4.85 52.0 1.11
9.0 6.43 21.5 3224 | 340 4.37 53.0 1.12
9.5 18.76 | 22.0 31.16 | 34.5 3.94 54.0 1.15
10.0 12.37 |225 29.51 |35.0 3.36 55.0 1.12
10.5 7.48 23.0 28.04 |355 3.00 56.0 1.17
11.0 24.16 |23.5 26.15 | 36.0 2.86 57.0 1.13
11.5 3321 |24.0 2529 |36.5 2.63 58.0 1.14
12.0 4029 | 245 24.02 |37.0 234 [59.0 1.17
12.5 4150 |25.0 2258 | 375 2.08 60.0 1.13
13.0 33.05 |[25.5 2130 | 38.0 202|610 1.13
13.5 2726 |26.0 19.50 | 38.5 1.81 62.0 1.15
14.0 3136 |26.5 1842 | 39.0 1.76 63.0 1.15
14.5 39.69 |27.0 17.16 | 39.5 1.66 64.0 1.11
15.0 4257 275 16.30 | 40.0 1.47 65.0 1.14
15.5 4177 |28.0 14.78 | 41.0 1.35 66.0 1.10
16.0 4192 |[285 13.55 | 42.0 1.27 67.0 1.12
16.5 41.68 |29.0 1237 | 43.0 1.19 68.0 1.13
17.0 4139 |29.5 1123 | 44.0 1.16 69.0 1.12
17.5 41.06 |30.0 1022 | 45.0 1.12 70.0 1.10
18.0 40.57 |30.5 935 |46.0 1.12 71.0 1.09
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Table 4.3 (continued): Absolute differential photoabsorption oscillator strengths of HCI for the

valence shell and Cl 2p inner shell regions (1 eV fwhm).

Total Photoabsorption Oscillator Strength (df/dE)
eV 10%V'| eV  10%V'| eV  10%V'| eV  107%V*
72.0- 1.06 114.0 0.70 164.0 0.41 203.5 0.55
73.0 1.08 116.0 0.69 166.0 0.40 204.0 0.59
74.0 1.08 1180 - 0.66 168.0 0.39 204.5 0.68
75.0 1.08 120.0 0.65 170.0 '0.40 205.0 0.66
76.0 1.07 122.0 0.64 1720 = 0.38 205.5 0.77
77.0 1.03 124.0 0.64 174.0 0.37 206.0 0.98
78.0 1.00 126.0 0.61 176.0 0.37 206.5 1.05
79.0 - 1.02 128.0 0.59 178.0 .0.35 207.0 1.18
80.0 1.01 130.0 0.59 180.0  0.36 207.5 1.35
82.0 0.99 132.0 0.57 - |[.182.0 - 0.36 208.0 1.46
84.0 0.97 134.0 0.55 184.0 0.35 208.5 1.56
86.0 0.94 136.0 0.55. 1860  0.35 209.0 1.70
88.0 0.92 138.0 0.54 188.0 0.34 209.5 1.78
90.0 0.91 140.0 0.52 190.0 0.35 210.0 1.83
92.0 0.89 142.0 0.50 192.0 0.31 210.5 1.96
94.0 0.87 144.0 0.51 194.0 0.31 211.0 2.00
96.0 0.85 146.0 0.50 196.0 0.33 211.5 2.08
98.0 0.83 148.0 0.48 198.0 0.30 212.0 2.17
100.0 0.82 150.0 0.48 200.0 0.33 2125 2.20
102.0 0.79 152.0 0.46 200.5 0.39 213.0 2.24
104.0 0.76 154.0 0.47 201.0 0.47 2135 2.27
106.0 0.76 156.0 0.43 201.5 0.54 214.0 2.29
108.0 0.74 158.0 0.43 202.0 0.56 214.5 2.38
110.0 0.72 160.0 0.43 202.5 0.57 215.0 2.38
112.0 0.71 162.0 0.41 .203.0 0.56 215.5 2.41
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Table 4.3 (continued): Absolute total photoabsorption oscillator strengths of HCI for the

valence and Cl 2p inner shell regions.

Total Photoabsorption Oscillator Strength (df/dE)

eV  10%V'| ev  10%V'| eV  107%V"
216.0 2.48 232.0 2.35 257.0 2.20
216.5 2.46 2330 - 2.36 © |258.0 2.15
217.0 2.48 2340 2.35 259.0 2.18
217.5 2.47 235.0 2.35 260.0 2.09
218.0 2.50 236.0 239 12610 2.08
218.5 2.53 237.0 235 262.0 2.16
219.0 2.53 238.0 2.37 263.0 2.08
219.5 2.50 239.0 230 | 264.0 2.04
220.0 2.47 240.0 2.27 265.0 2.13
220.5 2.56 241.0 2.32 266.0 2.05
221.0 2.51 242.0 2.27 267.0 2.02
2215 2.52 243.0 2.28 268.0 2.05
222.0 2.56 2440 2.24 269.0 2.06
222.5 2.52 245.0 2.30 270.0 2.13
2230 2.55 246.0 2.22 271.0 2.10
2235 2.56 247.0 2.25 272.0 2.13
224.0 2.54 248.0 222 273.0 2.09
224.5 2.46 249.0 2.25 274.0 2.10
2250 2.55 250.0 229 - | 2750 2.13
226.0 2.49 251.0 2.16 276.0 2.13
227.0 242 252.0 2.23 277.0 2.08
228.0 2.45 253.0 2.21 278.0 2.04
229.0 2.42 254.0 2.08 279.0 2.17
230.0 2.34 255.0 2.11 280.0 2.10
231.0 2.44 256.0 2.15
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Table 4.4: Photoion branching ratios for the molecular and dissociative photoionization of HCI,

as a percentage of total photoionization.

Photon Photoion Branching Ratio (%)

Energy
(eV) HCI' cr HCP* cr H'
12.5 100.00
13.0 100.00

13.5 100.00
14.0 100.00
14.5 100.00
15.0 100.00
15.5 100.00
16.0 100.00
16.5 100.00
17.0 100.00

17.5 98.80 1.20

18.0 98.26 1.74

18.5 97.99 2.01 ‘

19.0 97.50 2.33 0.18
19.5 96.74 2.66 0.61
20.0 96.54 2.79 0.67
20.5 96.24 2.66 1.11
21.0 95.59 3.19 1.21
215 95.32 3.25 1.43
220 94.63 3.90 1.47
225 93.94 4.35 1.72
23.0 92.28 5.20 2.51
23.5 90.75 6.41 2.84
24.0 89.73 7.38 2.89
24.5 89.24 7.90 ' 2.87
25.0 89.20 8.66 2.15
25.5 88.59 9.39 2.03
26.0 86.99 10.78 2.23
26.5 86.94 11.30 1.76
27.0 86.79 11.26 , 1.96

27.5 85.88 12.11 2.02
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Table 4.4 (continued): Photoion branching ratios for the photoionization of HCI, as a

percentage of total photoionization.

Photon Photoion Branching Ratio (%)
Energy
(eV) HCI' cr HCI* cr H'
28.0 85.51 12.37 2.12
28.5 84.98 12.52 2.51
29.0 84.39 12.66 2.95
29.5 83.43 12.88 3.69
30.0 82.15 - 13.40 4.45
30.0 80.92 14.45 4.62
32.0 77.04 16.11 6.85
34.0 71.92 17.57 10.51
36.0 68.39 19.06 12.55
38.0 - 61.37 22.78 15.85
40.0 57.30 25.13 17.57
42.0 50.88 27.19 21.94
44.0 48.58 28.29 23.13
46.0 46.24 29.89 23.87
48.0 45.80 29.10 25.10
50.0 46.00 28.91 25.09 -
50.0 45.36 29.16 25.49
55.0 44.75 28.11 27.15
60.0 44.49 28.15 27.37
65.0 45.96 26.31 27.73
70.0 46.11 25.94 27.94
75.0 46.03 26.33 27.64
80.0 45.95 26.17 27.88
197.0 40.05 27.23 3.88 28.84
201.5 19.82 41.43 9.33 29.43
206.0 8.59 35.78 9.29 46.35
211.0 3.37 21.35 1.86 9.74 63.68
220.0 2.53 20.23 241 10.22 64.62
240.0 3.18 22.95 1.76 14.54 57.57
260.0 3.03 21.54 1.71 15.66 58.07
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Table 4.5: Absolute partial differential oscillator strengths for the molecular and dissociative

photoionization of HCI.

Photon Partial Differential Oscillator Strength (10%eV™)

Energy
(eV) HCI cr HCP CP* H*
12.5 4.63
13.0 12.06
13.5 16.20
14.0 21.13
14.5 28.27
15.0 32.90
15.5 34.20
16.0 35.28
16.5 36.06
17.0 36.86
17.5 36.87 0.45
18.0 36.69 0.65
18.5 35.81 0.74 . ‘
19.0 35.68 0.85 0.07
19.5 34.24 0.94 0.22
20.0 33.45 0.97 0.23
20.5 32.28 0.89 0.37
21.0 30.27 1.01 0.38
21.5 29.44 1.00 0.44
220 28.40 1.17 0.44
22.5 27.28 1.26 | 0.50
23.0 25.40 1.43 ' 0.69
23.5 23.44 1.66 0.73
24.0 22.25 1.83 0.72
24.5 21.20 1.88 0.68
25.0 20.14 1.96 0.49
25.5 18.87 2.00 0.43
26.0 16.96 2.10 0.44
26.5 16.02 2.08 0.33
27.0 14.89 1.93 0.34 7
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Table 4.5 (continued): Absolute partial differential oscillator strengths for molecular and

dissociative photoionization of HCI.

Photon Partial Differential Oscillator Strength (10%eV™)
Energy '

(eV) HCI Cr HCI* CI* H'
27.5 14.00 1.97 0.33
28.0 12.64 1.83 0.31
28.5 11.52 1.70 - - 0.34
29.0 10.44 1.57 0.36
295 9.37 1.45 0.42
30.0 8.27 1.48 047
32.0 5.32 1.11 0.47
34.0 3.14 0.77 0.46
36.0 1.96 0.55 0.36
38.0 1.24 0.46 0.32
40.0 0.84 0.37 0.26
42.0 0.65 0.35 0.28
44.0 0.57 = 033 _ 0.27
46.0 0.52 0.34 0.27
48.0 - 0.52. 0.33 : 0.28
50.0 0.52 0.33 0.29
55.0 0.50 0.31 10.30
60.0 10.50 0.32 0.31
65.0 0.52 0.30 0.32
70.0 0.51 0.28 0.31
75.0 0.50 0.28 0.30
80.0 0.46 0.26 0.28
197.0 0.13 0.09 0.01 0.09
201.5 0.11 0.22 0.05 0.16
206.0 0.08 0.35 0.09 0.45
211.0. 0.07 0.43 0.04 0.20 1.28
220.0 0.06 0.50 0.06 0.25 1.60
2400 | 0.07 0.52 0.04 0.33 1.31
260.0 0.06 0.45 0.04 0.33 1.21
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Table 4.6: Partial photoionization differential oscillator strengths for production of the electronic

ion states of HCI.

Photon Partial Oscillator Strength®

Energy (10%V7

(eV) X211 AZD? B’X
12.5 4.63

13.0 12.06

13.5 16.20

140 | 2113

14.5 28.27

15.0 32.90

15.5 34.20

16.0 3493 035

16.5 33.53 2.52

17.0 30.22 6.63

17.5 2724 10.08
18.0 25.39 11.95
18.5 24.12 12.43
19.0 23.42 13.18
19.5 23.01 12.39
20.0 2148 13.17
20.5 20.80 12.75
21.0 20.26 11.40
215 20.08 10.81

220 19.51 10.21 0.30
22.5 18.01 9.58 1.45
23.0 17.07 8.26 2.20
235 15.75 6.71 3.36

a. These values have been obtained from photoelectron branching ratios [10] using the presently
reported photoabsorption differential oscillator strengths and photoionization efficiencies.
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Table 4.6 (continued): Partial photoionization differential oscillator strengths for production of

the electronic ion states of HCI.

Photon Partial Oscillator Strength
Energy (10%V™)
(eV) X' A’z B’
24.0 15.87 6.69 2.23
24.5 14.49 5.94 3.33
250 14.24 5.42 2.94
25.5 12.55 4.81 3.56
26.0 11.87 4.35 « 3.56
26.5 10.57 4.08 3.90
27.0 8.86 3.58 4.60
27.5 8.48 3.20 4.16
28.0 7.69 2.81 4.29
285 | 691 2.57 4.20
29.0 6.19 2.35 3.84
29.5 4.94 1.69 4.61
30.0 4.29 1.74 4.19
31.0 2.65 1.20 4.71
32.0 2.69 1.24 3.04
33.0 1.92 0.79 2.93
34.0 0.87 0.57 2.93
35.0 0.47 0.40 2.75
36.0 0.49 0.31 2.06
37.0 0.24 0.24 1.95
38.0 0.08 0.22 1.72
39.0 0.16 0.23 1.36
40.0 0.07 0.40 1.00

a. These values have been obtained from photoelectron branching ratios [10] using the presently
reported photoabsorption differential oscillator strengths and photoionization efficiencies.




Chapter §
Photoabsorption and Photoionization Studies of Hydrogen Bromide

5.1 Introduction

Hydrogen bromide is of interest in molecular spectroscopy, as well as in other areas of
scientific research. Hydrogen halides, including HBr, gxist in the Earth’s upper atmosphere, and
thus quantitative spectroscopic.data for HBr are;, needed for the understanding of atmospheric
photochemistry [78]. Since HBr absorbs light at a longer wavelength than HCI or HF, it is more
subject to solar photodissociation, which is believed to be an important chemical process in
destroying HBr in the upper atmosphere [79]. HBr is also of interest in the chemical etching of
semiconductor material, since photodissociation of HBr is an important process for the Br soufce
[80]. In biochemistry, the photodissociation cross section of HBr is needed to determine the
concentration of Br atoms produced by photolysis [78]. The present work is, to the best of our
knowledge, the only study measuﬁng absolute photoabsorption (5-300 eV) and photoionization
(10-91 eV) oscillator strengths (cross sections) over a very wide range of the valence and Br 3d
inner shell regions. A much earlier study of HBr [11] in this laboratory reported absolute
photoabsorption (7-100 eV) and photoionization (11;40 eV) measurements using low resolution
dipole (e,e) and (e,e+ion) spectroscopies at low resolution (1 eV fwhm). However, limitations in
the earlier instrumentation and measurement procedures as well as in the calibration of the
absolute scale, similar to the situation discussed in chapter 4 for HCIl, place some doubt on the
reliability of these results. This suggests that new absolute measurements should be performed for
HBr.

There are few previously published absolute photoabsorption studies of HBr. Nee et al

[78] reported the absolute photoabsorption and fluorescence cross sections of HBr in the 105-235

75
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nm (5.3-11.8 eV) region, using synchrotron radiation. Earlier works by Roxlo and Mandl [35],
by Huebert and Martin [81], by Roman [36], and by Goodeve and Taylor [82] reported absolute
photoabsorption cross sections in the pre-edge region below 8 eV. Apart from the earlier low
resolution dipole (e,e) study, no absolute photoabsorption studies have been reported for the
valence shell in the VUV (11-80 eV) and beyond, nor are there any absolute results for the Br 3d
inner shell spectrum of HBr.

Qualitative photoabsorption studies (i.e. limited range spectra without absolute intensity
scales) of HBr have been reported in a number of papers. Photographic spectrophotometry was
used by Ginter and Tilford [83, 84, 85], by Baig et al. [86] beiow 12 eV, and by Terwilliger and
Smith [87] from 12.5 to 15.5 eV. Puttner et al. [88] used synchrotron radiation to investigate
ligand-field splitting of the Br 3d inne; shel..l levels in the region 69-79 eV at high resolution.

Photoelectron spectroscopy has also been used to study the photoionization of HBr.
Carlson et al. [69] measured angular distribution parémetefs as a ﬁnction of photon energy from
the outer valence photoefectron spectrum of HBr. Morin and Nenner [89] used synchrotron
radiation to study the HBr photoelectron spectrum at photon ehergies on and off the 3d—c"
resonance in HBr (see section 5.2.2.3). The high resolution valence shell photoelectron spectra of
HBr and DBr have been measured by Adam et al [90] using an AlIK, X-ray source. Salzmann et
al. [91] have obtained spin-resolved photoelectron spectra of HBr in the region 12-15 eV using
circularly polarized synchrotron radiation. Liu et al. [92, 93] have investigated resonance Auger
spectroscopy of HBr with the photon energy tuned to the HBr Br 3d — 5px resonance.

Other studies of the electronic excitation spectra of HBr have been reported using electron
impact techniques. England et al. [94] obtained energy-loss spectra of HBr and DBr between 8

and 16 eV with a resolution of 30 meV fwhm, using different combinations of scattered electron




Chapter 5: Photoabsorption and Photoionization Studies of HBr : 77

energy and angle, from 0.5 eV and 90° to 35 eV and 2°. Electron energy loss spectroscopy has
also been used by Shaw et al. [47] to measure the energy loss spectrum of HBr in the valence (7-
15 eV) and Br 3d inner shell (69-79 eV) regions, using an electron impact energy of 1.5 keV and
0° scattering angle.

In the present work the photoabsorption and photoionization of HBr have been re-
investigated using dipole (e,e) and dipole (e,e+ion) spectroscopies with the improved
instrumentation [7, 27] and the refined data collection and analysis techniques [7,22]. The range
of the low resolution photoabsorption data has also been considerably extended to 300 eV, and
photoionization data have been extended to 91 eV on the low resolution dipole (e,e), dipole
(e,e+ion) spectrometer. In addition, high resofution (0.05-0.1 eV fwhm) absolute
photoabsorption spectra have been obtained from 5 to 100 eV on the high resolution dipole (e,e)
spectrometer (see references [3, 19, 29] and section 3.3) developed after the original low
resolution [11] studies of HBr were reported.

5.2 Results and Discussion
5.2.1 Electron Structure
The ground state electron conﬁgurétion of HBr in the independent particle model can be
expressed as:
core Bd) (7o) (80)*(4m)* (90)°
Br3d Valence Virtual Valence
The electronic states of HBr* produced by removal of an electron from each of the \}alence
orbitals are X2H3,2,1,2, (4n)'1; A%, (80)'1; and B’%, (70)™ [11, 49]. Ionization potentials for

these states have been found by PES and the analogous method of electron momentum

spectroscopy. Lempka et al [49] have reported values of 11.67 and 12.00 eV for the spin-orbit
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split doublet X2H3/2,1,2, and a value of 15.27.eV for the AZS* state using Hel high resolution PES.
These values are in good agreement with other PES studies [95, 96]. Electron momentum
spectroscopy has been used at low resolution by Brion et al. [74], who reported values of 11.9 eV
(XI32,172), 15.6 €V (A’="), and 24.3, 30.3 eV (BS manifold). The valence shell photoelectron
spectrum, including the HBr* BZ inner valence region has been studied in detail by Adam et al.
[90] using AIK,, radiation. The Br 3d inner shell ionization potentials have been found by Shaw
et al. [47] to be 77.12 €V and 78.23 eV for the 3ds; and 3d;; states respectively.
5.2.2 Photoabsorption Oscillator Strengths
5.2.2.1 Low-Resolution Photoabsorption Measurements

Figures 5.1(a,b) show the low resolution (1 eV fwhm) absolute differential
photoabsorption oscillator strength spectrum (5-50 eV and 5-300 eV) obtained in the present
work by S(-2) sum-rule normalization of the relative oscillator strength spectrum, as described in
section 2.4. The relative spectrum was obtained from the Bethe-Born converted EELS spectrum
(see section 2.1) measured on the low resolution dipole (e,e) spectrometer. The absolute total
photoabsorption oscillator strengths are given numerically in table 5.4. The ionization potentials
shown on figure 5.1 are taken from experimental measurements [49, 74, 90]. The low energy
onset (~70 eV) of the Br 3d inner shell spectrum causes the VIRK sum rule normalization

procedures to be extremely unreliable. In particular, curve fitting and extrapolation of the higher

energy region is not possible. Therefore, the S(-2) sum rule was used to place the spectrum on an
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Figure 5.1: Absolute low resolution photoabsorption oscillator strengths (cross sections) for the

valence and Br 3d inner shell regions of HBr.
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absolute scale by using an experimental dipole polarizability (o) value of 23.7 a.u. [65]. The
energy scale of the low resolution spéctrum, as in the case of HCI (see section 4.2.2.1), was set by
comparison with the high resolution spectrum'convoluted with 1 eV fwhm (see section 3.3 and
5.2.2.2). As a consistency check, a comparison was made between the low resolution spectrum
and the high resolution data convoluted with 1 eV fwhm and excellent agreement is obtained, as
can be seen in figure 5.2(a).

In the earlier dipole (e,e) work on HBf [11], the absolute oscillator strength scale was
obtained using the VTRK sum rule, without however taking into account the small correction
factor due to Pauli-excluded transitions (see sections 2.4 and 4.1). Furthermore, the
normalization took into account only the spectrum below 100 eV.(i.e. the upper limit of the
experimental measurements), with no attempt to fit and extrapolate the spectrum to infinite
energy. It should be noted (see also the discussion on HCI in section 4.2.2.1) that these two
considerations, i.e. the Pauli-excluded correction and the extrapolation to infinite energy, have
opposing (and thus offsetting) effects on the magnitude of the resulting oscillator strength scale.
However, as was found for HCI (section 4.1), neglect of the extrapolation to infinite energy is
expected to have the major effect (see section 4.1 .for the situation in HCI). However, in the case
of HBr, the higher energy valence shell portion cannot be estimated due to the presence of the Br
3d continuum region (see figure 5.1(b)). The contributién of Pauli excluded transitions is
expected to constitute less than 4% of the total valence shell oscillator strength [22]. It is
therefore to be expected that the magnitudes of the previously determined oscillator strengths will
differ from that obtained in the present work and this can be seen in figure 5.2(b). The differences

in shape can be attributed to the improved background subtraction procedures in the present work
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(see discussion in section 4.2.2.1 for HCI).

At the low resolution of the spectrum in figure 5.1(a), very little discrete structure is
observable in the valence shell region. Three broad peaks with maxima at ~ 8.5, 11.5, and 14.5
eV are evident, with a slight shoulder below 8 eV. The Br 3d inner shell spectrum is also
distinguished by a peak with maximum at ~ 71 eV, corresponding to the 3d—c" transition. The
high resolution (0.05-0.1 eV fwhm) spectra, presented in the following sections, show much more
detailed structure in the valence and the inner shell photoabsorption spectra of HBr.
5.2.2.2 Valence Shell High Resolution Photoabsorption Measurements for HBr

The valence shell high resolution (0.05 eV fwhm) absolute photoabsorption oscillator
strength spectrum, shown in figure 5.3(a) from S to 16 eV, and in figure 5.3(b) from 5 to 25 eV,
was normalized by the S(-2) sum rule using an experimental value of 23.7 a.u. for the static dipole
polarizability (o) [65]. The high resolution valence shell shows much discrete structure. Below
8 eV, a low broad peak has been assigned to the a’II,A'II electronic state [78]. The higher
energy structures present above 8 eV can be assigned to Rydberg series, as représented by the
assignments given in figure 5.3(a), taken from references [87, 94]. Above the A" jonization
limit at 15.3 eV, no discrete structures are visible in the valence shell photoabsorption continuum
(see figure 5.3(b)).

As summarized above, very few absolute photoabsorption spectra of HBr have been
previously published. The most recent study is by Nee et al. [78], who measured the
photoabsorption and fluorescence spectra of HBr in the 5.3-11.8 region using synchrotron

radiation. The absorption cross sections in the region between 5 and 8 eV reported by Nee et al.

are about 16% lower than those reported in the present work, as shown in figure 5.4 and table
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5.1. Part of the discrepancy can be accounted for by the +20% uncertainty in the absorption
CIOSS séction reported by Nee et al. [78]. In the energy range from 8 to 12 eV (the limit of their .
data [78]), the spectrum reported by Nee et al. [78] appears to be quite different from the
spectrum obtained in the present work. As can be seen in table 5.1, integrated oscillator strengths
reported by Nee et al. [78] are significantly (~ 2 orders of magnitude) lower than those obtained
in the present work. This large difference is evidence of line-saturation (i.e. bandwidth-linewidth)
effects that result from use of the Beer-Lambert law, as discussed in section 1.3. An attempt was
made by Nee et al. to minimize this effect by taking measurements at very low sample pressures
(below 2 mTorr) [78], but errors still occurred in this discrete region (8-12 eV) of the spectrum.
A comparison was also reported [78] with earlier work by Huebert and Martin [81], who
measured extinction coefficients for HBr in the region below 7.1 eV. The latter data [81] are
~3% higher [78] than the oscillator strengths obtained in the present work.

Roxlo and Mandl [35] have reported absolute photoabsorption cross sections in the
energy region 5.4 to 7.3 eV. There is a large difference in their data when compared to the
present work, as shown in figure 5.4 and table 5.1. The reported cross sections by Roxlo and
Mandl are much lower than those reported in the present work. In earlier studies, Roman [36]
and Goodeve and Taylor [82] also measured the absorption spectrum of HBr below 8 €V using
photographic spectrophotometry. Both of these studies [36, 8Zj reported cross section which are
coﬂsiderably lower than those oi)tained in the present work, as can be seen in figure 5.4 and table

5.1. Agreement in this lower energy range below 7.9 eV is somewhat better in the case of the

absolute spectra reported by Nee et al. [78].
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Table 5.1: Comparison of integrated oscillator strengths (cross sections) for HBr reported in the

literature with selected energy ranges from the present work measurements.

Energy Present | Previous Work
Range Work

(Mb) (Mb) Ref.

5.40-6.9 2.00 0.305 [82]

5.40-7.3 3.13 1.383 [35]

2.11 [36]

5.30-7.9 4.41 3.69 [78]

8.25- 8.35 431 | 0.0323 | [78]
8.69-8.79 | 20.08 | 0172 | [78]
8.99-9.08 1.60 | 0.013 [78]
9.80-10.00 | 4.94
10.00-10.11 | 6.91 | 0.0124 | [78]
10.11-10.25 | 3.06 | 0.018 = | [78]
10.25-10.34 | 3.47 | |
10.34-10.50 | 13.94 | 0.010 | [78]
10.55-10.98 | 14.71 | 0.0335 | [78]
10.98-11.19 | 17.45 | 0.0512 | [78]
11.19-11.31 | 6.38
11.31-11.52 | 14.49
11.52-11.65 |  9.61
11.65-11.79 | 8.43
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5.2.2.3 Br 3d.Inner Shell High Resolution Photoabsorption Measurements for HBr

The absolute photoabsorption oscillator streﬂgth spectrum for the Br 3d inner shell from
68 to 80 eV, obtained on the high resol;ltion dipole (e,e) spectrometer at 0.1 eV fwhm, is shown
in figure 5.5. The Br 3d relative oscillator strength spectrum was normalized to the S(-2) sum
rule normalized valence shell spectrum (see previous sectién). The good agreement with the low
resolution measurements below the Br 3d excitation region (figure 5.5) prqvides a consistency
check on the accuracy of the absolute scale of the spectrum. A significant portion of the oscillator
strength in the inner shell is contained in the broad peak with a maximum at ~71.5 eV, which
corresponds to the strong 3d—0c" transition. The peaks at hi.glllerAenergies have been assigned to
Rydberg states converging on the (3dspsp)” limits. The peak assignments and ionization
potentials in figure 5.5 are taken from reference [47]. Integrated oscillator strengths for selected
energy ranges are given in table 5.2.

The sharp structures in the 73.5-78 eV photon energy region, particularly the peak at ~76
eV, show slight separation, which is most likely due to spin-orbit and ligand-field splitting.
Puttner et al. [88] have reported a high resolution (10 meV fwhm) relative photoionization
spectrum in the Br 3d excitation and ionization region (69-79 eV), obtained using synchrotron
radiation. Their much higher resolution spectrum shows clear evidence of ligand-field splitting of
both the Br 3ds; and Br 3d;,; levels.

5.2.3 Photoionization Studies of HBr in the Valence Shell Region

Time-of-flight (TOF) mass spectra were obtained using the low resolution dipole (e,e)

spectrometer in the dipole (e,e+ion) mode (see section 3.2) from 10.5 to 66 eV in the valence

shell. The positively charged ionic species resulting from photoionization of HBr are listed in
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Figure 5.5: Absolute photoabsorption oscillator strengths for the Br 3d inner shell region of

HBr, obtained with high resolution (0.1 eV fwhm). Peak assignments are from reference [47].
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Table 5.2: Integrated oscillator strengths (cross sections) for selected energy ranges in the Br 3d

inner shell of HBr, with and without estimated contributions from the valence shell continuum.

df/dE (Mb)
Energy Range With Without
Valence Valence
69.19-73.52 6.38 3.57
73.64-74.31 0.62 0.19
74.31-75.37 1.77 1.07
75.48-76.40 1.54 0.95
76.40-77.44 1.43 0.75
77.44-80.02 3.66 1.99
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Table 5.3: Appeérance potentials for the molecular and dissociative ions produced from HBr.

Appearance Potential
Experiment Calculated
Ion Present ref. [11] ref. [97]" ref. [98]*
Work

HBr' 10.0 10.0 11.66

Br' 14.0 15.0 15.606 15.669
H* 19.0 21.0 17.39 17.37
Br* 36.0

* Derived from heats of formation of the ionic and neutral species
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table 5.3, together with their appearance potentials. The two isotopes of bromine (masses 79 and
81) occur with nearly equal natural abundance (49% and 51%, respectively). The close spacing
of the two Br* and the two HBr" peaks (all between masses 79-82) precluded complete resolution
at the low mass resolution of the instrument. However with careful peak fitting procedures it was
possible to separate and integrate the individual peaks. Two gaussian peaks (nepessary to model
the asymmetric TOF peaks) of equal width were ‘ﬁtted to each isotopic peak of HBr" and Br'.
'fhe resulting peak areas reflected the bromine natural abundances. Typical peak fits are.shown in
figure 5.6 at equivalent photon energies of 12 eV (figure 5.6(a)), below, and at 20 eV (figure
5.6(b)), above the Br* appearance potential respectively. For each Br containing ion the 79 Br
and 81 Br contributions were summed. The ions detected below 66 eV are H*, Br*, Br*, and
HBr", as can be seen in the TOF mass spectra shown in figure 5.7 at 20 and 51.5 eV.

Photoion branching ratios, as a percentage of total photoionization, were obtained from
integration of the peaks in the baseline subtracted TOF mass spectra. The resulting ratios are
shown in figure 5.8 and given numerically in table 5.5. The branching ratios for the molecular ion
HBr" show (figure 5.7) an initially steep decrease, with some levelling off occurring above 25 eV.
The opposite is observed for Br*, where there is an initially steep increase above the appearance
potential and a second rise in the region of the B*S (i.e. (70)™) onset. The Br* branching ratios
then appear to level off somewhat above 30 eV. The dissociative jons H" and Br** both show
slow increases from their appearance potentials up to the Br 3d threshold. No doubly charged
HBr*" is observed. In marked contrast to the situation for HCI the photoion branching ratios for

HBr do not level off. This is to be expected since the EMS [74] studies clearly show that the B>Z

ionization manifold extends to at least 50 eV and possibly beyond. In this regard it should be
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Figure 5.6: Typical peak fits used to resolve isotopic HBr", Br' peaks in the HBr time-of-flight

mass spectra, at equivalent photon energies of (a) 12 eV, and (b) 20 eV.
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noted that the breakdown mbdel [8] predicts that the fragmentation ratios will only level off at
photon energies above the upper.linlit of the Fianék—Condon region for the most tightly bound
orbital.

In the previous work on HBr iﬁ this laboratory [11], photoion branching ratios were
obtained up to 40 eV. As discussed in the case of HCI (section 4.2.3), there are some concerns
with the reliability and accuracy of the résults from the earlier work, especially with regard to the
efficiency of the ion detector as a fucntion of m/e. Tﬁis detectdr has since been replaced by a
microchannel pléte device [28] (see section 4.2.3). The photoion branéhing ratios obtained earlier
[11] have been -appropriately corrected for the response of the Johnston multiplier and compared
with the photoion branching ratios obtained in the present work. As can be seen in figure 5.9, the
two sets of branching ratios for the molecular ion agree reasonably well, while there are
significant differences in the dissociative ion branching ratios. For HBr" and Br*,. the large local
differences in the 16-23 eV region and of H" at all energies are surprising and not understood.

Absolute partial photoionization oscillator strengths were obtained above 20 eV (where n;
can reasonbly be assumed to by unity) from the product of the absolute photoabsorption and the
photoion branching ratio for the molecular and each dissociative ion. Difficulties were
encountered in determining the photoionization efficiency during the HBr TOF measurements due
to an intermittent computer problem which creates an inconsistency in the time scale over long
data collection runs. This problem (only discovered after the measurements were completed)
does not however affect the relative peak areas in the TOF mass spectra, and thus does not affect

the photoion branching ratios. For these reasons, partial photoionization oscillator strengths have

only been obtained above 20 eV (where n; =1). The absoluteipartial oscillator strengths thus
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obtained are presented graphically in figure 5.10, and numerically in table 5.6. As can be seen
from figure 5.10, the PPOS’s for HBr* and Br* decrease steeply above 20 eV, while H" has a
broad peak with a maximum at 29 e¢V. Only a very small amount of Br** oscillator strength is
present in the valence shell above 35 eV. The Br** is formed in the valence shell region by direct
dissociative double photoionization and/or via VVV Auger processes. These trends will be
discussed further in section 5.2.4 below.
5.2.4 Dipole-Induced Breakdown Pathways of HBr

As discussed previously (section 4.2.4), the dipole induced breakdown of a molecule can
be investigated by considering together the partial oscillator strengths for the molecular and
dissociative photoionization with those for production of the electronic ion states. This is because
the total absolute photoionization oscillator strength distribution can be partitioned into the partial
oscillator strengths for molecular and dissociative photoionization or into the contributions from
the electronic ion state partial oscillator strengths (see equations 2.3.4 and 2.3.6 respectively).
Also, the partial oscillator strengths for the molecular or any dissociative ion can be partitioned
into contributions from the various electronic ioh state PPOS’s [2, 8, 77]. The dipole induced
breakdown of HBr has therefore been investigated in the present work by attempting to fit linear
combinations of the electronic ion state partial oscillator strengths to the partial oscillator strength
spectra for the molecular and each dissociative iotl. In order to accomplish this, the electronic
state PPOS’s from the previous work [11] were re-evaluated above 20 eV by taking the triple
product of the absolute photoabsorption from the present work, the photoelectron branching

ratios from the previous work, and an ionization efficiency equal to unity. The electronic state

PPOS's thus obtained are shown in figure 5.11 and numerically in table 5.7.
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Figure 5.11: Electronic ion state partial oscillator strengths obtained from photoelectron dipole

(e,2¢) branching ratios reported by Brion et al. [11] and the presentlyvreported photoabsorption

oscillator strengths. The binding enérgy spectrum (top panel), in the region of the HBr*, B’

many body manifold, is taken from low resolution EMS measurements [74].
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The spectra in figure 5.12 show the best fit linear combinations of the electronic state
PPOS’s to the molecular (HBr*, figure 5.12(b)) aﬁd total dissociative (Br* + H*, figure 5.12(c))
ion state PPOS’s. For HBr", the best linear combination was given by (1.0X’II + 0.4A’Z" +
0.4B’%). Thus the molecular ion partial oscillator strength arises mostly from the X°IT state, with
small contributions from the A’S* and BT states. Considering the fragment ion appearance
potentials (see table 5.3) and the ionization potentials (see section 5.2.1), Br* must first arise from
the A’S* state of HBr'. Similarly, H* can only be formed from the B’S ionization manifold.
Given the statistics in the two different measurements, the remaining >e1ectronic state PPOS is
fairly well matched by the total diséociative (Br* + H") ion state PPOS, as can be seen in figure
5.12(c).

The total dissociative photoionization can be partitioned into individual contributions from
Br' and H', as can be seen in figure 5.13(b) and (c). The best fit linear combination for Br" is
given by (0.6A’Z* + 0.5BZ). As can be seen in figure 5.13(b), below 21.5 eV Br" arises only
from the A’Z* electronic state. Again it is observed that the contribution from the BT state
corresponds to the B2 state onset in the PES spectrum [74] shown in figure 5.13(a). For the
partial oscillator strength of H*, the remaining oscillator strength (10%) from the B2S electronic
state gives a reasonable fit, considering the small magnitude of the partial oscillator strength and
the respective data statistics. The breakdown pathways above 40 eV in the valence shell and in
the Br 3d region suggested by the present work are summarized in figure 5.14. Photoelectron-

photoion coincidence studies would enable a more detailed and accurate analysis of the processes

involved in photoionization in this region.
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Figure 5.12: Absolute partial photoionization oscillator strengths for the molecular and total

dissociative photoionization of HBr, with best fit linear combinations of contributions from the

electronic ion state partial oscillator stréngths. The top panel shows the EMS spectrum obtained

at low resolution by Suzuki et al. [74].
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5.2.5 Photoionization Measurements in the Br 3d Inner Shell Region of HBr

Time-of-flight mass spectra were also obtained in the Br 3d inner shell excitation and
ionization region of HBr at selected equivalent photon energies at 1 ¢V fwhm energy resolution.
Typiéal TOF spectra are shown in figure 5.15 at energies of 66 eV (inner valence), 71, 75, and 91
eV (selected Br 3d regions). Note that the ion yield scale is relative to the tallest peak, which is
not necessarily the peak with the largest area. At 66 eV, in the valence shell continuum below the
Br 3d threshold, HBr* (m/e = 80, 82) is the highest peak. There i§ a large amount of H' present,
but very little Br**. At 71 eV, in the middle of the strong 3d—c" transition (see figure 5.1, 1 eV
fwhm, and figure 5.5, 0.1 eV fwhm), the HBr* peaks are substantially reduced, while the Br*, Br**
peaks are increasing in intensity. The width of the H* peak is appreciably broadened compared
with the situation in the valence shell pre-edge region at 66 eV. At 75 eV, in the Rydberg
excitation region, the relative intensities of the HBr*, Br*, and Br** peaks decrease, while H*
increases. At 91 eV, well into the Br 3d ionization continuum, HBr* and Br* further decrease in
relative intensity and Br** increases. In addition, a small amount of the doubly charged HBr** is
formed, although no doubly charged molecular ions are observed at any of the lower energy TOF
mass spectra. At 91 eV, the H' peak shows further broadening, indicating high kinetic energy
protons probably formed in the Coulomb explosion of doubly charged ions (i.e. HBr2+).

Photoion branching ratios for the Br 3d inner shell region are given in figure 5.8 and table
5.5. At the Br 3d excitation threshold, the branching ratio for HBr* decreases, while those for H,
Br*, and Br** increase. For each of H*, Br’, Br™, there is a peak ~71 eV which corresponds to

the 3d—>o" virtual valence transition. This is apparently due to processes involving dissociative

autoionization (resonance Auger decay [56]) of neutral excited states of HBr down to H" + Br,
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H + Br', and/or ionization to doubly charged HBr**, which rapidly dissociates to form H* + Br'
(Coulomb explosion) or to Br** + H. In the 3d ionization continuum (91 eV) the relative yields of
HBr" and Br* further decrease, while H* and Br** increase. In addition HBr** appears for the first
time and in low yield (see figure 5.15). The appearance of HBr*" is consistent with the onset of
Auger processes expected in the 3d ionization continuum but not lower energies in the 3d
excitation region. The Auger processes may lead to doubly charged HBr** and Br** ions and also
Coulomb explosion of HBr** to give H* + Br*. The slightly increased width of the H* peak (figure
5.15) is evidence for the latter process and/or dissociative single ionization (or autoionization) to
H' + Br.

Partial photoionization oscillator strengths (PPOS’s) for molecular and dissociative
photoionization in the Br 3d inner shell region are shown in figure 5.10 above. In this energy
region the remaining HBr" oscillator strength is formed essentially from valence shell processes
only. The Br' PPOS shows a small peak at around 71 eV, corresponding to the strong 3d—c’
transition (figures 5.1 and 5.5), as already discussed above with reference to the photoion
branching ratios. The H" and Br** PPOS’s increase at the Br 3d excitation threshold. H'
continues to increase 'in the Rydberg excitation and ionization continuum regions, as also
discussed above with reference to the branching ratios in (figure 5.8). In contrast Br** has a

maximum at 71 eV, which drops in the Rydberg region before increasing again in the 3d

ionization continuum where a small amount of HBr** (see figure 5.15) is also formed.
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' Table 5.4: Absolute differential photoabsorption oscillator strengths for valence shell and Br 3d

inner shell regions of HBr (1 eV fwhm).

Total Photoabsorption Oscillator Strength (df/dE)
eV [10%V'] eV [10%V'| eV [10%V'| eV |10%V?
5.0 0.60 19.5 35.95 34.0 6.01 57.0 0.77
5.5 0.57 20.0 33.99 345 5.69 58.0 0.74
6.0 1.01 20.5 32.22 35.0 5.15 59.0 0.71
6.5 1.75 210 30.39 35.5 4.77 60.0 0.69
7.0 2.26 21.5 29.10 36.0 4.42 61.0 0.68
7.5 2.46 220 27.28 36.5 4.27 62.0 0.66
8.0 7.02 22.5 25.75 37.0 3.95 63.0 0.65
8.5 20.07 23.0 2522 37.5 3.51 64.0 0.64
9.0 18.68 23.5 23.28 38.0 3.49 65.0 0.61
9.5 12.54 24.0 22.16 38.5 3.21 66.0 0.61
10.0 25.86 24.5 21.03 39.0 3.15 67.0 0.61
10.5 36.97 25.0 20.21 395 2.90 68.0 0.59
11.0 46.39 255 18.75 40.0 2.68 69.0 0.63
11.5 52.35 26.0 17.55 41.0 2.44 70.0 1.18
12.0 44.67 26.5 16.35 42.0 2.17 71.0 1.93
12.5 36.76 27.0 15.61 43.0 1.95 72.0 1.75
13.0 40.48 27.5 14.86 44.0 1.78 73.0 1.05
13.5 50.17 28.0 13.73 45.0 1.59 74.0 1.05
14.0 53.83 28.5 12.72 46.0 1.45 75.0 1.49
14.5 51.53 29.0 11.92 47.0 1.38 76.0 1.51
15.0 50.34 29.5 11.18 48.0 1.25 77.0 1.44
15.5 48.62 30.0 10.57 49.0 1.16 78.0 1.39
16.0 47.43 30.5 9.66 50.0 1.08 79.0 1.37
16.5 46.07 31.0 8.89 51.0 1.00 80.0 1.38
17.0 44.27 31.5 8.58 52.0 0.97 81.0 1.39
17.5 42.65 32.0 7.82 53.0 0.92 82.0 1.41
18.0 41.07 32.5 7.24 54.0 0.88 83.0 1.39
18.5 39.33 33.0 6.92 55.0 0.83 84.0 1.46
19.0 37.31 33.5 6.30 56.0 0.79 85.0 1.49
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Table 5.4 (continued): Absolute differential photoabsorption oscillator strengths for valence

shell and Br 3d inner shell regions of HBr (1 eV fwhm).

Total Photoabsorption Oscillator Strength (df/dE)
eV |10%V'| eV [10%V'| eV [10%V'| eV |[10%V?
86 1.53 130 4.23 188 493 | 246 4.43
87 1.58 132 4.35 190 500 | 248 4.39
88 1.59 134 4.36 192 5.00 | 250 4.46
89 1.66 136 4.36 194 500 | 252 4.43
90 1.71 138 4.50 196 498 | 254 4.34
91 1.81 140 4.53 198 493 | 256 4.43
92 1.88 142 4.56 200 496 | 258 4.43
93 1.90 144 4.63 202 494 | 260 4.34
94 1.95 146 4.69 204 493 | 262 4.38
95 1.97 148 4.67 206 499 | 264 4.32
96 2.09 150 4.71 208 496 | 266 4.23
97 2.06 152 4.70 210 4.81 | 268 4.16
98 2.19 154 4.75 212 4.89 | 270 4.15
99 2.27 156 4.72 214 479 | 272 4.20
100 2.34 158 4.69 216 485 | 274 4.23
102 2.46 160 4.75 218 474 | 276 4.24
104 2.60 162 4.78 220 4.80 | 278 3.91
106 276 164 4.70 222 470 | 280 4.04
108 2.90 166 4.80 224 4.65 | 282 4.03
110 3.06 168 4.77 226 4.69 | 284 4.03
112 3.19 170 4.76 228 474 | 286 3.91
114 3.33 172 4.67 230 4.63 | 288 3.93
116 3.47 174 4.70 232 457 | 290 3.82
118 3.58 176 4.72 234 4.55 | 292 3.82
120 3.69 178 4.69 236 4.48 | 294 3.78
122 3.88 180 4.75 238 451 | 296 3.89
124 3.94 182 4.71 240 437 | 298 3.72
126 4.10 184 4.89 242 4.62 | 300 3.61
128 4.13 186 4.99 244 4.48
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Table 5.5 Photoion branching ratios for the molecular and dissociative photoionization of HBr,

as a percentage of total photoionization.

Photon Photoion Branching Ratio (%)
Energy
eV HBr" Br* Br* H*
10.0 100.00
10.5 | 100.00
11.0 100.00
11.5 100.00
12.0 100.00
12.5 100.00
13.0 100.00
13.5 100.00
14.0 95.66 4.34
14.5 90.71 9.29
15.0 90.29 9.71
15.5 86.25 13.75 -
16.0 77.03 22.97
16.5 84.83 15.17
17.0 83.11 16.89
17.5 84.67 15.34
18.0 83.78 16.22
18.5 83.96 16.04 |
19.0 83.08  16.89 ' 0.03
19.5 82.62 17.29 0.09
20.0 82.89 16.88 0.23
20.5 8233  17.33 0.34
21.0 80.87 18.82 0.31
21.5 82.09 17.48 0.43
22.0 80.26 19.19 0.55
22.5 78.66 20.75 0.59
23.0 76.81 22.45 0.74
23.5 74.51 24.41 . 1.09




Chapter 5: Photoabsorption and Photoionization Studies of HBr 110

Table 5.5. (continued): Photoion branching ratios for the molecular and dissociative

photoionization of HBr, as a percentage of total photoionization.

Photon Photoion Branching Ratio (%)
Energy
eV HBr' Br* Br* H'
24.0 75.01 23.83 1.16
24.5 72.97 25.72 1.31
25.0 73.43 25.20 1.37
25.5 72.32 25.95 ' 1.72
26.0 71.57 26.70 . 1.73
26.5 72.02 25.95 2.03
27.0 69.94 27.60 2.46
27.5 72.75 24.72 2.53
28.0 69.48 27.82 2.70
28.5 69.73 27.26 3.01
29.0 69.71 26.78 3.51
29.5 68.31 28.32 3.37
30.0 69.01 27.40 3.59
320 68.22 27.34 4.43
34.0 67.46 27.35 5.19
36.0 65.03 28.83 0.10 6.04
38.0 62.71 29.42 0.35 7.52
40.0 58.23 33.57 0.51 7.69
42.0 61.45 29.08 0.70 8.77
44.0.. 58.32 30.61 1.09 9.98
46.0 54.84 32.76 1.47 10.92
48.0 51.93 34.96 1.65 11.47
50.0 50.68 33.87 2.13 13.32
56.0 37.29 42.90 3.43 16.38
61.0 35.83 42.48 3.61 18.08
66.0 31.34 43.05 4.61 21.00
71.0 8.74 46.86 20.58 23.81
75.0 6.44 43.10 14.90 35.57
76.0 8.40 41.67 17.04 32.89
81.0 7.46 28.37 23.10 41.07
90.0 5.16 25.15 26.00 43.70
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Table 5.6: Absolute partial differential oscillator strengths for the molecular and dissociative

photoionization of HBr.

Photon Partial Differential
Energy Oscillator Strength (10%eV™)
(eV) HBr* Br' Br** H*
20.0 | 28.17 5.74 0.08
20.5 | 26.53 5.58 0.11
21.0 | 24.57 5.72 0.09
21.5 23.89 5.09 0.13
220 | 21.89 5.24 0.15
22.5 | 20.26 5.35 0.15
23.0 19.37 5.66 0.19
23.5 17.35 5.68 0.25
24.0 16.62 5.28 0.26
24.5 15.35 5.41 0.28
25.0 14.84 5.09 0.28
25.5 13.56 4.87 0.32
26.0 12.56 4.69 0.30
26.5 | 11.77 4.24 0.33
27.0 | 1092 4.31 0.38
27.5 | 10.36 4.12 0.38
28.0 9.54 3.82 0.37
28.5 8.87 3.47 0.38
29.0 8.31 3.19 0.42
29.5 7.64 3.17 - 0.38
30.0 7.29 2.90 0.38
32.0 5.33 2.14 0.35
34.0 4.05 1.64 0.00 0.31
36.0 2.87 1.27 0.00 0.27
38.0 2.19 1.03 0.01 0.26
40.0 1.56 0.90 0.01 0.21
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Table 5.6 (continued): Absolute partial differential oscillator strengths for the molecular and

dissociative photoionization of HBr.

Photon Partial Differential

Energy Oscillator Strength (10%eV™)
(eV) HBr' Br' Br* H
42.0 1.33 0.63 0.02 0.19
44.0 1.04 0.55 0.02 0.18
46.0 0.80 0.48 0.02 0.16
48.0 0.65 0.44 0.02 0.14
50.0 0.55 0.37 0.02 0.14
56.0 0.30 0.34 0.03 0.13
61.0 0.24 0.29 0.02 0.12
66.0 0.19 0.26 0.03 0.13
71.0 0.17 0.90 0.40 0.46
76.0 0.13 0.63 0.26 0.50
81.0 0.10 0.39 0.32 0.57
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Table 5.7: Partial photoionization differential oscillator strengths for the production of electronic

ion states of HBr.

Photon Partial Oscillator Strength®

Energy (10%V?
(eV) X1 A’s B’=
20.0 23.79 10.20
20.5 21.59 10.06
21.0 21.20 8.96
21.5 20.32 8.79 0.00
22.0 17.66 7.83 1.79
225 15.96 7.26 2.53
23.0 16.32 6.62 2.28
235 14.01 5.52 3.75
24.0 14.77 5.26 2.13
24.5 12.44 4.96 3.63
25.0 11.74 4.63 3.84
25.5 11.57 3.64 3.54
26.0 9.36 3.40 4.79
26.5 8.86 3.06 4.43
27.0 8.44 2.53 4.64
27.5 8.44 2.67 3.74
28.0 6.55 1.98 5.20
28.5 6.41 1.43 5.09
29.0 6.47 1.82 3.64
29.5 5.39 2.03 3.76
30.0 5.39 1.35 3.83

a. Obtained using the dipole (e,2e) “photoelectron” branching ratios of reference [11] and the
presently reported absolute photoabsorption oscillator strengths.
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Table 5.7 (continued): Partial photoionization differential oscillator strengths for the production

of the electronic ion states of HBr.

Photon Partial Oscillator Strength®
Energy (107%eV?Y)

(eV) XTI Azt B>
30.5 4.13 1.01 4.53
31.0 3.38 0.97 4.54
31.5 3.75 1.28 3.55
32.0 2.83 0.78 4.20
32.5 2.41 0.74 3.90
33.0 3.12 0.88 2.92
33.5 1.65 0.39 4.27
34.0 1.97 0.47 3.57
34.5 1.90 0.40 3.40
350 | 165 107 2.43
355 1.31 0.37 2.99
36.0 133 - 0.53 2.56
36.5 112 046 2.69
37.0 0.99 0.36 2.61
37.5 1.31 0.08 2.12
38.0 1.93 - 0.46 1.10
38.5 113 0.09 2.00
39.0 2.01 0.70 0.44
39.5 1.00 0.08 1.49

400 1.26 0.59 0.84

a. Obtained using the dipole (e,2e) “photoelectron” branching ratios of reference [11] and the
presently reported absolute photoabsorption oscillator strengths.
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Photoabsorption Studies of Hydrogen Iodide
6.1 Introduction

Very little information is available for the photoabsorption of HI. A possible reason for
the scarcity of studies involving HI is the difficulty in obtaining a pure sample because of
disproportionation in the cylinder (i.e. 2HI <> H; + I, ). In the present work, great care had to be
taken in order to eliminate a large molecular hydrogen impurity present in the HI gas sample as
well as signals due to desorption of HBr and HCI from the surfaces in the gas inlet system and the
spectrometer. Repeated purgings and evacuations were necessary to obtain the spectrum of pure
HI. Siﬁilm problems with impurities occurred in earlier photoabsorption studies of hydrogen
fluoride [101].

To the best of our knowledge, very few absolute photoabsorption spectra of HI have been
published. Roxlo and Mandl [35] reported abso.lute photoabsorption cross sections for HI in the
region 5.4-7.3 ¢V. Romand [36] and Goodeve and Taylor [99] also obtained measurements in
the same region. Wang et al. [100] measured the absolute photoabsorption spectrum of HI in the
very limited energy range 10.4 to 11.1 eV. Other than in these restricted energy ranges the
valence shell electronic absorption spectrum of HI is apparently unknown.

Several photoelectron spectroscopy studies have been performed on HI. Lempka et al.
[49] obtained the Hel high résolution photoelectron spectrum of HI in the outer valence region.
More recently, Adam et al. [102] used X-ray (hv=1487 eV), He I (hv=21.22 ¢V) and He II
(hv=40.8 eV) radiation to investigate the inner valence photoelectron spectra of HI. Angle
resolved PES studies and partial cross-sections obtained using synchrotron radiation have been

reported by Bowering et al. [103], and by Carlson et al. [104]. Karlsson et al. [105] and Cutler et
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al. [106] have measured the NVV Auger elecfron spectrum which involves the I 4d inner shell of
HI. Brion et al. [74] have measured binding energy spectra at low resqlution over the entire
valence shell binding energy range using EMS spectroscopy.

Photoionization mass spectroscopy has been used to measure relative photoionization
cross sections for HI by Tsai and Baer [107], and by Eland and Berkowitz [108]. Absolute
photoionization cross sections have been calculated by Raseev et al. [109].

In the present work, absolute photoabsorption oscillator strengths (cross sections) for the
valence and I 4d inner shells of HI were obtained from 5 to 120 eV with low resolution (1.0 eV
fwhm), and from 5 to 60 eV with high resolution (0.05-0.1 eV fwhm) using dipole (e,e)
spectroscopy. To the best of our knowledge, no previous absolute photoabsorption
measurements of the I 4d inner shell region of HI have been reported.

6.2 Results and Discussion

6.2.1 Electronic Structure

The ground state electronic structure of HI can be represented as:
core  (4d)"° (100)(110)%6m)*  (120)°
I4d Valence Virtual Valence

Ionization produces the foliowing ionic states: X*II37,1, from (6m)™, A’S* from (110)", and B’
from (100)™. Ionization potentials have been reported by Lempka et al. [49] to be 10.38 eV
(X’M3p), 11.05 eV (X°M,y), and 13.85 eV (A’S"). Adam et al. [102] reported values of 21.2,
22.5, and 23.6 eV for the B’Z many body states involved in the manifold [74]. Karlsson et al.

[105] reported the I 4d inner shell ionization potentials with values of 57.49 and 59.25 €V for the

‘I 4dsy, and I 4d3/; states respectively.
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6.2.2 Photoabsorption Oscillator Strengths
6.2.2.1 Low-Resolution Photoabsorption Measurements of HI

The low resolution (1.0 eV fwhm) absolute photoabsorption oscillator strength spectrum
of HI from 5 to 120 eV was obtained by normalizing the Bethe-Born converted relative spectrum
obtained on the low resolution dipole (e,e) spectrometer (see section 3.2). The low energy onset
of the I 4d inner shell (~50 eV) makes use of the VTRK sum rule unreliable (see discussion for
HBr in section 5.2.2.1). Thus the S(-2) sum rule was used, together with an experimental static
dipole polarizability (o) of 35.3 a.u. [64], to normalize the valence shell spectrum.

The low resolution valence shell spectrum (5-40 eV) and the long range spectrum (5-120
eV), including the valence shell and I 4d inner shell regions are shown in figure 6.1 below. The
absolute oscillator strengths are given in table 6.3. In the valence shell spectrum (figure 6.1(a)),
two broad peaks are visible at ~10 and 12.5 eV, as well as a pronounced shoulder afound 8 eV.
The high resolution spectra shown and discussed in sections 6.2.2.2 and 6.2.2.3 below provide
more detailed investigations of the discrete valence shell and I 4d inner shell regions respectively.
In the long range spectrum (figure 6.1(b)), the I 4d inner shell spectrum can be seen above 48 eV.
The peak at ~51 eV corresponds to the strong 4d—o* transition, and there is a very broad
continuum resonance at - 92 eV. The energy scale of the spectrum was set by comparison with
the high resolution spectrum, convoluted with 1 eV fwhm. A comparison (figure 6.2) of the low
resolution (1 eV fwhm) and high resolution (0.05 eV fwhm, convoluted with 1 eV fwhm) gives a

good consistency check of the absolute scale normalization of the spectra obtained using the two

different instruments.
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Figure 6.1: Absolute photoabsorption differential oscillator strengths (cross sections) for the

valence and I 4d inner shell regions of HI. The ionization energies are from references [49, 102].
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6.2.2.2 Valence Shell High Resolution Photoabsorption Measurements of HI

The high resolution (0.05 eV fwhm) valence shell (5-20 eV) absolute photoabsorption |
spectrum is shown in figure 6.3, with assignments from reference [110]. This represents the first
full valence shell spectrum of HI to be reported. The spectrum was obtained from S(-2) sum rule
normalization of the relative Bethe-Born converted energy-loss spectrum obtained on the high
resolution dipole (e,e) spectrometer (see section 3.3). In the spectrum in figure 6.3(a), it is
interesting to note the lack of discrete structure between 11 eV and 14 eV, i.e. between the
X[,/ and A®S* limits. Integrated oscillator strengths (cross sections) for selected energy regions
in the valence shell are given in table 6.1.

Only very few previously published absolute photoabsorption spectra [35, 36, 99, 100] of
HI were found, and these are in very limited energy ranges. The most recent of these is by Roxlo
‘and Mandl [35], who used a direct optical technique with a pulsed Xe, discharge lamp to measure
the photoabsorption spectrum of HI from 230 to 170 nm (5.4-7.3 eV). A single transition at 176
nm (7.04 eV) was observed in theif spectrum [35], with a peak height of ~4.2 Mb and an
integrated cross secﬁon of 1.76 Mb, which is significantly lower than value of 12.38 Mb reported
in the present work, as is shown in table 6.1. This large difference is evidence for large line
saturation errors in the optical work of Roxlo and Mandl [35], which caused significant reduction
of the sharp transition observed at ~7 eV.

Two other absolute photoabsorption studies were reported in the work by Roxlo and
Mandl [35]: Romand [36] and Goodeve and Taylor [99], who studied the absorption spectrum of

HI in the pre-edge outer valence region (below 8 ¢V). The spectrum reported by Romand shows

a single transition at ~176 nm (~7eV) that is somewhat different in shape from that observed by
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HI, obtained with high resolution (0.05 eV fwhm).
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Table 6.1: Integrated oscillator strengths (cross sections) for selected energy regions in the
valence shell obtained from the present measurements of HI, with comparison to those reported in

the literature.

Energy Present
Range Work | ref. [35]
(Mb) (Mb)

540-73 | 1238 | 176
6.90-7.1 | 10.98
7.50-7.9 | 2535
8.35-8.68 | 14.60
8.68-8.90 | 7.46
9.01-9.14 | 3.61
9.14-9.31 | 10.06
9.31-9.59 | 2.56
9.59-9.75 | 7.22
9.75-9.93 | 11.58
9.93-10.37 | 38.52
10.37-10.60 | 21.07
10.60-10.72 | 10.63
10.72-10.80 | 6.26
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Roxlo and Mandl [35]. The cross sections obtained by both Romand [36] and Goodeve and
Taylor [99] are lower than those reported by Roxlo and Mandl [35].

Wang et al. [100] measured the absolute photoabsorption spectrum of HI in the region
betweeﬁ the X*IT3, and X1, limits (10.4-11.1 V) with apparently slightly higher resolution
than in the present work. The cross sectiohs reported by Wang et al. are significantly lower
(~90%) than those reported in the present work.
6.2.2.3 High Resolution I 4d Inner Shell Photoabsorption Measurements of HI

The absolute photoabsorption oscillator strength (cross section) spectrum of the I 4d inner
shell of HI, obtained with high resolution (0.1 eV fwhm) from 48 to 60 eV is shown in figure 6.4
below. The two broad peaks with maxima at 51 and 52.8 eV correspond to the strong 4d—>c*
transitions, with the spacing between the peaks corresponding to the spin-orbit splitting of the
4dsp 3, states. Above 54 eV, some discrete structure is visible, corresponding to transitions to
Rydberg states converging on the 4ds;3,, ionization limits [105]. Integrated oscillator strengths

(cross sections) for selected energy regions in the I 4d inner shell of HI are given in table 6.2.
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Figure 6.4: Absolute photoabsorption oscillator strength (cross section) spectrum of the I 4d

inner shell region of HI, obtained with high resolution (0.1 ¢V fwhm).
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Table 6.2: Integrated oscillator strengths (cross sections) for selected energy ranges in the I 4d

inner shell of HI, with and without estimated contributions from the valence shell continuum.

df/dE (Mb)
Energy Range With Without
Valence Valence
49.38-53.83 13.06 6.29
53.83-54.38 1.00 0.17
54.38-55.69 3.73 1.74
55.69-57.43 5.13 2.47
5743-5820 | 222 1.05
58.20-59.92 5.39 2.81
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Table 6.3: Absolute differential photoabsorption oscillator strengths for the valence shell and I

~4d inner shell regions of HI (1 eV fwhm).

Total Photoabsorption Oscillator Strength (df/dE)
eV [10%V'| eV [10%V'| eV |10%V?
60  -023 | 160 4950 | 260  9.09
6.5 3.44 16.5 45.82 26.5 8.07
70  12.19 17.0 42.12 27.0 7.25
75 2426 17.5 38.66 27.5 6.54
80 2536 18.0 35.56 28.0 5.94

85 2649 18.5 32.85 28.5 5.32
9.0  38.42 19.0 30.49 29.0 4.68
9.5  54.87 19.5 28.38 29.5 4.44

100  67.26 20.0 25.63 30.0 4.00
105  72.87 20.5 23.61 30.5 3.70
11.0  59.07 21.0 22.32 31.0 3.43
115  57.90 21.5 20.58 31.5 2.97
120  73.93 22.0 18.97 32.0 2.86
125  80.17 22.5 17.08 32.5 2.74
13.0  72.08 23.0 15.72 33.0 2.52
13.5 6835 23.5 14.24 33.5 2.39
140  64.94 24.0 12.87 34.0 2.24
145  60.95 24.5 11.93 34.5 2.08
150 57.24 25.0 10.87 35.0 2.12
155 5297 25.5 9.76 35.5 1.88
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Table 6.3 (continued): Absolute differential photoabsorption oscillator strengths for the valence

shell and I 4d inner shell regions of HI (1 eV fwhm).

Total Photoabsorption Oscillator Strength (df/dE)

eV [10%V!| eV |10%V'| eV |10%V"
36.0 1.93 58.0 2.57 92.0 1834
36.5 1.68 60.0 2.90 940  18.43
37.0 1.65 62.0 356 | 960  18.42
37.5 1.75 64.0 4.47 98.0  17.89
38.0 1.77 66.0 547 | 1000  17.36
38.5 1.72 680 652 | 1020  16.63
39.0 1.57 70.0 7.57 | 1040  15.93
39.5 1.56 72.0 872 | 1060  14.92
400 144 | 740 1003 | 1080  13.72
42.0 1.31 760 1129 | 1100  12.70
44.0 1.24 780 1257 | 1120  11.54
46.0 1.18 800 1372 | 1140 1045
48.0 1.15 82.0 1489 | 116.0 9.41
50.0 1.48 84.0 1587 | 118.0 8.44
52.0 2.52 86.0 16.81 | 120.0 7.39
54.0 1.91 88.0  17.58
56.0 2.18 90.0  18.06 -
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Concluding Remarks

Dipole (e,e) spectroscopy has been used to obtain relative energy-loss spectra of HCI,
HBr, and HI at high impact energies (8000 eV or 3000 eV) and at zero degree mean scattering
angle. The Bethe-Born converted relative spectra were put onto an absolute photoabsorption
scale by sum-rule normalization procedures. In the case of HCI, the VTRK sum rule (S(0)) was
used, with extrapolation of the measured spectrum to infinite energy, and taking into account the
correction factor for Pauli-excluded transitions. The accuracy of the absolute scale was
confirmed by the very good value of the dipole polarizability of HCI obtained from S(-2) sum rule
analysis of the absolute oscillator strength spectrﬁfn. The spectra of HBr and HI were normalized
using the S(-2) sum rule, using experimental values of the dipole polarizability, due to the low-
energy onsets of the Br 3d and I 4d inner shells, which preclude use of the VTRK sum rule. Thus
absolute photoabsorption oscillator strengths (cross sections) were obtained for HCI, HBr, and
HIA. Previously published optical oscillator strength measurements using the Beer-Lambert law,
have been found to be subject to serious “line-saturation” errors (i.e. linewidth-bandwidth
interactions) in the discrete excitation regions of the photoabsorption spectra (see sections 1.3,
4222,5222,6222).

Previous absolute photoabsorption data in the literature for the valence and inner shells of
the halogen halides have been found to be quite limited. Where such data are available they are
generally over rather small energy regions. Few studies have focused on HCI, and even fewer on

HBr and HI. The present work has added significantly to scientific information in this area, and is

the first study in which absolute photoabsorption data was obtained for all three molecules over
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the UV, vacuum UV and soft X-ray regions, covering the valence as well as selected inner shells
of the molecules (Cl 2p, Br 3d, and I 4d for HCI, HBr, and HI respectively).

In the cases of HCl and HBr, the present work gives absolute photoabsorption spectra for
the entire range from 5 to 280 eV for HCI, and 5 to 300 eV for HBr. The present work has
served to test the reliability of earlier, more limited energy range dipole (e,e) and dipole (e,e+ion)
studies of HCl and HBr in this lab [10, 11]. The results from the earlier and present work have
been compared, and certain problems anticipated from instrumental and data analysis methods
used in the earlier work were confirmed. Comparisons have also been made with other published
direct optical studies. In general these earlier Beer-Lambert law measurements have much lower
cross sections in the discrete region than those measured in the present work due to line
saturation errors in the optical work.

In the case of HI, absolute photoabsorption studies prior to the present work were limited
to the regions below 8 eV, and between 10 and 11 eV. The present work is therefore the first
absolute photoabsorption study to cover the entire valence and the I 4d inner shell regions, from 5
to 120 eV with low resolution (1.0 eV fwhm), and from 5 to 60 eV with high resolution (0.05-0.1
eV fwhm). The previously published absolute photoabsorption data were found to be significantly
higher than the cross sections measured in the present work.

Dipole (e,e+ion) measurements for HCl and HBr were used to obtain photoion branching
ratios and partial photoionization oscillator strengths (cross sections) for production of the
molecular and dissociative ions. A consideration of these partiél oscillator strengths for molecular
and dissociative photoionization, together wjth partial oscillator strengths for the electronic states

of the molecular ion (from dipole (e,2¢) spectroscopy) has made possible some investigation of

the dipole-induced breakdown pathways of HCl and HBr at VUV and soft X-ray energies.
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Contributions from the various electronic ion state partial oscillator strengths to tﬁe partial
oscillator strengths for the molecular and each dissociative ion were obtained.

The present work could be expanded in the future to include photoionization studies of
HI, as well as photoion-photoion or photoelectron-photoion coincidence studies of HCl, HBr, and
HI to give a more detailed analysis of the dipole breakdown pathways of each molecule. The
numerical data for the photoabsorption of HCl, HBr, and HI at both low and high resolution can

be obtained as ascii data files at the web location ftp://chem.ubc.ca/pub/cooper.” Further details

can be found in reference [7].
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