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ABSTRACT

Polarized X-Ray Emission Spectroscopy at the Cl K Edge of the
Chlorofluoromethanes

by

Amanda C. Hudson

Dr. Dennis W. Lindle, Examination Committee Chair
Professor of Chemistry
University of Neyada, Las Vegas
The x-ray emission of CCly, CFCls, CF2Cl, and CF;Cl has been observed by
measuring the polarized Cl K-L and K-V fluorescence in the gas phase. Experiments
were conducted at the Advanced Light Source in Berkeley CA using a polarization
sensitive x-ray emission spectrometer. In both energy ranges, the measured x-ray peak
widths and energy dispersion are dependent on the initial photon energy and the final
state lifetime broadening and can be described with established theoretical models. The
first measurement of a negative energy dispersion is reported here where the energies of
the emitted peaks are decreasing with incréasing photon energy close to the 4p Rydberg.
In this case, the emitted photon’s energy is dependent on vibrational excitations of
several intermediate states. In the K-L energy range, there are significant deviations from
the statistical 2:1 spin-orbit ratio that can be attributed to molecular field effects. The

extent of the molecular field effects is dependent on the symmetry of the molecule and

the orientation of the orbitals involved in absorption and emission with the emission in
iii
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the parallel direction showing the largest effects. In the K-V energy range, the x-ray
emission above the ionization potential (IP) was observed to be anisotropic in CF>Cl, and
CCly and largely isotropic in CF;Cl. This difference above the IP has been attributed to
nondipole effects where vibronic coupling between near degenerate states (Cl 1s orbitals)
can open decay channels otherwise not seen when the dipole approximation holds; this

explains why anisotropy is seen in molecules with multiple Cl atoms.

v
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CHAPTER 1

INTRODUCTION

Until the advent of synchrotron radiation, core-level electron studies in atoms and
molecules have proven difficult for many reasons. Previously, core-level studies have
relied upon incident excitation by x-rays emitted by a fixed-wavelength source [1],
polychromatic Bremsstrahlung radiation sources [2], or by high-energy electron impact
[3]. Although these methods have yielded excellent results, and they lack the ability to
selectively excite specific resonances near the ionization potential (tunability), they lack
sufficient x-ray intensity required for core studies, and polarizability (for determination of
orbital orientation) [4]. Synchrotron radiation (SR) alleviates all the issues surrounding
core-level studies; SR provides intense (often providing 10" photons/second or more),
tunable (at the Cl K-edge the resolution is 0.2 V), énd polarized (over 99% linearly
polarized) x‘-rays throughout the regions near the ionization potential of the core levels of
most elements [5].

To study core electrons, or those tightly bound to the nucleus, high-energy photons
are used, namely the x-rays (or lower energy vacuum ultra-violet) produced in
synchfotron radiation which have energies between 15 and 150,000 eV. These
electromagnetic Wa?es are energetic enough to ionize core electrons (especially for first
and second row elements) and tunable, making excitation of specific atoms to well-
defined states possible (for example, the excitation of a chlorine s electron to an empty

molecular orbital in a molecule such as Cl,).
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X-rays can be used to study matter in a number of different ways; x-rays can be
absorbed by an atom or a molecule (producing a system in a core-excited state), which
yields information on the vacant orbitals [6]. Also, x-rays (or electrons) can be emitted
from a core-excited system to yield information on occupied orbitals [7], providing
complementary information; this is x-ray emission when a photon is emitted [8] and
photoemission when an electron is emitted [7]. Atoms or molecules that have been
excited can relax in the followi‘ng ways: a valence or outer core electron can fill the core
hole and an Auger electron is emitted (electron spectroscopy) [9], or a photon of light can
be emitted (x-ray emission spectroscopy) [9]. Also, a molecule can fragment upon core-
excitation, a process called photofragmentation [10]. A specific type of x-ray emission
spectroscopy, resonant x-ray emission, occurs when the initial absorption is to bound
states (resonance) followed by relaxation of an electron into the core hole via the

production of an emitted photon, and is one of the main focuses of this work [8].

In x-ray absorption, a photon of light interacts with a core electron to promote it to a
higher energy state (unoccupied orbital) or to ionize it (excitation to the continuum); see
Figure 1. On resonance, the incoming photon has the same energy (E) as the transition
energy, or

w=0,, (1)

where wis the frequency (E = h@, where % is Planck’s constant divided by 27) of the |
incident photon and @} is the frequency of the transition between the ground state (0)

and the final state (f). When the excitation energy is greater than the ionization potential,

the ejected electron carries away the excess energy.
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I L

Absorption Photoelectron Production

Figure 1. Illustration of absorption of an incident photon and promotion of a core
electron to a well defined state (left) and the ionization of a core electron (right). In this
scheme, #a, > ha; and the gray lines represent unoccupied orbitals, the black represent

occupied orbitals and only the electrons involved in these processes are shown.

In the ionization process (nonresonant x-ray absorption or excitation to the
continuum), see Figure 1, one of the photons from the x-ray beam displaces an electron
from a core orbital as follows:

A+ho— A% +¢, 2)
where A can be an atom, molecule, or an ion, A™* is an electronically excited ion with a
positive charge one greater than that of A, Zwis the photon energy and e’ is an electron
that is emitted as the result of the interaction. The kinetic energy of the emitted electron
can be measured with an electron spectrometer, and thus the binding energy of the

electron to the nucleus can be calculated using the following:
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Ey=haw- Ey, (3)
where E}, is the electron binding energy and Ej is the kinetic energy of the electron.
When an atomic or molecular system absorbs a photon, part of the absorbed photon
energy is used to overcome the electrostatic forces holding the electron to its orbital
(binding energy), and the remainder of the energy appears as the emitted electron’s
kinetic energy. The binding energy of an electron is characteristic of both the atom and

the orbital it arises from [11].

A core-excited system will decay to a lower energy state quite rapidly, usually within
10" s due to its instability [12]. Photon emission occurs when a vacancy in a core
electron shell is filled by an electron from one of the outer shells through the emission of
a photon; see Figure 2. The outer shells include outer core orbitals or valence orbitals.
The x-ray photon emission process from a core-excited state, A*, can be shown as the
following:

A* 5 A"+ hd. 4)

The energy of the emitted photon Z#@”is the difference between the initial and the
final states of the system and, in some cases, is dependent on the excitation energy [13-
15]. The result of this decay process is a valence excited state, A”, and a photon of light;
when the incident light exceeds the IP, A" is a cation with a valence hole (A*"). X-Ray
emission spectroscopy (XES), like x-ray absorption spectroscopy (XAS), is symmetry,
orientational, and polarization selective and can probe the electronic structure of specific

atoms in a system [4,6].
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In Auger electron spectroscopy, a competitive process to x-ray emission, an electron
(e)) fills a core hole generated by an incident x-ray and a second electron (e;) 1s ejected
from the system, in the same way a photon is ejected in XES, to compensate for the
energy differences in the initial and final states; see Figure 2. Auger decay occurs as
follows:

A*— A +e]. (5)

The ejected electron haé a characteristic kinetic energy based on the element and the
orbital it is ejected from and is independent of the excitation energy, so it effectively
takes a fingerprint of the sample. Auger electron erﬁission and x-ray photon emission are
competitive processes and their rates depend on the atomic number (Z) and the energy of
the core-hole of the element involved. High Z elements favor x-ray emission decay [16]
channels while lower Z elements favor Auger electron emission [17]. In chlorine, the
dominant decay process is Auger electron emission with x-ray emission constituting only

{

7% of the total decay. Of the total x-ray emission, the weak 3p— 1s emission lines
represent less than one percent of the total x-ray emission, with the 2p—1s comprising
the rest of the x-ray emission (over 99% of the total x-ray emission). The strengths of
Auger electron spectroscopy include its sensitivity for low Z elements and its surface
sensitivity, which is in particular interest for detailed examination of a solid surface as the
low energy electrons cannot escape from more than a few nanometers of the solid surface

(the higher the emitted electron’s energy, the deeper it can originate in the solid sample)

[18].
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Figure 2. Illustration of the x-ray emission process (left) and the Auger electron emission
process (right). Gray lines represent unoccupied orbitals, black lines represent occupied

orbitals, and only the electrons involved in these processes are shown.

The final spectroscopic technique discussed in this work is resonant x-ray emission
spectroscopy. In this process a photon of light is absorbed by an electron, promoting it to
an unoccupied atomic or molecular orbital; see Figure 3. An outer electron fills the core
hole via photon emission and the resulting atom or molecule has a valence hole, as
follows:

A+ho—s A* > A"+ ho’, (6)

The lifetimes of valence holes are long lived compared to core holes, 1079 for the
valence hole compared to 107" s for the core hole. This spectroscopic technique yields
information on both the unoccupied and the occupied orbitals of an electronic system,

since absorption and emission are both measured. In this process, an outer core electron
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or a valence electron can fill the core hole (spectator emission), also called inelastic
scattering, léaving the core-promoted electron in a higher energy state, or the promoted
electron can fill the core hole (participator emission), also called elastic scattering. In the
first case, the emitted photon has less energy than the incoming photon and in the second,
they have the same energy.

The primary spectroscopic methods used in this work are resonant x-ray emission
spectroscopy and nonresonant x-ray emission spectroscopy. In both cases, the initial
absorption is near the core ionization potential (IP), an energy region called near-edge x-
ray absorption fine structure (NEXAFS). In NEXAFS, measurements are conducted only
a few eV away from the ionization threshold; 10’s of electron-volts (eV) below threshold
(to include pre-edge absorption features) to 100’s of eV above (to include multielectron
processes and shape resonances). The pre-edge area of NEXAFS involves excitations to
molecular antibonding orbitals (molecular orbitals with destructive interference) or to
atomic-like Rydberg states. Rydberg states occur just below the IP; they can be
excitations to specific states (like the Cl 1s— 4p Rydberg) or to a Rydberg series of states
(as in the CI 15— np series where n =5, 6, 7, ...). In most cases, Rydberg features are
weaker due to decreased spatial overlap with the 1s state [6]. The unoccupied molecular
orbitals are lower in energy than the Rydberg states and have different characteristics
dependent on the molecule (6 bonding environments versus T bonding environments, for
example). Near edge spectra aré valuable in that they yield information on coordinate
geometry, molecular orientation, and density and symmetry of unoccupied valence

electron states [19].
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Figure 3. Illustration of the resonant x-ray emission process. In the initial absorption, an
electron is promoted to an unoccupied orbital (gray line) and an electron from an outer
core or a valence occupied orbital (black lines) fills the core hole. In this figure, only the

electrons involved in resonant x-ray emission are shown.
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CHAPTER 2

THEORETICAL REVIEW

The following chapter presents a review of theoretical work related to the data
presented in Chapters 5 and 6. The topics in the chapter are organized as follows; the
first topics presented, stimulated absorption and nonresonant x-ray emission (or emission
following excitation above the ionization potential of the molecule) are the steps in the
two-step theoretical model that describes x-ray fluorescence where the absorption and the
emission are not coupled. The second topics, resonant x-ray emission and Raman Stokes
and anti-Raman, describe scattering events, or one-step theoretical models where the
emitted photon energy is dependent on the incident photon energy. The last two topics in
this chapter relate to specific parameters of the data, namely the spin-orbit ratios of the K-
L data (an outer core electron (Cl 2p) fills the core hole after a K-shell excitation) and the
polarizatiqns of the K-V data (a valence electron (Cl 3p) fills the core hole after a K-shell

excitation).

Stimulated Absorption
Stimulated absorption is the first step of a theoretical two-step process that describes
x-ray fluorescence. The incident photon, or x-ray, is treated as an electromagnetic wave
and its interaction with an atom or molecule in the ground state is shown here. When an
electromagnetic field interacts with matter, it can cause one or more electrons to be

promoted to higher energy states. In most cases, the electric field of the radiation reacts
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more strongly with the electrons than the magnetic field of the radiation, so the magnetic
portion of the radiation is neglected and only the electric field interactions are considered,
where only the first order of the interaction is considered. This is the electric dipole
approximation; the selection rules arising from this approximation have been determined
elsewhere [20]. The oscillating electric field of the radiation is given by the following:
g:go(e"‘" +emi), (7)
where £1s the electric field produced by the radiation, & is the maximum amplitude, @is
the frequency, and ¢ is time [21]. When considering the sizes involved, the size of the
atomic or molecular orbital is usually much smaller than the wavelength of light in
question, so £1s said to be constant in space, but not in time; which constitutes the second
part of the dipole approximation. The time-dependent Hamiltonian in this case is
H(t)=V, =—e&, r=—e€£e, F(e'" +e™? ), (8)
where ¢, is a unit polarization vector, 7 is the position vector of the electron, and e is the

electron charge [21]. Applying time dependent perturbation, where the electric field

constitutes the perturbation, to the system W¥(0) = a,y; + a,¥, , where ¥; is the system in the

ground state and ¥ is the system after interacting with the electric field. At time ¢ the
expansion coefficient a; (f) can be described by the following:

&,D,; exp(i(w, —w)t)—1
h W, — @

a,(t)= , &)

where Dy; is the dipole matrix element between states k£ and i and is a measure of the

overlap between ’z) and |k> and a,; = (E;— E)/A.

10
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Exposure of the system to radiation of the frequency @has produced a transition from

state i to state k and, since @is positive, E; > E;. In this system, there is energy uptake, or

absorption, and the probability of finding the system in the discrete state lk) after time ¢
if it were initially in state Iz) att=0is

4D, 0" .
Pk(t):;az(La),:_—_,a)_)z—sm E(a)k,.—a))t (10)

The amplitudes oscillate in time, known as Rabi oscillations. The rate of absorption is

given by the following:

la (>t){2 e,
Rieilt) = ————=—3

D[ (11)

In the present study, the initial state |z) is the ground electronic state of the system

and state |k> is a core-excited or core-ionized state.

Nonresonant X-Ray Emission

Above the ionization potential, x-ray emission is treated as a two-step process. First
‘is the absorption process (as described above) stimulated by the presence of an x-ray, and
second relaxation occurs as a spontaneous emission process and is called nonresonant x-
ray emission. In quantum field theory, the electromagnetic radiation is also described
using a quantum mechanical equation and the Hamiltonian of the system includes
contributions from the atom and the field. This means the eigenstates obtained from
solving this equation are not true energy eigenstates, but differ very slightly from the
atomic energies. Perturbation theory is also used here to describe the interaction as the

following:

11
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H=Hy+V (12)
Where V' describes the coupling of the atom to the field of quantization [22]. If we apply
the time dependent perturbation theory to this state to obtain a transition rate between the

initial state to a final state the following results:

7|

v

where A is the coefficient for spontaneous emission. This equation is dependent on the

P
“3ne? 4re,

(13)

density of the final states of the atom-field system; which is assumed to form a
continuum. From this treatment, the decay is exponential and yields a Lorentzian
lineshape as the natural lineshape of atomic transitions. It has been seen that at short

decay times, the system can deviate from the exponential function [23].

Resonant X-Ray Scattering (RXS)

Above the ionization potential, the x-ray absorption and x-ray emission processes can
be treated as separate events, however, on resonance, the two are coupled and must be
treated theoretically as a single scattering event. The incident radiation (@) and the
emitted x-ray (@) are related as follows [23]:

do(w,w)

2 O 2
dady " ;;}FII A+, ~o,T,), (14)

where o'is the cross section (probability) of scattering, do is the solid angle of scattering,
ro is the Thompson radius (classic radius of an electron), I';is the final state lifetime

broadening, ako is the frequency of transition between the ground (0) and final (f) states,

and

12
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AQD) =T/72(Q*+T?) (15)
is a Lorentzian function with full width at half maximum (FWHM) of I" and Q = @-@’is
the resonant detuning; @is the frequency at the resonance maximum and @°is the actual

photon energy. The scattering amplitude Fyis given by the Kramers-Heisenberg formula

(KH) [65]:

DﬁDiO _ D,ID.'IO J

F,=F+> >'F,., F, =00
J / Siin ? in if M0 R
noi w—a)iO +ln a% +a)ir»

Fl=@-o(f[2e"|o). (16)
where g = p; — p is the change of x-ray photon momentum due to scattering, D = e-D, D’
= ¢ D with D being the total electronic dipole moment of the molecule, wy is the |
frequency of transition between the intermediate (/) and final states (f), @y is the
frequency of transition between the ground and intermediate states, and R, is the
coordinate of the core-excited atom. The sum on the right hand side of F; is a
summation over coordinates of all Z electrons. As seen from equation 20, in the one-step
model the scattering cross section is dependent on both the incident photon energy and on
the final state lifetime broadening of the system in question. Specific manifestations of
equation 20 are seen in the remainder of this section and in the next section.

In this work, the molecules in question are chlorofluoromethanes and all studies were
conducted at the Cl K-edge (Cl 1s). For these molecules, the three resonances are Cl
1s—molecular antibonding orbitals followed by 1s—4p and 1s—np Rydberg resonances.
The first resonance, 1s—lowest unoccupied molecular orbital (LUMO), is a dissociative
state (dissoctation occurs ~1fs), which is strongly dependent on the duration time of

resonant scattering. This time period is defined by the difference of the nuclear potential
13
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surfaces of the final and core excited states (which are parallel in the Cl K-edge system).

In this case,

F, = a),,.@op;ai(,b%‘% a7

where |o) and|n) are the vibrational states of the ground and final states and (no) is a

measure of the overlap (scattering amplitude), or the Franck-Condon (FC) factor [23]. In
this case, o can be written as a product of a bound-free FC factor and a Lorentzian
function accounting for the lifetime I" as follows [15]:

F(Q,-Q)

ol Sl L2 18
Q +17°/4 (1%

o(w,@) <

In this equation, €, is the difference in energy between the measured emitted photon and
the energy of an emitted photon in isolated Cl. The influence of (18) on spectral features

on and around the LUMO will be further discussed in Chapters 3, 5, and 6.

The Raman-Stokes law is described as a linear dependence of the emitted x-rays on

the frequency of the incident x-rays (one of the manifestations of equation 18) as follows:

@ =0-a,. (19)

This energy law is only strictly fulfilled for elastic scattering (where the final state energy
f1s explicitly known). The accuracy for which the energy of the final state is known in
inelastic scattering is proportional to the inverse lifetime of the final state [24]. The
linear dispersion law, a linear (for elastic scatter, the slope is equal to one) increase in the
emitted peak’s energy with increasing photon energy, is valid only if the final state of the

RXS process is discrete with a sufficiently small lifetime broadening (I'y < I').
14 -
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Exceptions to this law occur when the final state is in the continuum or when the final

state is dissociative [23]. Examples of this will be seen in Chapter 3.

The dispersion can become non-Raman or anti-Raman (have a negative dispersion)
when the initial excitation is to several intermediate states or when the ground state 1s

vibrationally excited. This behavior can be explained by the following [24]:

o’ — @’
() = Q(—'Tw—ii] +&,, (20)

i

where € (@) describes the energy dispersion, aj is the (vibrational) frequency of the initial
state, ayis the (vibrational) frequency of the final state and &y is the frequency of the
sudden (vertical) emission transition from the lowest vibrational level of the core-excited
state. In the anti-Raman case, the vibrational frequency of the final state is larger than
that of the initial state (@ > @) and results in a negative slope (detuning versus
dispersion). Equation (26) can also explain deviations from the Raman-Stokes behavior.
If the ground state is in a vibrational level of v # 0 (not in the ground-state vibrational
level), € (w) would yield a positive slope that is different than the predicted value of one

from the Raman-Stokes law [23, 24].

Spin Orbit Splitting
A parameter of importance to the K-L data in Chapter 5 is the spin-orbit splitting.
This describes the characterization of electrons in core orbitals (like Cl 2p). When
characterizing outer core electrons, it is most useful to use the total angular momentum

quantum number (j). The total angular momentum quantum number is calculated using

15
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the orbital angular momentum from the orbital in which the electron resides (/) and the
electron-spin (s) as follows [25]:

j=l+s,l+s~1,.L—5. 2D
The quantum number projection of the total angular momentum () is found by applying
raising and lowering operators to the total spin eigenfunction to yield the following:

m;==j~j+L.j-1j. (22)
The m; values are found in the same way the orbital angular momentum (m, ) values are
calculated from the angular momentum eigenstates ( ¢ ); see Appendix I. In the first part
of this work, the decay channel arising from the Cl 1s excitation is a photon emission via

a 2p electron filling the core hole. For 2p electrons, ¢ =1 and s =1 which yields

J =4%,% and corresponds to the 2p3, and the 2p),; states. The following m; values are

then obtained:
(23)

Equation (23) predicts 2ps.; to have twice as many states as the 2p|; and therefore twice
the intensity in the x-ray emission spectrum when there are no molecular contributions.
The spin-orbit ratios for argon have been measured at the K-L energy range previously
[26] and are reported in Chapter 4. In this atom, the statistical 2:1 SO ratio is achieved at

energies above the ionization energy of the 1s electron, just as predicted above.

Polarization
In the K-V data in Chapter 6, the most significant parameter is the polarization.

Because the valence electrons are involved in bonding, their orientation and shape is
16
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dependent on molecular symmetry. Described in detail in Chapter 3, excitation of a core
electron to well-defined molecular orbital (like a CI 1s electron to an antibonding orbital
which is symmetric about the C—ClI molecular axes) produces an aligned system that is
frozen during the emission process making polarization measurements possible.
Polarization measurements can characterize orbitals based on their orientation relative to
the symmetry axis since the orientation of the molecule is known. Measurements of
polarized Raman scattering dispersed with frequency (energy) @ for incident photon
energy @can be calculated using a variation on equation (14). In this case, the

differential cross section becomes [27]:

do_(ll,_l.) (a)) O.(II,L) (CU)
dodo 4z

{1+ 8 (@)P,(cos6)}5(E, + w—E, - @), (24)

where WD s the scattering anisotropy, P, is the polarization factor and is the second
Legendre polynomial', 6, is the scattering angle of the emitted photon, £y i‘s the ground
state energy, and £ is the final molecular energy. The spectra of radiation scattered with
energy a for each of the two final state polarizations (ll, L), where |l bolarization is
parallel to the incident photon’s polarization and L is polarization perpendicular to the

incidents photon’s polarization, is given by the following:

@hL)
dl("’l)(wx):zlo(wl)o- (a)|)
) 4z

{1+ B (@,)P,(cos8,)}dodw, , (25)
where Iy (@) is the spectrum of linearly polarized radiation with electric field vector e,

and the sum over (1) includes all final states in the measured interval da;, which satisfy

the energy conservation law A, = h@w+E, — E,. This equation predicts the polarized

" A solution to the Legendre differential equation, Py(x) = Va(3x>-1).

17
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emission spectra in the parallel and the perpendicular directions where a peak that is more
intense in the parallel direction than in the perpendicular is said to be oriented largely
along the main symmetry axis. The polarization, P (@, 6p), in the interval da is defined

as

d[(")((q)_dl(l)(a)l)

P(q’eﬁ)idl(")(cq)+d1(“(ap

(26)

where /" is the intensity in the parallel direction and I

is the intensity in the
perpendicular direction. State-to-state line polarizations are given by the following:

Py (cosb;)—1

P ,0,) = . 27
o (@126) Py(cos8,) =2/ B(e,) &7

The term B (@) is related to ,6(”’ Dia) by the following:
'Bun(a)])::z_ﬁ(ﬁ)ﬁ and lB(L)(wl):O (28)

2+ (@)
Line polarization values will cover a maximum allowable range of +1 to -1 only at a
scattering angle of 6, = 90° and this range will be minimum at 8; = 0 or 180°, due to the
dependence of cos8;. Also, there will generally be less sensitivity of the line polarization
values to the scattering anisotropy at smaller &€ = 0° (parallel), scattering angles than at
6 = 90° (perpendicular). At the specifié case of 8, = 90°, the emission spectra of (25)

are
O_(II,J_) (a) )
A1 (@) = Zlo(w])_—]_{l—%ﬂ("’”(wl)}dOdwl , (29)
7 : 4z

the corresponding line polarization is

2, 0@)(38(@))
Zﬁa(wl){ﬁ(w1)+4} ’

P(w,,90°) = (30)

18
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and the state-to-state polarization is

36(w)

Py, (@.,90°) = .
011 B@)+4

(31

Measurements of the line polarization provide the ratio of values given in equation (31).

Resonance Approximation and Classical Limits
It is useful to examine the limits when the two-step scattering model approaches the
classical limit of a two-step photon in and photon out process. In this limit, there is only
electronic resolution and the measurements effectively sum over photon contributions
from all vibrational states associated with a specific final electronic state. In this case,
the scattering cross section is dependent on the dipole absorption and emission electronic
transition moments (a*, b, respectively). The state-to-state line polarization in such a

case can be described as the following [27]:

3cos’ y,, —1

el
P, > .
cos“ ¥, +3

0-1

(@,90°) = (32)

Equation (32) is a two-step expression (absorption followed by emission) obtained by
exploring the classical limits, where there is a sum over all intermediate and the final
vibrational states in the resonant scattering picture. In this picture, equation (31) will
reduce down to equation (32) when only electronic resolution is considered. This result
was calculated by Jablonski [69] and used to describe the polarization of x-ray emission

in [4].

19
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CHAPTER 3

EXPERIMENTAL REVIEW

The topics in the following Chapter relate to phenomena that are measured
experimentally. The first section, resonant x-ray scattering (RXS), is a review of some of
the early works in the field and provides the background for the rest of the chapter. The
first section is essentially the birth of the field of resonant x-ray scattering. The following
sections, angular distribution and polarization, lifetime-vibrational interference,
screening, parity selection and forbidden transitions (nondipole), and molecular field
effects are specific topics of resonant x-ray scattering and will be discussed in great
detail. The last topics, assigning x-ray absorption using x-ray emission and ultrafast x-

ray emission spectroscopy are specific applications of resonant x-ray scattering.

Resonant X-Ray Scattering (RXS)

Resonant x-ray emission spectroscopy has been a tool used to characterize atomic and
molecular orbitals for many decades. Some of the first studies were conducted on copper
using early synchrotron sources or elemental x-ray tubes [8, 13, 28, 29]. From these
early experiments, it was found that the linewidth of the scattered x-ray radiation was
narrower than the lifetime width of the fluorescence, or the linewidth is dependent on the
excitation beam and not the lifetime width on resonance [8,13]. This finding made a
distinction between x-ray scattering on resonance (a one-step theoretical model) and

absorption followed by emission above the ionization potential (a two-step model).
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Further confirmation of this can be seen when examining the peak widths and the x-ray
dispersion versus the incident photon energy, see Figure 4. In this figure, there is a linear
(Raman-Stokes) increase of peak position with incident photon energy and the emission
can be described as a scattering event. When the emission is fluorescence, the peak
position remains constant (when the detuning is greater than +1.0 eV). For the peak
widths, there is a sharp decrease in width with increasing photon energy where it reaches
a minimum on resonance and begins to increase again (scattering, RXS). When it is
above the IP, the peak widths remain constant (fluorescence, XES) and are 30% larger
than those on resonance; the same trends have been seen in the x-ray emission spectra of
Xe as well [14]. This study of Cu led to many experimental and theoretical investigations

-of RXS. Some of the relevant findings are reviewed in the following sections.
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Figure 4. Cu experimental x-ray dispersion (a) and peak widths (b) around the K

absorption edge measured by Eisenberger et al. [13].
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Angular Distribution and Polarization
Cl K-Edge
Polarized resonant x-ray emission spectroscopy (an angular distribution
measurement) is also a powerful tool in determining molecular symmetries, electronic
structureé, and molecular dynamics [4, 30, and 15]. In RXS, the initial absorption is to a
well-defined state with a specific orientation relative to the axis of symmetry in the
molecule and an aligned condition can be produced even in gas samples [4].
Fluorescence occurs on a timescale much shorter than molecular tumbling periods (10" s
compared to 10'%s), and any alignment produced by the initial absorption is retained
during the emission process making polarization measurements possible. The degree of
polarization of the fluorescence depends on the incident excitation energy; which has
been demonstrated in many gas phase molecules by measuring the K-V x-ray emission [4,
30-39]. In these molecules, the degree and the direction of polarization was observed to
change with the excitation energy and with the symmetry of the occupied valence MO
involved in the emission process. This proves to be a valuable tool to study symmetries
of occupied and unoccupied orbitals, anisotropies in absorption and emission, and
orientational and geometrical information of the system.
In CH;CI [4], the 7Ta;—>1a 1] X-ray emission is stronger in the parallel orientation
relative to the 3e—1a; (which is more intense in the perpendicular direction); both of
these molecular orbitals contain a significant amount of CI 3p character; see Figure 5.

This result is expected given that the initial absorption (1a,—8a;) has the same symmetry

" Here, a, (e) is a molecular orbital defined by the irreducible representations of the molecule’s point group
symmetry and can be obtained from character tables.
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as the 7a, orbital; or they are both polarized along the symmetry axis. Above the IP, the
polarization effect diminishes and the emission is largely isotropic.

Molecular orbital and static exchange calculations were performed on the 8ay, 7a;,
and 3e molecular orbitals. They showed that the 8a, and the 7a; axes were oriented
along the symmetry axis and with intensity over both the carbon and the chlorine atoms.
The 3e orbital occurred perpendicular to the symmetry axis and is largely the chlorine
lone pair of electrons. Since the 8a, orbital is oriented along the molecular symmetry
axis, the molecules that are excited are those with their symmetry axes oriented mostly in
the synchrotron radiation polarization direction. The resulting emission reflects the
molecular alignment produced by the absorption step. The 7a;—1a, (peak C) emission
band is also oriented along the symmetry axis so it is stronger than 3e—1a; (peak B)

when viewed in the parallel direction.
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Figure 5. Polarized x-ray emission spectrum of CH3Cl in the parallel and perpendicular

orientations, where the two spectra are normalized to the height of peak C, measured by

Lindle et al [4].
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The study of polarized x-ray emission was soon after broadened and measurements
were conducted on three similar compounds; chlorotrifluoromethane (CF;Cl),
trichlorofluoromethane (CFCls), and dichlorodifluoromethane (CF,Cl,) [30, 31]. In these
examinations, the molecular contributions and the molecular orientations of the x-ray
emission when the excitation energy was to the lowest unoccupied molecular orbital
(LUMO) were of primary focus.

Like the previous work done on CH;Cl, the three chlorofluoromethanes show
significant polarization effects on the main resonance; see Figure 6 [30]. The absorption
and emission spectra of CFCls are more complicated due to the three chlorine atoms. The
six chlorine 1s electrons reside in two molecular orbitals, the la, and the le (molecular)
core orbitals. The presence of three chlorine atoms also triples the number of CI 3p
electrons, increasing the number of valence MO’s that can interact with the CI 1s hole.
Resonant excitation was tuned to the la;, le— 1le transitions, which are near degenerate
at.2822.8 eV. There are three emission peaks in the CFCl; emission spectrum; peaks A,
B and C, see Table 1 for energies and assignments.

There is a rather dramatic polarization effect observed in CFCl;. Peaks A and B
essentially disappear in perpendicular polarization. The le, 1a;— 11e absorption

followed by the 7e— le, la; and the 8¢— le, 1a; emission are strongly polarized parallel

to the synchrotron radiation; the 1e— 11e and the 8e (7¢)— le transitions occur along the

symmetry axis which is parallel to the SR polarization which explains the increased

intensity in the parallel orientation.
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Figure 6. X-ray emission spectra of CFCl;, CF,Cl,, and CF;Cl in the parallel and
perpendicular orientations measured by Lindle et al [30], where the high-energy peak in

the parallel direction is the elastically scattered “Rayleigh” peak.

Unlike the other molecules studied, CF,Cl, has C,, symmetry while all the other
molecules in this study have Ci, symmetry (see Appendix III for character tables). The
reduction of symmetry results in the addition of more valence MO’s. The Cl valence
electrons reside in 10 molecular orbitals that contribute to three main emission peaks, see
Table 1. Excitation in CF2C12 is from the la,, 1b»— 13a;, 95, molecular orbital at 2823.1
eV. Like CFCls, the low energy peaks (peaks A and B) are strongly polarized in the

parallel orientation. This spectrum is more complicated than those of CFCl; and CF5Cl

and polarization effects are not dominating the emission profile [30].
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Table 1. Energies and assignments of Cl K-V x-ray emission peaks of CFCl;, CF,Cl,,

and CF3Cl taken from [30] and [31].

Peak Energy Assignment

CF(CI;

Resonance 2822.8 eV la;, le—> 11e

A 2811.5eV Te— lay, le

B 2814.5eV 8e— lay, le

C 2816.7 eV 11ay, 9e, 10e, 2a,— la,, le
CF,Cl,

Resonance 2823.0eV lay, 1b,— 13ay, 9b,

A 28104 eV 10(11, 4b], 61)2-——) la], lbz

B 2813.1eV 1lay, 2a,— lay, 1b;

C 2816.5eV 12a|, 3612, 6b|, 7b2, 8b2—) la;, lbg
CF3Cl

Resonance 2823.5eV laj—> 11a;

A 2810.1 eV de, 9a;— la,

B 2815.1eV 10a,, S5e— la

C 2817.1eV Te — la

In CF;(l, the resonant x-ray emission spectrum was taken while tuned to the
excitation of a Cl 1s electron to the 11a; molecular orbital at 2823.5 eV. Like the other
molecules, three peaks can be seen in the corresponding emission spectra; see Table 1.
There are five valence orbitals in CF3Cl with partial 3p character that can fill the core
hole. These are 7e, 10a;, Se, 9a,, and 4e, see Table 1. Since CF;Cl has the same
symmetry as CH;Cl, the excitation and emission transitions are analogous.

Using modified neglect of diatomic-overlap (MNDO) calculations, the amount of 3p
character in the chlorofluoromethanes was computed to complement the emission spectra
measured above [31]. In these calculations, the molecular geometry was varied to

minimize the orbital energy, while retaining the proper ground-state molecular symmetry.
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Trichlorofluoromethane (CFCls) has 32 valence electrons that reside in 11 different
valence molecular orbitals. These 11 orbitals are 7a,, 8ay, 6e, 9a,, 10a,, 7e, 8e, 11a,, e,
10e, and 2a,. The lowest unoccupied molecular orbitals are 124y, 11e, and 13a; and are
involved in absorption. A large portion of the chlorine 3p character lies in six valence
MQO’s. These are 2a;, 10e, 9e¢, 11a,, 8¢, and 7e. Peak A is largely dominated by the 7e,
8a,, and the 10a,, peak B by the 8¢, and peak C by 2as, 10e, 11a;, and 9e. From this,
peak C is expected to have the most intensity followed by peak B and finally peak A; as
seen in the emission profile; refer to Table 1.

Dichlorodifluoromethane (CF,Cl,) has 32 valence electrons in 16 different valence
molecular orbitals; which include 7a,, 2b,, 8a,, 6b,, 9a,, 7b2, 10a,, 3b;, 11a,, 2a,, 4b,,
8b,, 12ay, 3a,, 5Sby and 9b,. The lowest unoccupied orbitals involved in absorption are
the 13a,;, 10b,, 14a1; and 6b,. Most of the chlorine 3p character resides in five orbitals,
the 9b,, 3as, Shy, 12a,, and 8b,. Four other orbitals contain a significant amount of
chlorine 3p character as well, the 11a,, 7b,, 10a; and 8a,. These latter orbitals also
include large amounts of carbon and fluorine character as well as some Cl 3s character.
The main contribution to peak A is from the 10a;, 7b,, and the 8a; molecular orbitals,
peak B is the 11aj, and peak C is the 9b,, 3a,, 5b|, and the 12a,. From this calculation,
peak C has the most Cl 3p character, and is the most intense, followed by peak A and
then peak B. This trend is seen in the emission spectra, see Figure 6 and Table 1.

Chlorotrifluoromethane (CF;Cl) has 32 valence electrons in the following orbitals:
6ay, 3e, 7a,, 8ay, 9ay, 4e, Se, lay, 6e, 10a,, and 7e. The first three unoccupied orbitals are
11ay, 12a,, and 8e in order of increasing energy. The results from the MNDO calculation

showed that the 7e and the 10q, orbitals contained the most chlorine 3p character and the

27

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



6e and the la, orbitals contained the least (these orbitals are largely fluorine 2p). The
rest of the remaining valence orbitals contain various amounts of chlorine 3p character.
From this information, it is expected that the emission peaks are dominated by the
transitions from the 7e (peak C) and the 10qa; (peak B) to the 1a, and that peak A will
have the least intensity, which is seen in the emission spectra; Figure 6 and Table 1.
C K-Edge

The angular distributions of Rydberg resonances in CO were also studied using RXS
at the C K-edge [32, 33]. Resonant x-ray spectra were recorded by exciting the core 1s
electron to the 3so and the 3pr Rydberg resonances; see Figure 7. Emission spectra were
taken at two different angles, 0° and 90° with respect to the polarization of the
synchrotron radiation. For transitions where a core hole, after initial excitation is to an o
‘orbital, is filled by an oelectron, the emission intensity is maximum at 6 = 90° and is
minimum at 8 = 0°. This is because the molecule is essentially aligned with its axis in
the direction of the incident photons’ electric field vector. For transitions involving an 7
orbital, the maximum is at 6 = 0° and the minimum is at 8 = 90°. When the initial
excitation is to an xorbital, the trend is reversed, and the molecule is aligned with its
nuclear axis perpendicular to the linear polarization vector of the incident x-ray beam.
When the excitation is tuned to the C 1s—3so Rydberg resonance, the intensity of the 17
band at © = 0° is larger than at 6 = 90°, as opposed to the 3pzspectra where the intensity
is largest at © = 90°. Similar anisotropy was also seen in the 450, and the 4p 7z, Rydberg
resonances in Nj [34].

Although these measurements were ndt polarization-sensitive, i.e. they do not select a

polarization angle to measure (and therefore reject all others), but simply by measuring in
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two spectrometer angles, they were able to study the angular dependence of the emitted
x-rays (or the change in spectra with respect to the spectrometer angle) by directly’
comparing the intensities in the 8 = 0° and the 6 = 90° spectrometer angles. Polarization-
dependent and angle-dependent measurements provide complementary information in
that they are probing an aligned system of core-excited molecules; which agrees with

Lindle et al who measured the polarization and the angular distribution of CF;Cl [56].
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Figure 7. X-Ray emission spectra at the C K-edge from CO on the 3pzand the 3so
Rydberg resonances (left) in the parallel (8 = 0°) and the perpendicular (8 = 90°)
orientations. Schematic picture illustrating the anisotropy in resonant emission (right)

when excitation is to-an o orbital from [32].

From studying these molecules, it has been seen that the degree and the direction of
x-ray polarization is sensitive to the initial excitation energy in the core-level region and

to the symmetry properties of the valence molecular orbitals involved in the x-ray
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emission process. These studies led to further investigations of the lifetime-vibrational
interference, screening of the promoted electron, nondipole x-ray emission effects in

molecules, and ultra-fast RXS.

Lifetime-Vibrational Interference

Lifetime-vibrational interference effects were found to dramatically influence the
Auger decay of diatomic molecules depending on the initial excitation [68]. Diatomic
molecules were chosen as there is only one degree of freedom (no vibronic coupling).
Interference effects can lead to changes in the lineshape of the transition by modulation
of the population of the final state vibrational levels (or due to excitation of several final
vibrational states). These experiments essentially probe the development of the
wavefunction of the core excited state on the timescale of the core hole decay time, which
is a few femtoseconds; this timescale is much shorter than the period of one vibrational
cycle of the nuclei. Interference effects thus occur when spacing between vibrational
levels is comparable to the lifetime width where the largest effect was seen in O,. In this
molecule, there are dramatic changes in the Auger lineshapes for the O 1g,™ lirg3 decay
into the 17rg' ground state. On the low energy side of the absorption resonance, the main
emission peak is almost symmetric but as the incident photon energy is increased over the
resonance, a distinct low-energy tail develops and the kinetic energy of the leading edge
increéses. At large vibrational excitations, and increased equilibrium bond lengths (v
>15), the FC overlap integrals are dominated by the contributions from the classical

turning points, resulting in the two-peak structure.
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The role of lifetime-vibrational interference effects in the resonant x-ray emission
spectra of N> and CO was also examined [34, 35]. Because the lifetime width of the
core-excited state is of the same order of magnitude as the spacing of the vibrational
levels, an excitation of several vibrational levels could occur for each photon energy; this
leads to lifetime-vibrational interference. Since all the vibrational levels can decay into
the same final state, the excited levels can cause interference effects. In CO [35], the [C
15124 core excited state has an equilibrium bond length slightly longer that that of the
ground state, and the vibrational energy is more than twice the natural lifetime width of
the core-excited state. The [O 1s™'] 27" core excited state has a significantly longer bond
length, leading to the excitation of multiple vibrational levels. The lifetime width is
approximately equal to the vibrational spacing in the [O 1s") 272" core excited state;
yielding a broad, structureless band in the O K emission spectrum, see Figure 8.

For the carbon vibrational profile, three bands are clearly seen, v =0, 1, and 2, see
Figure 8. At V‘ =, there is almost no excitation of the other two states; atthev=1and v
= 2 levels, however, vibrational interference is greater and all three levels can be excited.
This results in large interference effects that are observed in the emission profile; the
peak shape changes dramatically depending on what vibrational levels are excited, or the
emission peaks change dramatically over the absorption resonance. In the oxygen case,
vibrational interferences occur at all excitation energies, see Figure 8. To properly
describe the band profiles in the oxygen emission spectra it is necessary to include the
interference contributions. For carbon, however, the interference effects are important
only at higher vibrational levels. The same trend at the C K-edge is seen at the N K-edge

in N [34]. The lifetime-vibrational interference effects are strong at excitations above
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the v = 1 vibrational level, espécially at v = 3 and 4 and essentially no effects are present

atv=0oratv=11inN,.
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Figure 8. Simulated C 1s x-ray absorption spectrum for the v = 0, 1, and 2 levels (right)

and the simulated O 1s absorption spectrum of many vibrational levels (center) and

simulated O x-ray emission showing the interference (right) effects from [35].

Screening

Screening occurs when an electron promoted to an empty MO screens differently the
decay of valence or outer core electrons to the core, which can result in energy shifts and
intensity differences. In some instances, the creation of a core hole can cause screening
with the penetration of valence electrons into the core; this is dependent on the core-hole
and the valence contributions [36]. Screening calculations were performed on a number
of molecules to determine the role of screening in different systems [35, 36]. Three types
of screening were studied; valence effects (CO and H,CO), Rydberg effects (H,0), and
core-level effects (H,S and CF;Cl). The largest effect was seen in valence screening of

CO and H,CO where the spectator electron influences the valence emission. In CO [35],
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thé valence 7 orbital is largely localized on the carbon atom (to counter the 17
localization on oxygen), making the C ls— 7z absorption a factor of three more intense
than the O 1s—7 transition. There is significant screening in both the O and the C
emission spectra from the Somolecular orbital and a small effect from the 17 orbital.
The screening in carbon is self-screening (by the 7 since it is largely localized on the C
atom) and the oxygen screening is from the rearrangement of the occupied orbitals [23].
This was confirmed experimentally where energy of the Soemission band is downshifted
by 2.9 eV and the 1 zemission band is downshifted by 0.6 eV. Energy in the O-K
emission spectrum are downshifted 2.9 eV for the S6— 1o transition and 0.8 eV for the
17— 1o transition [39]. The same trend is observed in H,CO but the oxygen HOMO is
more intense and the carbon is screened more than the oxygen, which is the opposite of
CO [36].

In water, excitation is to an oxygen Rydberg state and the screening is predicted by
Skytt [35] to be substantially reduced. This is because Rydberg orbitals are less
penetrating than valence orbitals and magnitudes of the screening energies depend on the
degree to which the spectator electron penetrates the molecular ion core. In H,O, the
energy of the 15; (HOMO)— 1s is only down-shifted by 0.9 eV; which agrees well for
the energy shifts predicted for the CO Rydberg shifts.

Finally, core-level screening was observed in H,S and CF;Cl [36]. In core-level
screening, screening occurs between different core-levels, which can be either main (X,
L...) or from a subshell (L;, Ly...). In these cases, the promoted electron acts in the same
way as a chemical shift; which produce observable effects in the x-ray emission spectra.

Energy shifts of = 1 eV are seen in the Kf and K« spectra of H,S and = 2 eV for the K

33

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



and K (Ly, Ly, Lyy) x-ray emission spectra of CF;CL. These calculations also show
negligible effects in the emission intensities of all molecules studied (< 1%). This means

that screening does not influence the anisotropy of RXS.

Parity Selection and Forbidden Transitions (Nondipole)

Due to the dipole approximation, certain selection rules arise due to the interaction of
light and matter; these include angular momentum selection rules and parity selection
rules. Parity selection and forbidden transitions were examined in many molecules, from
diatomics to conjugated hydrocarbons [33, 34, 37-41]. In nitrogen, N, there are three
possible orbitals that can contribute to the x-ray emission profile [34]. These correspond
to the 36, the 17, and the 26, molecular orbitals. In the resonant x-ray emission study,
a core electron (1 0y) was excited to the lowest unoccupied molecular orbital, the 17,
orbital. The emission spectra were collected by tuning the excitation energy to the five
lowest vibrational energiés of the 17, electronic orbital. This yields only two emission
bands in each of the spectra, one from the 17, and one from the 36; molecular orbital.
The high-energy band is due to the participator electron, or the electron originally
excited, and the other is due to a 36, electron filling the core hole; electrons from the
ungerade orbitals are forbidden to fill the core hole due to the dipole selection rules and
those rules are strictly upheld in No.

The techniques of parity selection in resonant x-ray emission spectroscopy were used
to study symmetry breaking upon core-hole excitation in molecular oxygen and carbon
dioxide [37-39]. To accomplish this, the symmetry selection rules (gerade and ungerade)

were used to probe whether the intermediate core-excited state has broken symmetry or
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not. Their main goal was to test if core-orbitals delocalize, or share the core hole,
according to the irreducible representations of the point group of the molecule upon
excitation.

In O, [37], a 14, core electron was promoted to the 17, partially filled orbital. Due to
the selection rules for parity, spin, and spatial symmetries, the final states of the molecule
must be of triplet multiplicity and X, I1, or A symmetries. There are only three possible
bands in the XES spectrum, from the 17, the 30, and the 20;. From the dipole selection
rules, the 20,— 10y transition is forbidden; the 20, orbital is composed of O 2s character
and the angular momentum does not change by one (A { = 0) in the 20,—1 ¢, transition.
The only peaks present in the emission spectrum arise from the two allowed, valence
orbitals and the parity selection rule is not broken.

In the second set of measurements, two separate excitation energies were used, one at
539.2 eV (which is composed mainly of the 36, unoccupied orbital or the ¢* orbital) and
at 541.1 eV (which consists of a vast number of Rydberg lines). The emission spectra
from these two energies are similar; both consisting of one main emission line, the
lm—10,. At these two energies, the parity selection rule is upheld for molecular oxygen
excited below threshold and the inversion symmetry of the core-excited states is also
retained. This is because the internuclear separation is small compared to the wavelength
of light and that the appearance of dipole forbidden emission peaks did not depend on
core-hole localization, but on the internuclear separation [40].

The appearance of a carbon atom in between two oxygen atoms greatly changes the O
K [emission spéctrum by introducing an antisymmetric stretch mode [38, 39]. Core

excitation occurs from either the 10, or the 1, O 1s orbital to the 27, lowest unoccupied
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molecular orbital. There are four possible valence emission bands, originating from the
17, 17, 30, and 40, orbitals. The emission spectra of CO, show three bands, one due to
the participator electron and two due to spectator electrons; the emission spectra of
molecular oxygen only yielded two bands, a participator and a spectator band. If the
parity selection rules held, only gerade final states would be seen, but the lzrg'IZm' has
significant intensity in the O K emission spectra. Caléulations show that vibronic
coupling, due to the antisymmetric vibrational mode, is responsible for the breaking of
the parity selection rules as seen above.

Theoretical calculations for CO, show that the symmetry breaking is due to pseudo
Jahn-Teller-like vibronic (:oupling2 between near degenerate core excited states [38].
Vibronic interactions between the 10'g'12fq,' and the 16,'27," intermediate states allow a
transition otherwise forbidden to occur in CO,. The degree of symmetry breaking
depends on the vibrational frequency and the duration of the resonant x-ray scattering
process, or the correlation time between absorption and emission. If the duration time is
much shorter than the vibrational time period, the molecule has no time to execute the

- antisymmetric vibration that introduces the forbidden parity, and there is no vibronic
coupling. Tuning away from resonance effectively shortens the duration of the resonant
X-ray scattering process, and one is probing transitions with shorter lifetimes and vibronic
coupling becomes less and less effective. As the absorption energy is tuned farther and

farther away from resonance, the forbidden band becomes smaller, and the spectrum

becomes symmetry purified.

? In Jahn-Teller vibronic coupling, the total wavefunction is not a product of the electronic and the vibronic
wavefunctions. The electronic character changes as a function of molecular geometry.
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Scattering theory and a few-level model system were used to explain the symmetry
purification. The theory shows that the dynamical vibronic coupling effectively vanishes
in the limit of large detuning, or at higher energies, and that in this limit, the transitions
between the initiai ground state and the final states can be regarded as sudden, or the
molecule does not have time to vibrate [39]. |

Strong nondipole features were also observed in Cl, at the chlorine K-edge [40]. In
polyatomic molecules, vibrational coupling can lift the degeneracy of equivalent core-
excited electronic states. In diatomic molecules, however, vibronic core-excited states
remain degenerate and nondipole (parity forbidden) transitions can be observed. The pre-
edge absorption feature of Cl, taken near the K-edge is comprised of two degenerate
transitions: a dipole allowed transition 16,—506;, and a dipole forbidden 1 6,—50,
transition. This degeneracy was discovered upon examination of the x-ray emission
spectra where two emission lines were present; one corresponding to the dipole allowed
27— 10, transition and a dipole forbidden 2z,— 1o, transition. The dipole
approximation is normally applied in x-ray processes because the incident wavelength is
much larger than the radius of the core orbital as was seen in O,. This is not valid in
molecular chlorine, however, because the internuclear separation is not negligible relative
to the wavelength when considering the delocalized 10, and 10, orbitals. Phase variation
of the incident radiation over the entire molecule must be cohsidered, or the dipole
approximation is not valid in this case. Theoretical calculations show that there is an

equilibrium bond length dependence in the normalization factor for the transition;

+3 AR N 2
(2 : IkaRe jX4l<1S|'U:|50“>

; 37
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where j, is a spherical Bessel function® dependent on the product of the radiation wave
vector (k,) and the equilibrium molecular bond distance (R, ), 1s is the atomic-hydrogen

like 10, or 10, orbitals, 4. is the dipole-moment operator along the molecular axis, and

50, is a linear combination of atomic orbitals. Calculations show that as the internuclear
separation increases, as in CO; and in Cl,, the nondipole transition becomes more intense
until it has the same relative intensity as the dipole transition.

A final case of symmetry breaking leading to forbidden x-ray transitions is observed
in acetylene, ethylene, and ethane [41]. In these molecules, the degree Qf symmetry
breaking is sensitive to the change in size of the s orbital. For these molecules, it is
predicted that the longer bond length (C,Hs, or ethane R, = 1.536)’Wi11 have the most
intense forbidden transitions followed by C,H, (ethylene, R, = 1.339) and C,H;
(acetylene, R, = 1.208) will have the smallest intensity in the forbidden transitions. In
C,H,, the measured intensities of the dipole forbidden transitions over the main
rgsonance, and all subthreshold resonances, are very small. In C,Hy, there are significant
screening effects (2.9 eV) as well as parity forbidden transitions. The forbidden
transition is present in all subthreshold resonances, but with varying intensity due to
parity mixing of overlapping resonances. In C;Hg, there are large parity forbidden
transitions observed on all resonances; the only suppression of these transitions occurs at
large defunings from the main resonance, due to the éhortened timescale. In acetylene
(triple bond), the symmetry is preserved and the forbidden transitions only contribute a

small amount. The double bonded ethylene has slight symmetry breaking while the

sin kR _cos kR
(kR)* kR

when spherical symmetry is present. ‘

> j(kR) =

; a class of Bessel function (a solution to a specific differential equation)
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single, longest bonded ethane, exhibits the largest degree of symmetry breaking; this
illustrates that symmetry breaking is not always complete for core excitation in

polyatomic symmetric molecules and that it is sensitive to bond length.

Molecular Field Effects

The core hole molecular field (MF) splitting effect is seen in cases where the core
orbital has an atomic degeneracy, i.e. when the orbital angulaf momentum of the core
orbital is greater than zero. The MF then couples with the spin—orbit (SO) interaction and
can have significant effects on SO ratios and energy distributions. Such MF effects have
been observed in OCS, SO,, PF; [42], SF,4 [43], H,S [44] and HCI [45, 46]. Calculation
on the ground, the 2s, and the 2p hole states of OCS, SO, and PF;, where MF effects are
included in the interaction Hamiltonian, show that changes in the equilibrium bond length
and bond angles (changes in symmetry) have considerable effects on the photoelectron
spectrum of these molecules [42]. The P-F bond in PF;3, the S-O bond in SO,, and the C-
O bond in OCS are shortened when a core-hole is introduced while the H-Cl bond in HCI
[45] and the O-S bond in OCS are elongated upon ionization. In OCS and HC1 [42,45],
the Cl and the S atoms are electronegative and the core-hole reduces the negativity of
these atoms and weakens the bond. In SO, and PF;, the largest spectral effects occur
when the bond angles change upon excitation (increasing by 1.7 degrees in both
molecules), which stabilizes the core-hole (mor¢ MF coupling to the SO ratio) [42]. This
shortening of bond length and increase in bond angle results in an increase in the

ionization energy of these electrons when the 2potypes of orbitals are stabilized through
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o-bond interactions with valence orbitals. In contrast, 2pztypes of orbitals have weak
interactions and result in a decrease in ionization energy (and a smaller MF effect).
Similar experimental and theoretical studies have been carried out on HCI [46]. In
HCI, the H-Cl bond is elongated upon core-excitation, just as predicted by [42]. Also,
experimentally and theoretically, an 85 meV energy shift in the SO split is seen in HCI
and is attributed to molecular field effects. Finally, differences from the 2:1 statistical SO
ratio (branching ratio) are seen close to the ionization potential of the molecule while 2:1

ratios are achieved at high photon energies.

Assigning XAS Using XES

In some cases, the x-ray emission spectra are well known while the x-ray absorption
features may be obscure due to lifetime broadening or are otherwise unknown. The
symmetry determination of XAS features can be achieved by examining the polarization
(angular dependence) of selectively excitedﬁ XES [47, 48]. The first case involves the
determination of molecular orbital symmetry in H>S {47]. The molecule H,S belongs to
the symmetry group C,, and has a subthreshold absorption resonance, which is
dominated by excitations to the unresolved 3b, and 64, orbitals. The polarization of the
K-V emission varies as the incident photon energy is scanned across the absorption
resonance; this is attributed to contributions from excitation to the two absorption
resonances that have different symmetries. Additionally, polarization studies in H,S
above the IP permitted the study of the formation of an emission satellite* and its origin.

There are three peaks found in the x-ray emission spectrum of H,S, 2b,— 1a; (A), Sa;—

* a multielectron process where the incident and an outer core or a valence electron are both excited.

40

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



la; (B), and 2b,— 1a,; (C). The MO’s are derived from S 3p and H 1s atomic orbitals,

5a; and 2b, are combinations of S 3p, and 3p, AO’s with H (1) 1s and H (2) s orbitals
while 2b, is a nonbonding orbital (3p). Peak C is suppressed, while A and B are
enhanced when the spectrometer is aligned to detect perpendicular polarization; meaning

the peaks have strong polarizations of opposite sign. Classically, the polarization, P, for
an electric dipole absorber and reemitter is given by P = (3cos® ¥ —1)/(cos® ¥ +3) where

vis the average angle between the emission and absorption oscillators, and P reaches
limiting values of %2 and - for angles 0° and 90°, respectively. Using the C,, group
character table, the 1a;— 3b; and 1a,— 6a,; absorption dipole moments point along the y
and z-axes, respectively. The emission dipole moments for peaks A (2b1— la;), B
(5a;— la;) and C (2b,— la,) point along the x, z, and y-axes, respectively. The
classical model then predicts the polarizations of peaks A, B, and C to be P =-Y3, P = -
V4, and Pc = V2 for the 1a;— 3b; transition, while Py = =4, Py = 2, and Pc = -4 for the
la)— 6a, excitation. At excitation energies at or below the peak of the absorption
resonance, data is consistent with the 1a;— 3b; assignment. As the excitation energy is

increased to the high-energy side of the absorption maximum, the emission peak
polarizations shift towards the polarization values that are consistent with the addition of
the la;— 6a; excitation; P, remains large and negative, Py becomes less negative and Pc
becomes less positive. This suggests that the 1a;— 3b, resonance is 0.5 eV below the
la;— 6a; resonance.

When the excitation energy is 5.7 eV above the S 1s threshold, a shoulder develops
on the high-energy side of peak A. As the photon energy is increased, the intensity of the

shoulder increases until it reaches an asymptotic value around 2550 eV. This suggests
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that initially the satellite can be attributed to K-hole formation and electron excitation to
an unoccupied valence orbital. At higher energies, double ionization also may coﬁtribute
to the intensity of the shoulder.

The O K-V x-ray emission spectra in parallel (0°) and perpendicular (90°) angular
distributions of CO, were measured to aide in assigning the x-ray absorption spectrum at
the O K-edge [48]. There are three subthreshold features.in the O K-absorption spectrum;
a strong-broad peak, a weaker-sharp peak, and a broad structure leading to the IP. To
determine the symmetry and parity of unoccupied orbi;als, the x-ray emission intensity
ratio between the 17, and the (30,/17,) emission peaks was compared. These intensity
ratios were compared to a statistical, isotropic angular distribution. If the intensity ratio
of the emission peaks is well above this value, the excitation is to gerade unoccupied
orbital, and well below for excitations to an ungerade orbital. From this, the strong-broad
peak is of ungerade parity and the other two are of gerade parity. On the strong-broad
fesonance, there is no difference between parallel and perpendicular intensity ratios; this
means that this resonance is comprised of the 27, MO. On the other two resonances, the
intensity ratios are smaller in the perpendicular direction; and the difference comes from
the low-energy side of the emission peak of ungerade parity (or the 30, emission). From
this, the absorption features in qliestion are mainly due to unoccupied levels of o
symmetry. Static exchange and multiconfiguration self-consistent field calculations of

the absorption spectrum confirm the assignments.
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Ultrafast XES

Recently, resonant x-ray Raman scattering was also shown to be a powerful tool in
studying ultrafast, sub-femtosecond nuclear dynamics. Femtosecond lasers are used in the
vacuum ultraviolet energy region to probe the evolution of an electronic system on a
short time scale using valence electron excitation. Unfortunately in the x-ray energy
range above 1 keV, a direct approach using ultrafast (short-pulsed) light sources is
currently not available; therefore, another experimental approach must be used. Ultrafast
x-ray spectroscopy occurs when molecular dissociation is faster than the core-hole
lifetime. Core-hole lifetimes in first and second row elements are several femtoseconds
long, ~10 fs in OCS and ~1 fs in HCI, and ultrafast dynamics have been observed in
hydrogen halides [15, 49-51] diatomic molecules such as oxygen [52] and nitrogen [53],
and polyatomic molecules such as carbonyl sulfide [53] and phosphine [54]. Ultrafast
RXS relies on the analysis of spectral features sensitive to short time evolution of the
molecular system. If molecular dissociation 1s fast when compared to electronic
relaxation of the molecule, emission from the fragment is observed in conjunction with
the molecular emission, allowing the study of sub-femtosecond dynamics using RXS
techniques (for ClI the core-hole lifetime is 0.9 fs (FWHM of 0.64 eV) and the FWHM of
the main, dissociative, resonance is 0.8 eV) [15].

In HCI [15], the RXS K-L and the K-V profiles broaden as the incident photon energy
is detuned from the main absorption resonance; see Figure 9. Dynamical broadening is
quenched on top of the main absorption resonance because the width of the emission line

approaches the final state lifetime broadening (I" in equation 24). Also, the duration time

of RXS is reduced by frequency detuning (£2) due to the suppression of large-time
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contributions to the scatter. It was shown, theoretically and experimentally, that detuning
from the main absorption resonance results in a non-linear dispersion of the K-L lines
because the widths of the FC factors (A) and the Lorentzian term (I') are comparable in
hard x-rays. The decay transition between inner shells has parallel potential surfaces,
which is a completely general process (in contrast with resonant Auger scattering where

the potentials of core-excited and final states are parallel by coincidence) [55].
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Figure 9. (A) Measured, solid dots, and calculated, empty dots, x-ray dispersion for the
K-L and K-V x-ray emission. (B) Measured (solid) and calculated (empty) spectral

widths for the K-L and K-V x-ray emission reported by Simon et al [15].

The elastic band in K-V emission spectrum is most sensitive to nuclear dynamics;
small changes in bond length can have large effects on the shape and intensity of the
elastic peak; see Figure 10. As seen in Figure 10, the elastic peak on the top of the main
absorption resonance, where the duration time is long, is asymmetric; because this

resonance is dissociative, this peak contains contributions from the molecule at the
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equilibrium bond length and from the molecule with an increased bond length’. Farther
from the top of the resonance, the duration time becomes short and the wave packet does
not have time to spread on the core-excited potential surfaces and the elastic peak
becomes more symmetric. At Q = —1.56 eV the peak is totally symmetric and only the
molecule at the equilibrium bond length contributes to the emission because the emission

occurs before the molecule can begin to dissociate.
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Figure 10. X-ray emission spectra at three detunings, Q =0, —0.81 and —-1.56 eV at 250

Torr (empty) and 440 Torr (solid) measured by Simon et al [15].

* an increased bond length can be complete dissociation or small changes in the bond length
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CHAPTER 4

EXPERIMENTAL SET-UP

Investigations of atomic or molecular core-level x-ray fluorescence require an intense
and high-resolution source of polarized x-rays. It is also desirable for the secondary
(emission) spectrometer to be polarization sensitive and of moderately high resolution.
The first requirement is met by using synchrotron radiation from a third—generation light
source, namely the Advanced Light Source where the x-rays are inherently linearly
polarized. The secondary spectrometer requirement is met by using a Si (111) crystal,
which provides good energy resolution and strong rejection of light polarized out of the
plane of the crystal surface, in this case rejecting over 99% of light polarized in the plane

of incidence when the crystal is near 45° (2800 eV).

Advanced Light Source (ALS)

Experiments were conducted at beamline 9.3.1 at the ALS, Lawrence Berkeley
Laboratory, Berkeley, CA. The ALS provides both quasistatic and pulsed operation. The
X-ray emission spectrometer is designed to run during the quasistatic, or multibunch,
mode. In multibunch mode, the electrons are at energies of 1.9 GeV with a maximum
current of 400 mA. In this mode, 276 electron bunches circulate in the storage ring with
a uniform spacing of about 2 ns except for one larger gap. This provides the intense
photon flux required to make x-ray emission measurements. Beamline 9.3.1 utilizes a

double Si (111) monochromator at an energy range of 2.2 keV to 6.0 keV which provides
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intense (10" photons/sec), monochromatic (+ 0.3 eV at the CI K-edge), and over 99%

linearly polarized photons along the plane of the storage ring orbit; see Figure 11 [5].

Experimental

Horizantal slits M2 stations

{0—8 mrad)

Vertical slits
{0~-2 mrad}

M1

Schevnatic lavout of Beamineg 8.3.7.

Figure 11. Schematic layout of beamline 9.3.1 at the ALS [5].

Incident photon energy is selected using Bragg diffraction, where photon wavelength
is directly related to the angle of the crystal face by the following relationship:

nA =2dsiné (Bragg Equation)

Bragg
where g, is the Bragg angle, d is the crystal lattice spacing, and A is the photon

wavelength (in Angstroms). For Si (111), 2d is 6.2712 A.

X-ray Emission Spectrometer
An x-ray emission spectrometer (XES) was designed and built to measure x-ray
fluorescence resulting from a core-level atomic or molecular excitation [57]. Polarization
sensitive core-level x-ray fluorescence requires a source of polarized x-rays, high-
resolution primary and secondary x-ray monochromators and polarization sensitivity of

the secondary monochromator. The first requirement is met by using synchrotron
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radiation from a third-generation light source, which provides inherently linearly
polarized x-rays. The spectrometer utilized in the XES is acurved Si (111) crystal,
which provides strong rejection of polarization out of the plane of the crystal face. The
spectrometer can be rotated to detect fluorescence emitted parallel or perpendicular to the
polarization/propagation direction of the incident x-rays.

The secondary spectrometer is of Johann geometry [58]; the crystal face and the
detector are both situated on a Rowland circle of variable radius with the crystal-to-
detector distance fixed at 0.6 m. The sample cell is situated inside the circle to reduce
sensitivity to alignment of the primary photon beam with respect to the secondary
spectrometer and to prevent point-to-point focusing from the sample to the detector. X-
rays travel vertically upward from the gas cell and are focused onto the detector, a two-
dimensional microchannel plate resistive anode encoder (MCP-RAE); which can collect
an entire spectrum (20 eV wide with 0.5 eV resolution at the Cl K-edge) in unison.

The x-ray emission spectrometer described here is a new apparatus that currently has an
energy range of 2.4-3.6 keV with three main components, a gas cell, crystal bender, and
detector. A schematic of the experimental setup is shown in Figure 12 and an Autocad®
drawing is shown in Appendix II. The XES was designed, in its present state, for ALS
bending-magnet beamline 9.3.1, which has a photon energy range of 2-6 keV. Light
passes through the beamline monochromator and is focused into the XES, which
maintains a pressure of 107 Torr during data collection. Vacuum interlocks between the
experiment and the beamline are provided to protect the beamline and the ALS storage
ring should gas containment fail in the sample cell. The entire XES can be rotated about

the axis of the beamline by 360° while maintaining vacuum, permitting measurements of
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angular distribution of emitted x-rays. Two tilt sensors automatically monitor the angle
of spectrometer rotation (0-90°). Incoming light passes through a four-jaw apparatus,

which trims off any stray light from the beamline monochromator.

Quantar
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Crystal Slit \ I / Divergent
\ i ’; Emitted Photons
\|  X-rays
ﬂ from Bl 9.3.1
Si-Diode  T—
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silicon nitride windows X-ray Beam
Defining Slits

Figure 12. Flow diagram of the x-ray emission spectrometer.

Vertically upward, in the nominal position, from the gas cell (0.4 m) is thé crystal
tank, which houses the spectrometer. The crystal face of the spectrometer is designed to
be in line with the photon exit window of the gas cell. The spectrometer can rotate from
0-180° to detect parallel-polarized light (0°) and perpendicular polarized light (90°) with
respect to the poldrization of the incoming photons. A rotational position transducer is
attached to the arm to detect the angle of the spectrometer and a second detects the angle |
of the crystal face. Attached to the crystal tank is a 0.6 m long arm‘that houses the MCP-
RAE detector housing. Movement of the detector is restricted to a curved path along the

Rowland circle where movement of the arm changes the Bragg angle of the spectrometer
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and as a result the energy range on the detector. The detector’s position is recorded using
a cable-extension position transducer, which measures the relative position of the
detector.
Vacuum Isolation

Vacuum isolation is critical in the XES to protect the beamline and the spectrometer
should gas containment fail in the sample chamber. Pressure is monitored at three
different locations, in the gas cell (which has operating pressures around 450 Torr), in the
sample chamber (maintained at 107 Torr) and at the detector (< 10 Torr). Between the
endstation and the beamline and also between the main chamber and the spectrometer
there are isolation gate valves, used to isolate the beamline or the spectrometer from the
main chamber. This protects the detector and the beamline if a leak should develop in the
gas cell. All valve controls, pressure sensirig devices and vacuum pumps are controlled
and monitored utilizing two independent vacuum interlock boxes, Figure 13. When a
pressure change is sensed, the interlock boxes close the valve between the chamber and
beamline (spectrometer), shut off the ionization gauge, and also shut down the turbo
vacuum pump. This minimizes the effects of a containment failure on the beamline and

the detector.
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Figure 13. Description of the interlock box and its various functions.

Gas Cell

A static gas cell allows x-rays to enter and exit a high-pressure sample of gas while
maintaining the high vacuum of the chamber and the beamline. The skeleton of the gas
cell is a commercially available mini-metal gasket sealed cube, to which incident-x-ray
entrance and exit windows, a viewing window for x-ray-emission, and stainless-steel
plumbing for gas handling have been added. The entrance and exit windows are 3 mm x
3 mm x 200 nm thick silicon nitride (Si3N4) mounted on a 7.5 mm square frame. Silicon-
nitride windows are used because they are easy to obtain, reasonably priced, relatively
strong (able to support up to an atmosphere of pressure), and have over 90% x-ray
transmission in the energy range of primary interest. The entrance and exit windows are

mounted on cylindrical tubes extending 9.5 mm into the cube to allow the emission
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window to observe the entire 2.5 mm photon-beam path through the gas sample; Figure
14. Relative absorption measurements can be made using a Si diode at the rear of the

chamber to measure the x-ray flux transmitted through the gas cell.

Emitted Photons

$i Diode

7.Amm

Photons Out ] [ Photons In

Figure 14. Schematic representation of the incident photon-gas sample interaction
region. Photons enter and exit the cell along the beamline vector while emitted photons

are detected perpendicular to the beamline.

X-rays emitted by the gas sample and that pass through the viewing window travel
vertically upward, in the nominal spectrometer position, to the spectrometer crystal. The
viewing window, also silicon nitride and of the same size as the entrance and exit
windows, is mounted on a cylindrical tube extending 7.0 mm into the gas cell. The
distance the photons travel to exit the sample cell through the viewing window is 7.8 mm,
Figure 14. Gas enters the cell thréugh a flange mounted opposite the viewing window,
where, in current configuration, it remains static during measurements. The sample cell

can be pumped or evacuated without disrupting the vacuum inside the chamber. To focus
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x-rays from the beamline into the gas cell, a YAP (YAIOs) crystal and a 90° prism are
mounted on the gas cell. The prism rotates the view of the beamspot on the YAP crystal,
making it possible to view the size and shape of the incident-x-ray beam through a
vacuum window on the chamber; mechanical drawings of all components are shown
elsewhere [20].
Crystal Bender

The spectrometer consists of two components: a crystal bender and a thin rectangular
Si (111) crystal.- The crystal bender was designed to bend a thin rectangular crystal into a
near perfect circular arc, providing focusing and energy tuning of the emitted x-rays, see
Figure 15. The bending device, allowing the crystal’s radius of curvature to match the -
diameter of the Rowland circle, produces radii as small as 0.6 m. This arrangement
provides maximum photon focusing in this geometry. In the nominal orientation, the
vertical axis of the crystal bender is aligned with the vertical axis of the main chamber,
and the entire apparatus is built to be insensitive to gravity for different orientations. The
crystal-bending device contains two bender arms, a rotation link, two transfer bars, rotary
link, pivot flexures for bending, a micrometer controlled linear motion feedthrough, two
adjustment screws, a re-zeroing spring, and a Si (111) crystal. Bending is initiated when
the linear motion feedthrough is moved, thus rotating the rotation link, which causes the
transfer bars to push thekbender arms apart. This action turns the flexures at both ends of
the crystal, producing equal bending moments that deflect the crystal into a circular arc.
Flat areas at the ends of the crystal due to mechanically holding the crystal on the edges

can be masked with a crystal slit.
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To establish a "zero’ for the crystal bender, the crystal is initially set flat and
mechanically checked along its length and width for trueness with a micrometer; see
Figure 16. The crystal can be fine adjusted along its length using the adjustment screws .
and metal shims. The zeroing spring is present to force the crystal back into the flat
position after the crystal has been bent. After zeroing, the bender returns to the flat
position when the input bar is completely relaxed. Along with establishing a zero, the
center of the crystal was also calculated as a function of bend; the center of the crystal

does not change with the deflection of the crystal.

3 Crystal

Flesures

Adjustrent Screms

Sapphire Balk
To Feedthrough

Figure 15. Schematic representation of the crystal-bending device.
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Figure 16. Micrometer measurement of the crystal bend along the length of the crystal.
The crystal was incrementally bent and the crystal length versus the displacement from

the flat position was recorded.

Si (111) crystals are currently used because they have an effective energy range of 2.0
keV to 22 keV. They are also rugged and stable with a high degree of perfection, so they
can maintain a curved position for long periods of time without breaking. The size of

crystal supported in the bender is 20 mm x 40 mm x 0.2 mm thick.

Detector
The detector is a commercially available electron-optical device, Quantar Technology
Inc®., model 3300, and is operated in clean vacuum with pressures lower than 10°® Torr.
It has three Wafer—type microchannel-plate electron multipliers; the first of which has a
Csl coating for maximum photon detection. A resistive anode position encoder with
integrated voltage bias and signal decoupling circuits backs the MCP stack. The encoder

converts an incoming photon to four charge signals proportional to the spatial position of
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incidence with a 100-micron resolution. Incident photons strike the front surface of the
first MCP and the electron packet diffuses in the uniform resistive sheet surface of the
anode toward collection electrodes located at the four corners (A, B, C, and D). The
relative charge reaching each of the four corner contacts is a linear function of the
position along X and Y orthogonal axes of the anode. Four signals and the total counts
striking the detector are routed to the detector pre-amplifier. All five components are then
sent to the position analyzer where the four signals are converted to X and Y coordinates.
After the position analyzer, a Quantar Technology® model 2401B, the signal passes
through a National Instrument® PCI-DIO-32HS card, and finally it is displayed, as a 2-D
1024 x 1024 array, and saved using customized Labview® software. The images
obtained are further processed in IGOR®, a data analyzing, image processing, and
programming software tool from WaveMetrics, to obtain the emission spectrum as a
function of energy. As seen in Figure 17, the raw image from the detector is slightly
curved due to the curvature of the crystal. A custom IGOR® fitting procedure accounts
for the curvature to obtain maximum energy resolution. A histogram is then created as a

function of channel number (0-1024) along the X-axis of the detector.
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Figure 17. Raw detector image (top-left) and histogram (bottom-left) before the image
was corrected for the crystal curvature. Expanded detector image with curvature
corrections (top-right) and histogram (bottom-right). The image is the Cl K-L emission

from CF,Cl, following the 1a;, 162 — 13a,, 9b, excitation (2823 eV photon energy).

Alignment and Energy Calibration

The detector has a 40 mm® active area with a spatial resolution of approximately 100
microns. However the spectral resolution is not based solely on the spatial resolution of
the detector. It includes all experimental effects; namely natural line widths, broadening
due to diffraction from the crystal, and errors arising from peak-fitting procedures. With
this instrument, the combined (beamline and instrumental) measured resolution, 0.52 +
0.05 eV, is primarily due to diffraction broadening of the crystal, with a very minor part
due to the detector spatial resolution. Experimental peak widths in the Cl K-L energy
range vary from 7.2 channels (0.9 eV), on resonance to 11.7 channels (1.5 eV) above

resonance and those in the Cl K-V energy range vary from 13.2 channels (1.4 eV) on

57

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



resonance to 18.8 channels (2.0 ¢V) above resonance. At the Cl K-edge, the natural line
widths are much larger than the experimental resolution and determine the spectral
resolution.

Rigorous alignment and testing of the components of the emission spectrometer is
described elsewhere [20]. The spectrometer is aligned with the axis of the beamline
using three alignment points. The first is a paddle that enters the path of the photons at
the front of the XES; which contains an alignment hole in the center. Second, is the gas
sample cell, which can rotate 90°, and has a YAP (yttrium aluminate) crystal and a prism
for alignment and photon focusing. Third, is an alignment paddle situated in the rear of
the XES.

Energy calibration of the XES is accomplished in the parallel polarization direction;
parallel to the polarization/propagation direction of the incident x-rays. Incident photons
of the same energy as the emission energy of interest are diffracted off of the sample gas
and collected on the detector. Calibration must be done using a parallel orientation
because, due to polarization effects, elastically scattered photons cannot be observed in
the perpendicular geometry. At least four different incident photon energies are recorded,
the range of which cover the window of the emission spectra. The energies of the
scattered photons are then plotted as a function of peak position determined by the
detector; see Figure 18. A linear fit through the points is used to determine the energies of
any x-ray emission peaks present within the energy window. As an example, an energy-
calibrated spectrum for Cl K-L (Ka) emission from CF,Cl, following the 1a;; 15,

—13a,; 9b, excitation at 2823 eV photon energy is shown in Figure 19.
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Figure 18. Energy calibration at the C] K emission energy range. The plot on the left is
the energy calibration in the K-L region and the plot on the right is the energy calibration

in the K-V region.

1.0 L - '
®
=
3
g
©  0.5-
=
5
c
9
z
0.0 - : . ; -
2615 2620 2625 2630

Photon Energy, eV

Figure 19. Cl K-L emission spectrum of CF,Cl, following the 1a;; 1b, —13a,; 9b,

excitation at 2823 eV after energy calibration.
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In the parallel-polarization geometry, the crystal slit can be used to increase
resolution of the x-ray emission spectra at the cost of reducing both the signal and the
width of the energy window. Figure 20 shows the reduction of the useable emission
energy window for Cl K-V emission in the parallel orientation of the spectrometer. The
effective resolution follows a nearly linear curve varying from approximately 0.4 eV for a
slit of 0.2, to about 1 eV for a slit of 4.0. This relationship between slit position and
energy resolution exists because the source volume of x-ray emission is extended along
the incident beam axis, which, in the parallel geometry, coincides with the energy-
dispersive axis of the spectrometer. In contrast, the resolution and energy window are
affected much less in the perpendicular direction, for which the incident beam axis and
the energy-dispersive axis do not coincide. For the perpendicular orientation, the only
significant consequence is the loss of signal. Similar behavior was observed for Cl K-L

emission.
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Figure 20. Variation of the x-ray energy window with crystal slit position. Data was

collected in the K-V energy range.
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Argon Spectral Calibration

Spectral calibration of the XES was performed at the Ar K-edge by measuring the Ar
2p x-ray emission. Argon was chosen because it does not have geometrical or molecular
field effects and spectra in the parallel and perpendicular have shown to be the same [26].
Figure 21 shows the measured x-ray absorption from 3202 eV to 3210 eV and the
emission spectra at two excitation energies; on resonance (3203.3 ¢V) and far above the
IP (3250 eV) in both polarization directions. As Figure 21 shows, there are no
polarization effects seen on resonance or above resonance, also observed by Cowan et al
[26]. Because there are no polarization effects, there are no significant geometrical

differences between parallel and perpendicular spectrometer orientations.
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Figure 21. Argon K-edge absorption spectrum (left) and argon x-ray emission spectra at
two incident photon energies on the main absorption resonance (3203.3 eV) and far

above the IP (3250 eV) in both polarization directions.

Figure 22 shows the Ar x-ray dispersion and the x-ray peak-widths from 3202 eV to

3210 eV. The x-ray dispersion shows a linear increase with increasing photon energy
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over the main resonance as seen in Xe [14] and predicted by Agren [23]. As seen in
resonant X-ray scattering, there is a decrease in peak width on top of the resonance; above
the IP the peak widths remain constant. The spin-orbit ratios, Figure 23, are increasing
with increasing photon energy over the main resonance and decrease over the 4p Rydberg

but reach their characteristic 2:1 ratios on the resonance and above the IP; also seen by

Cowan et al.
2.2 T T T
Absorption
= Parallel
2.0 = Perpendicular
1.8+ &
S B
®© 16
=
2
= 1.44
-~
]
]
O 124
1.0
0.8 T T U
3202 3204 3206 3208 3210
Photon Energy, eV
2959
2958+
2 29574
<
Q2
4
2 29564
]
(=}
2955 4
Absorption
s Parallel
o Perpendicular
2954 u T T y
3200 3202 3204 3206 3208 3210

Photon Energy, eV

Figure 22. Measured K-L x-ray peak widths (top) and x-ray dispersion (bottom) in the

parallel (solid) and the perpendicular (empty) orientations.
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Spectrometer Equations
The x-ray emission spectrometer is sensitive to small changes in angle; to monitor the
relative positions of the major components, position sensitive devices were installed. To
track the position of the detector on the curved way (this movement selects the radius of
the Rowland circle), a cable-extension position transducer is used. This device measures

the displacement of the detector from 90° (Bcurveq), Or the center of the curved path, and

gives a voltage output. To calculate cyrved, the Bragg angle is used:

0Curve(l =2 (450 - HBragg )

The displacement from 90° directly correlates to the energy region the detector can view.

To find the voltage output of the position transducer, the following equation is used:
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V,, =-0.1366,, ., +3.4304.

The voltage range for the curved way is 7.372 > V oy 2 0.206, which corresponds to a
displacement of 29.8° to the right of center and 24° to the left of the center of the curved
path. The position of the spectrometer tank (crystal face) and the angle of the
spectrometer (parallel and perpendicular) are measured using rotational position
transducers, which provide a linear output voltage with respect to the angle. The

spectrometer angle can be calculated using the following equation:

V,, =—0.02786,

Spect

+8.5883

and corresponds to a voltage output range of 8.705 = Vo, 2 3.554. The tank angle is not
calculated directly; instead it is measured versus the photon energy, since the voltage

output range is less than two volts. The equation is as follows:

Vo =3-107 (hv)? =0.0021(hv) +8.7956

The angle of the main chamber is measured using two biaxial clinometers (tilt sensors).
These two devices work together to cover the full range of rotation. Tilt one measures
angles below zero up to an angle of 42° and tilt two covers angles above 42°. The tilt of

the chamber can be calculated using the following set of equations:

when Ochams < 42°% V. =—=1.0-1078° +0.00038* — 0.03768 — 0.0025

when Ocpamp = 42°% V =5.0-10°8° +-0.00136% +0.14226 — 5.854
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The voltage range for tilt one is —4.193 < V< (4.0), and for tilt two, —4.22 < Vi < 4.0).

The voltage outputs are displayed in Labview where they can be monitored.

Gas Samples

Gas samples, CFCls, CF,Cl,, and CFzCl, are obtained commercially with over 99%
stated purities. They are stored in lecture bottles and plumbed directly into the gas cell
through clean gas lines where the pressure is maintained at 450 Torr and room
temperature during data collection. The liquid sample, CCly, is also obtained
commercially with over 99% purity. A small amount of the liquid is transferred to a
glass vial where the air is purged out. The vial is attached to the gas inlet system where
the vapor is allowed to diffuse into the cell. Pressure in the cell is maintained at the

vapor pressure of the liquid; vapor pressure of CCly 1s 91.3 Torr at room temperature.
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CHAPTER 5

CHLORINE K-L RESULTS
In this chapter, data from the Cl K-L x-ray emission is presented at three energy
ranges. The first energy range of interest is on and around the first absorption resonance
of each molecule. The second energy range is over the second molecular resonance, the
4p and the np Rydbergs, and the IP. The third and final energy range corresponds to
excitation to the continuum. In each of the energy regions, four parameter will be
discussed to characterize the data for each molecule, namely the peak-widths, dispersion,

spin-orbit ratio (SO ratio), and polarization.

Cl K-Edge Absorption
Absorptioh measurements were made at the Cl K-edge for CCly, CFCl;, CF,Cl,, and
CF;Cl from 2800 to 2900 eV. From 2800 to 2810 eV and from 2830 to 2900 eV,
absorption measurements were made with 0.5 eV steps and 3 s dwell time; between 2810
and 2830 eV, where the pre-edge features are located, the steps were shortened to 0.1 eV

with a 3 s dwell time to maximize resolution.
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Figure 24. X-Ray absorption spectrum of CCly from 2810 to 2850 eV collected near the

Cl K-edge. Energy assignments of the peaks were taken from Potts et al [63].

For CCly, thgre are four absorption resonances below the IP (2831.2 eV) and a broad
shape resonance above the IP at 2880 eV (not shown); see Figure 24. These four peaks
correspond to the Cl 1s—7a;, 8¢, transition (2822.5 eV) with a measured full width at
half maximum (FWHM) of 1.7 eV, 1s—8a,, 3e transition (2825.1 eV) with a FWHM of
1.7 eV, 1s—4p transition (2827.3 eV) with a FWHM of 1.4 eV and the ls—np (2830.6
eV) with a FWHM of 4.6 eV. Peak assignments for CCl, were taken from reference [66].

In CFCls, there are three resonances below the IP (2829.3 eV) and two above; see
‘Figurev 25. The main resonance corresponds to the Cl 1s—11a, transition (2822.8 V)
with a FWHM of 1.0 eV, the second corresponds to the 1s—11e, 13a; (2825.7 eV) with a
FWHM of 1.3 eV and the third is the 1s— 4p Rydberg (2827.2 eV) with a FWHM of 1.1

eV. Above the IP, the broad low-energy peak is a multielectron peak at 2830.0 eV with a
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FWHM of 3.6 eV and the one at 2875 eV (not shown) is due to a shape resonance [30,

31].
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Figure 25. Same as Figure 24 except for CFCl; and assignments were taken from [30].

In the absorption spectrum of CF,Cly, there are four resonances below the IP (2829.6

eV) and a broad shape resonance at 2875 eV above the IP (not shown); see Figure 26.
The first resonance is the 1s—13a,, 10b, (2823.0 eV) with a FWHM of 1.2 eV, the
second is the 1s—14a,, 6b, resonance (2826.3) with a FWHM of 1.2 eV the third is the
ls—4p Rydberg (2827.2 eV) with a FWHM of 1.1 eV and the fourth is the 1s—np

Rydberg (2829.1 eV) with a FWHM of 2.5 eV [30, 31].
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Figure 26. Same as Figure 25 except for CF,Cl,.

In CF3Cl, there are also four absorption resonances below the IP (2830.2 eV) with
one broad shape resonance far above the IP at 2875 eV (not shown); see Figure 27. The
main absorption resonance corresponds to the 1s—11a, transition (2823.5 eV) with a
FWHM of 1.740 eV, the second, small amplitude, resonance corresponds to thé
1s—12a,, 8e resonance (2827.4 eV) with a FWHM of 1.7 eV, the third is the 1s—4p
Rydberg (2827.8 eV) with a FWHM of 1.3 ¢V and the final corresponds to the 1s—np
Rydberg (2829.2 eV) with a FWHM of 2.4 eV [31]. Peak assignments for CFCl;, CF,Cl,
and CF;Cl were all taken from reference [30]. Table 2 shows a comparison of FWHM

for all four molecules.
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Figure 27. Same as Figure 25 except for CF;Cl.

As seen in Figures 24 — 27 and in Table 2, the absorption spectra are changing
dramatically from CCl, to CF3;Cl. The addition of fluorine atoms to the molecule (and
therefore the subtraction of chlorine atoms) is increasing the energy of the main
absorption resonance. This is also increased from the measured energy position of the
main resonance in Cl, which occurs at 2821.3 eV with a FWHM of ~1.6 eV [40]. This
corresponds to a 1.2 eV increase for CCly, 1.5 eV for CFCls, 1.7 eV for CF,Cl,, and 2.2
eV for CF;Cl. The decrease in energy from molecular chlorine is from the enhanced
electronegativity of the fluorine atoms, which withdraws electrons from the rest of the
molecule. This then destabilizes the core-hole state and increases the energy of the
LUMO. The molecules CCls and CFzCl have the same measured FWHMs (1.7 eV) and

are close to the estimated peak width of Cl, (~1.6 eV) while CFCl3 and CF,Cl, have a
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much narrower FWHM (1.0 eV and 1.2 eV, respectively); this agrees with the Lindle et

al [30] where the FWHM is also larger in CF3Cl over the main resonance.

Table 2. Measured FWHM of the pre-edge features of CCly, CFCl3, CF>Cl,, and CF5Cl.

Peak Position FWHM
CcCl,

Ta;, 8t 2822.5eV 1.7eV
8ay, 3e 2825.2 eV 1.7eV
4p 2827.3 eV 1.4 eV
np 2830.6 eV 46eV
CFCl;

11a, 2822.8 eV 1.0eV
11le, 13a, 2825.7 eV 1.3eV
4p 2827.2 eV 1.1eV
CF,ClL, ;

13ay, 10b; 2823.0eV 1.2eV
14a,, 6b, 2826.3 eV 1.2eV
4p 2827.2 eV 1.1eV
np 2829.1eV 25¢eV
CF;Cl

11a, 2823.5eV 1.7eV
12a,, 8¢ 2827.4 eV 1.7eV
4p 2827.8 eV 1.3eV
np 28292 eV 24eV

The most dramatically changing feature in the absorption spectra is the 2" molecular
resonance. In CCly, this resonance is well defined with peak energy of 2825.2 eV. In
CFCls, the second molecular resonance is still prominent in the valley between the main
resonance and the 4p Rydberg with peak energy of 2825.7 eV but less intense. In CF,Cl,
and CF;Cl the 2™ molecular resonance is diminished and barely visible between the main

resonance and the Rydbergs. In all molecules, the second molecular resonance is
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comprised of orbitals oriented along the symmetry axis (a;) and those oriented
perpendicular (e or b;) and excitations to these MOs perpendicular to the molecular-
symmetry axis are less probable (not as much overlap with the 1s orbital).

In these molecules, the position of the 4p Rydberg is in relatively the same position;
2827.4 eV in CCly, 2827.2 eV in CFCl3, 2827.2 eV in CF,Cl,, and 2827.8 eV in CF:Cl.
The 4p Rydberg is largely Cl in nature (just as the 1s is effectively Cl in nature), and the
position of this orbital changes very little from molecule to molecule. The same is true
for the np Rydberg, which also changes little from molecule to molecule (2830.6 eV in
CCly, 2829.1 in CF2Cly, and 2829.2 eV in CF;Cl).

As for the IPs, CCly has the largest IP at 2831.2 eV, CF;Cl is next with an IP of
2830.2 eV, CFCl; has an IP of 2829.8 eV, and finally CF,Cl; has an IP of 2829.6 eV.
Molecular chlorine has an IP of 2830.2 eV, so CCl, has a higher IP, CF;Cl has the same
IP and CFCl; and CF>Cl, have lower IPs. In these molecules, symmetry has the largest
effect on the ionization energy. The molecule CCly is in the T, point group and has the
most symmetry, followed by CF3Cl and CFCl;, which have Cs, symmetry and then
CF,Cl, with C,, symmetry. In these molecules, the degree of symmetry and the IP are
related; the more symmetry the molecule has, the higher the IP (or the more difficult it is
to remove the 1s electron). Removing a core electron changes the symmetry of the
molecule; the core hole causes the outer electrons to rearrange in such a way as to
stabilize the core-hole. The rearrangement of electrons can change the equilibrium bond
lengths and the bond angles thus reducing the symmetry. Molecules with low symmetry
are less affected by the rearrangement of the molecule (lower IP) than those with high

symmetry (higher IP).
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Cl K-L Emission
Cl 1s-»LUMO
The data presented in the section is the K-L emission on and around the first
absorption resonance, the Cl 1s—LUMO (lowest unoccupied molecular orbital); see
Figure 28. The incident photon energy was detuned from the top of the resonance in 0.3
eV steps on the high and low energy sides of the resonance and emission spectra were
taken in both polarization directions at each incident photon energy; see Figure 29. The
detuning (Q) is defined in Chapter 2, page 13 and is Q = @’ — @ where @is the frequency
of the incident photons at the maximum of the resonance and «'is the monochromator
photon energy; the detuning is the difference between the top of the resonance and the
actual photon energy. As seen from Figure 29, as the incident photon energy is detuned
away from the top of the main absorption resonance, the peaks become very broad; which
is true for both polarization directions. The most dramatic change in peak width occurs at
Q =-1.2 in both polarizations where the two peaks begin to merge together. Also, the
peak broadening is independent of the molecule being examined. Also seen in Figure 29,
as the incident photon energy is detuned from the absorption maxima, the energy position
(dispersion) of the peaks is changing with photon energy. The change‘ of peak width and

energy dispersion will be further discussed in the next sections.
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Figure 28. X-Ray absorption spectra taken on and around the 1s—LUMO for CCly,
CFCl3, CE,Cly, and CF3Cl. Grey dots on the absorption spectra of CCly represent

incident photon energies where emission spectra were collected in both polarization

directions.
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Figure 29 (a). X-ray emission spectra at various photon energies on and around the main

resonance taken in both polarization directions for CCl, and CFCls.
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Figure 29 (b). X-ray emission spectra at various photon energies on and around the main

resonance taken in both polarization directions for CF,Cl, and CF;Cl.
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Peék— Widths
The x-ray emission peak-widths were measured as a function of photon energy in
both polarization directions; see Figure 30. On top of the resonancé (2 =0), the peak
widths of all four molecules reach a minimum in both polarization directions and increase
as the photon energy is moved away from the top of the resonance, as seen first by
Eisenberg {8] and recently by Simon [15] and been well established in théoretical models

for quite some time [8, 23, and 24]. The peak widths fall in a parabola from +1.5 < Q <
~1.5 in both polarizations ( y = 0.3x”> +0.1x+0.9, where y is the width and x is the

detuning) and below Q = —1.5, the peak widths fall off with large negative detuning and
approach a value of 1.2 (as seen in the perpendicular direction). When comparing all
four molecules, there is no difference in peak widths over the first resonance in the

parallel and perpendicular polarization directions.
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Figure 30. Measured x-ray emission peak widths on and around the first absorption
resonance in the parallel orientation (top) and the perpendicular orientation (bottom)

plotted versus resonant detuning.

The chlorine 1s and 2p have parallel potential surfaces even at large internuclear
distances and have been calculated by Simon and Gel’mukhanov [15, 23]. The shapes of
the potential surfaces play large roles in determining the Franck-Condon (FC} factors, or

the transition strength of the 2p and 1s states [23]. The FC factors include contributions

78

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



from the photon function, the lifetime broadening function, and the vibrational
distribution function. The resonant x-ray scattering cross section (), or the probability
that a scattering event will take place, is given by a bound-free (since the final state is
dissociative) FC factor and a Lorentzian function from equation 18 in Chapter 2. The
relationship is as follows:

F(Q,-Q)

o, )< ———————
(@a) QI +T%/4

(18)-

here F(Q, - Q)< exp{—[(Q, — Q)/A]2 In2} is the FC factor that approximates the
contributions from the incident radiation as a Gaussian function; a Gaussian fuﬁction
duplicates the shape of the incident spectral line and is convenient in numerical
calculations. Also, wis the frequency of the initial photon, and @ is the frequency of the

emitted photon. Similar to the definition of detuning, Q, = @ — @(e) where @) is the

resonant frequency of an isolated Cl atom. The final parameter, A is = 1.68 eV and is the
full width at half maximum of the FC factor [15]. The way in which the spectral widths

I'(w), relate to equation 18 is as follows [23]:

172
AT
M@)o | ——  _F2=Q)-T?%| . 33
(@) (w(a))ln%/; (<) j 3)

where w (@) is the error function (Gauss error function)' and the Lorentzian function in
(18) is considered constant when the spectral width is smaller than the lifetime (0.3 eV
compared to 0.6 eV for Cl) [24]. Figure 30a shows a plot of equation 33 for various

widths of the Gaussian function (y). In this equation, the Gaussian function is dominant
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at small detunings while the error function is dominant at larger detunings. At Q =0, the
Gaussian function reaches a minimum and I'(®) approaches I' (this is seen in Figure 30a).
As the detuning increases, so do the peak widths until they reach the region where the
error function is dominating the peak width distribution. At this point, the peak widths
fall off and approach A/ V2 (119 eV), this is an asymptotic value associated with the
error function, and agrees well with the data in the perpendicular direction [24]. Because
the excitation is from a narrowband source (or Y << I') where v is the FWHM of the
spectral contribution of the FC factor (0.3 eV at the Cl K-edge versus a lifetime of 0.6
eV), the minimum of I'(®) at Q = 0 is a manifestation of subnatural width in RXS.
Physically, resonant Raman scattering removes the lifetime smearing of the K-hole

intermediate state (which is seen above the IP) and the resulting peak has a linewidth

determined by the excitation beam and not the core-hole lifetime [8].

]
|
e

Iy =0
N 20.0

S— 0 23

Figure 30a. Dependence of the spectral widths on the resonant detuning of the incident

photon taken from Gel’mukhanov and Agren [24].
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This phenomenon has been measured extensively in the past [8, 14, and 15] and the
data presented in this section agree well with published works. As seen from Figure 30a
and equation 33, the dependence of the spectral peak width on resonant detuning has
been thoroughly described with theoretical models and has been known for many years
[13, 23, and 24]. The data in this section also agrees well with theory.

Dispersion

The x-ray dispersions of CCly, CFCl3, CF,Cl,, and CF;Cl were measured as a
function of incident photon energy on and around the first absorption resonance; see
Figure 31. On top on the main absorption resonance, the energies of the K-L emission
lines are that of the characteristic Cl atom K& energies, 2622.39 eV (o) and 2620.78 eV
(o) for all four molecules and show little (if any) screening effects. When the incident
photon energy is close to the top of the resonance (0.5 eV < Q < +0.5), the dispersion
varies slightly from that at the top of the resonance (Q = 0). Far above and below the top

of the resonance, the emission lines linearly increase with increasing photon energy.
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Figure 31. Measured x-ray dispersion on and around the first absorption resonance for
CCl, (square), CFCl; (circle), CF,Cl, (star), and CF5Cl (triangle) in the parallel (top) and

the perpendicular (bottom) polarization directions plotted versus resonant detuning.

As seen from Figure 31, the x-ray dispersion for all four molecules and in both
orientations is nonlinear, however, it is still dependent on the incoming photon’s energy.
The dependence of the peak energy dispersion on the incident photon energy has been

seen experimentally [8, 14, and 15] and the theory known since 1976 [8], with a more
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comprehensive theory in 1996 [24]. The nonlinear dispersion can be a consequence of a
number of things; namely when the region of excitation includes several intermediate
states, screening effects, or by the presence of vibrational structure [231; over the main
resonance, the nonlinearity is most likely due to the presence of vibrational structure (as
was seen in CO) [35] where dramatic lifetime-vibrational interference effects can
redistribute intensity in a given spectrum, see Chapter 3, page 30. Similar nonlinear
dispersion was also observed in Kr [59] (with different physical explanations). The

dispersion varies as a function of incident photon energy as follows [23]:

(@)= w, + 9[1—222—7;2?2-}. (34)
In this equation, yis the resolution (FWHM) of the incident photon (0.3 eV at the CI K-
edge). When the detuning is small, the right side of equation 34 becomes Q(l - (7/F)2)
and the energy of the emitted peak is increasing slowly, as seen in the above data. At

large detuning, the right side of 34 becomes Q — ¥* / € and the equation approaches

Raman-Stokes (linear) behavior (also seen). A plot of the dispersion as a function of

incident photon energy is shown in Figure 31a.
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Figure 31a. Dependence of the peak energy dispersion on the incident photon’s detuning

taken from Gel’mukhanov and Agren [23].

Spin-Orbit Ratio

The third parameter examined in the chlorofluoromethanes is the spin-orbit (SO) ratio
and the high-energy, more intense peak is the 2ps,» and the low-energy peak is the 2p;, as
described in Chapter 2. The data presented here is the first detailed examination of the SO
ratios of these molecules above and below the IP. In this section, each molecule is
plotted separately in Figure 32 to compare the SO ratio in parallel and perpendicular
orientations for each molecule and to compare to the statisti;:al 2:1 ratio observed in Ar
shown in Chapter 4.

For CCly, Figure 32(a), the SO ratios follbw a “hump-like” spread over the top of the
resonance and there is no difference between parallel and perpendicular orientations. In
this molecule, the SO ratios are significantly lower than the statistical 2:1 ratio and are
changing dramatically with photon energy. In CFCls, the SO ratios have a similar hump-

like dispersion in the parallel direction and increase with increasing photon energy in the

84

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



perpendicular; see Figure 32(b). In this molecule, there are large differences in the
parallel and the perpendicular orientations close to the top of the resonance (indicating
large polarization effects). The SO ratios behave in a similar manner in CF,;Cl; as they
did in CFCls, Figure 32(c). In the parallel direction, the SO ratios have a double hump-
like distribution while in the perpendicular direction, they increase with increasing
photon energy. The most dramatic difference in this molecule occurs on the high-energy
side of the resonance where the ratios in the parallel direction are decreasing and the
perpendicular SO ratios are increasing. Finally, CF;Cl shows the same pattern in both
polarization directions that are seen in CF,Cl, and CFCls; see Figure 32(d). This
molecule also shows significant polarization effects over the main resonance but
approach the same value in parallel and perpendicular directions at Q = 1.

Figure 33 shows all four molecules plotted together in both polarization directions. In
the parallel direction, all four molecules show the double hump-like distribution with no
significant difference among the four molecules over the first hump. Over the top of the
resonance, CFCl; has the largest SO ratio (1.7), CF,Cl, and CF;Cl are the same with a
SO ratio of 1.4, and finally CCl,4 has the lowest SO ratio of 1.3. Above Q = +0.5, CFCl;
and CFCl are approaching the same value (1.3) while CF,Cl, and CCl, approach the
same value (1.0). On the high-energy side of the resonance, the molecules with Cs,
symmetry have the higher SO ratios while T, and C,, symmetry have the lower SO ratios.
The double-hump distribution is significantly different from the linear increase in SO
ratio with increasing photon energy observed in the parallel direction in Ar, see Chapter

4, page 63.
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(c) is CF,Cly, and plot (d) is CF;Cl.
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Figure 33. Experimental spin-orbit (SO) ratios for CCly (square), CFCl; (circle), CF,Cl,
(star), and CF;Cl (triangle) in both polarization directions (parallel on top, perpendicular

on the bottom) plotted versus resonant detuning.

In the perpendicular direction, around the top of the resonance, there is no difference
between the four molecules and the increasing SO ratio with increasing energy mirrors

the trend observed in Ar. Above Q = 1.0 CF,Cl, and CF;Cl continue to increase with
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increasing photon energy while CCly and CFCl; are decreasing and the two groups begin
to diverge. In this direction, the molecules with more fluorine atoms have increasing SO
ratios while those with more CI atoms have decreasing SO ratios.

As seen from Figures 32 and 33, the SO ratio never reaches the 2:1 statistical ratio
seen in argon above the Ar 1s ionization energy. In argon (Chapter 4, page 63) the SO
ratios linearly increase with increasing photon energy in both polarization directions but
only reach a value of 1.7 on the top of the resonance. The dependence of photon energy
on peak ratio was also seen in the photoelectric spectra of Xe and Kr where the branching
ratios (a measure of the peak intensity ratio in photoelectron spectroscopy) of 4ds, to the
4dsp and the 3dsp to the 3dsp, respectively, change dramatically with photon energy [60,
61].

Close to the top of the resonance in the perpendicular direction, the SO ratios are
increasing linearly with photon energy just as seen in Ar but are much lower than the
statistical 2:1 ratio. In the parallel directions, the trend in SO ratio is much different
(double-hump) and a different mechanism is dominant. The dramatic differences in the
ClI SO ratios compared to the SO ratios seen in Ar can be attributed to molecular field
effects, where the nonspherical symmetry of the molecule provides another axis along
which the 2p orbitals can be aligned (they novx; also have m, values with respect to the

- axis); this effect can raise or lower the SO ratio depending on the field. Significant MF
effects have been measured in the photoelectron spectra of Cl in HCI [45] and other
molecules [42]. In these cases, the MF couples with the SO interaction to stabilize the
core-hole causing the branching ratio, and the energy difference between the two peaks

(and also differences in the 2ps, doublet), to vary with photon energy. In these
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molecules, symmetry changes (changes in bond lengths and bond angles) have various
degrees of MF coupling and can explain the differences seen among the molecules, as
they have varying types of symmetry. The stabilization of 2potypes of orbitals with -
bond interactions (here, sigma is used to describe MOs symmetric about the main
symmetry axis and 7 to refer to those perpendicular to it) explains the larger MF effects
in the parallel direction compared to the perpendicular. The ¢-types of orbitals are
symmetric about the symmetry axis so the effects are greater in the parallel direction
[42]. As seen in this section, MF effects result in a SO ratio that is significantly lower
than the 2:1 theoretical ratio.
Polarization

The final parameter examined in this energy range is the polarization; where the
difference in x-ray emission spectra in the parallel and the perpendicular direction
determine the degree of pblarization. In this anaiysis, the intensity of a given x-ray
emission peak from the parallel orientation is compared to the same peak in the
perpendicular orientation; both of which are at the same incident photon energy.

Polarization (P) is calculated from experimental values as follows:

len_ll ’
I +1,

(38)
where /) is the integrated relative intensity in the parallel direction and /, is the intensity
in the perpendicular direction (theoretical models were shown in Chapter 2, pages 16-19).
For the K-L energy range, the polarization ratio (Py1/Py2), where K¢ is peak 1 and K0, is

peak 2, is more useful because it removes any experimental differences between parallel

and perpendicular orientations (i.e. counting times, spectrometer efficiency, solid
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angle...). Figure 34 shows the polarization ratios for CCls, CFCls, CF,Cl; and CF>Cl

over the main resonance.
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Figure 34. Polarization ratio [P (peak 1)/P (peak 2)] over the first resonance for CCly,

CFCl3, CF,Cl, and CF3ClL.

As seen from Figure 34, the largest polarization effect is seen in CFCls; especially
near the top of the resonance (Q2 = 0) and the polarization ratios of CF,Cl, and CF;Cl
remain essentially constant over the resonance with a ratio around 1.0. In CCly, however,
the polarization ratios are increasing over the resonance. Just as in the SO ratios,
differences in the polarization ratios among the four molecules can be attributed to
molecular field effects. The largest difference is seen in CFCl; where the polarization
ratio becomes negative over the top of the main resonance. This indicates that the
intensities of peak 1 and peak 2 are not changing at the same rate in the parallel and
perpendicular orientations (resulting in a ratio that is different from one). This is

probably occurring in the parallel direction and can be seen experimentally, where CFCl;
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has the largest difference in Figure 33. This can be physically from 6-(symmetric about
the axis) bond stabilization, which has large MF effects visible in the parallel direction.
The negative ratio also indicates that one of the two peaks is more sensitive to the MF

effects and should have a large contribution parallel to the symmetry axis. In CCly, the

MF effects are largest on the high-energy side of the resonance.

Cl 1s—4p

The next section of K-L data occurs just after the first absorption resonance to just
above the ionization potential (IP); this includes the 2" molecular resonance, the 4p and
the np Rydberg states, and the IP. ‘As with the preceding K-L data around the main
resonance, the data around the Cl 1s—4p transition is broken up into four sections
discussing the peak widths, x-ray dispersion, the spin orbit ratios, and the polarization.

Peak Widths

Figure 35 shows the measured x-ray peak widths of CCls, CFCl;, CF>Cl, and CF3Cl
over the 1s—4p resonance in both polarization directions plotted with the absorption
spectra. Similar to the peak widths over the main resonance, the peak widths over the 2"
molecular resonance and the 4p Rydberg show the same parabolic shape; having a
minimum on the top of the resonance in all four of the molecules and in both polarization
directions. Over the np Rydberg, the peak widths decrease slowly from 1.3 to 1.0 eV in
both polarization directions; the decrease of peak width on top of ;1 resonance occurs
whether the orbital is molecular in origin or Rydberg as is clearly shown in Figure 35.

Past the np Rydberg, the peak widths remain at 1.0 eV in the parallel direction. In the
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perpendicular direction, the peak widths in CCl, decrease to 0.9 eV close to the IP ( =

8.6 eV) but remain at 1.0 eV above.
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Figure 35. Peak widths versus resonant detuning over the Cl 1s—4p resonance for

parallel (top) and perpendicular (bottom) polarization orientations with the absorption

spectra as dotted lines.

As with the peak widths over the main resonance, the RXS spectral lines become

broad as the incident energy is moved from the top of the 2" molecular, the 4p Rydberg
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or the np Rydberg. Equations 20-23 explain the broadening over these resonances, which
was seen over the main resonance and previously [8, 15].
Dispersion

Similar to the effect seen over the main resonance, the x-ray dispersion is the same in
both polarization directions and the same for all four molecules; see Figure 36. Between
the second molecular resonance and the 4p resonance, there is negative dispersion; or the
energy of the peak positions is decreasing with incident photon energy. Over the 4p
resonance, the peak position increases from 2622.0 €V on the low energy side of the peak
to 2622.4 eV on the top of the resonance; this is true for all molecules in the parallel
orientation and all but CF,Cl,, which has a maximum of 2622.6 eV on resonance in the
perpendicular orientation. Like the dispersion over the LUMO, there appears to be little,
if any, screening over the o molecular resonance and the Rydbergs. Past the resonance
on the high-energy side in the parallei direction, CCl,, CFCls, and CF5Cl essentially
remain at 2622.4 eV while CF,Cl, decreases to 2622.3 eV and remains constant. In the
perpendicular orientation, CF,Cl, and CFC13 remain at 2622.4 eV while CCl, and CF;Cl
decrease to0 2622.2 eV. Just below the IP, the x-ray energy dispersion of CCly decreases

to 2622.3 eV and then remains constant at 2622.4 eV above the IP.
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Figure 36. X-Ray dispersion plotted versus resonant detuning over the 1s—4p resonance

in the parallel (top) and the perpendicular (bottom) orientations with the absorption

spectra.

Unlike the nonlinear dispersion over the main resonance, over the 4p resonance the
dispersion is linear; similar to the effect seen in Xe Lo and LB ;5 [14] and Cu [8]. In
this scheme on the low-energy side of the resonance, the x-ray emission is resonance
fluorescence that yields a linear dispersion, as seen in Xe. At incident energies

approaching the np resonance, there is a small decrease in peak position in the
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perpendicular direction and level off into fluorescence behavior above each molecule’s

corresponding IPs; IP o, =8.6 eV, 1P, =6.5¢eV, P, o, =6.6eV,and IP ;= 6.7

eV. The same behavior was seen in all four molecules. In these cases, the width of the
spectral profile is given by a sum of the lifetime broadening of the core-excited (I';) and
the final state (I'y) and the peak positions depend on the excitation energy [23] as follows
(from Chapter 2, page 14):

B = 0~ (19)

where @) is the resonant frequency of the transition between the ground (0) and the final
(f) states. This 1s the Raman Stokes linear shift seen over the 4p resonance and stems
from the energy conservation law. Although equation 18 predicts a 1:1 linear relation,
the molecules in this work have a 1:2 relationship, see Figure 36. This is due to lifetime-
vibrational interference that occurs when the vibrational spacing and the lifetime are on
the same order of magnitude [35] and can be explained by equation 20. In the case of the
chlorofluoromethanes, Q is negative (low-energy side of the 4p Rydberg) and
@, > @, which yields a positive slope. Physically, the short lifetime associated with the
core-hole state causes broadening of each energy level where there is a possibility of
overlap between neighboring vibrational levels. This occurs when the lifetime width is
on the same order of vibrational spacing and a given excitation energy may lead to
excitation to more than one vibrational level. These levels can decay to the same final
state and the coherently excited levels can cause interference effects [35] or deviations
from the 1:1 Raman Stokes slope.

The area between 3.0 < © < 4.0 shows the first experimental observation of negative

correlation between incident photon energy and dispersion (slope of —0.7). This behavior
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is known as anti-Raman behavior and results in a negative x-ray dispersion; this is due to

excitation of several intermediate states and was discussed in Chapter 2, page 15 [24]:

2

o - w;
e(w)=Q —2_—— +€i[, (20)
where £ (@) is the center of gravity (dispersion) of the x-rays, i is vibrational level of the
initial (ground) state, fis the final state, and & is the frequency of the sudden (vertiéal)

emission transition from the lowest vibrational level of the core-excited state. When the

final state is vibronically excited (@, > @,), the resulting peak position of the x-ray

emission has anti-Raman dispersion (negative slope since € is positive on the high-
energy side of the resonance). This has been calculated for the O K emission of CO [24].
One can see from Figure 37 that the anti-Raman behavior in CO occurs on the high-
energy side of the absorption profile (or at large vibrational excitations) and has
contributions from many of the vibrational levels, as was seen in the lifetime-vibrational
interference. In Figure 37, the absorption spectrum of oxygen is calculated with all its
vibrational contributions (even thou gh' the measured absorption is a broad, featureless
peak, see Figure 8). The vibrational dependence of the x-ray dispersion is shown over
the calculated absorption to demonstrate the negative dispersion. On the low energy side

of the resonance, the dispersion is increasing with increasing energy and @, < @,. On the

high-energy side of the resonance (the probability of exciting multiple vibrational states

is increased), the calculated x-ray dispersion is decreasing and @, > @;. When the

detuning is increased (decreased) far from the top of the resonance, the dispersion

approaches the Raman law. The negative dispersion is occurring on the hi gh-energy side
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of the 2" molecular resonance where multiple vibrational excitations are probable similar

to the calculated dispersion of oxygen.
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Figure 37. Calculated x-ray dispersion (vertical axis) plotted against resonant detuning

" (horizontal axis) for CO with the x-ray absorption profile taken from Gel’mukhanov [24].

Spin-Orbit Ratio
Figure 38 shows the SO ratios of CCl,, CFCl;, CF,Cl,, and CF;Cl in both polarization
directions plotted with the absorption spectrum. In CCly and in CFCls, the same trend is
seen in the parallel and perpendicular directions over the 2" molecular resonance where
the SO ratios decrease rapidly with photon energy. Over 4p Rydberg, all four molecules
show a decrease in SO ratio with incident photon energy in the parallel direction except
for CF3Cl where the SO ratios are increasing, see Figure 39. Over the np Rydberg, the

SO ratios remain essentially constant in all molecules and in both directions except
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CF,Cl, where they increase rapidly with photon energy on the low-energy side of the
resonance. This is the same hump-like distribution observed over the LUMO. Past the
resonance, the SO ratios remain constant and will be discussed further in the next section.
In Figures 38 and 39, the molecules with the largest differences between parallel and
perpendicular directions are CFCl; and CF;Cl. In argon, the SO ratios are decreasing
dramatically over the 4p and np Rydbergs while in the Cl molecules, all the SO ratios are
decreasing over the 4p Rydberg except those in CF;Cl. The “atomic-like” 4p Rydberg
can be broken up into separate components, the p orbitals perpendicular to the bond axis
and the p orbital that is along the C—Cl bond. Excitation of these different states can lead
to different rearrangements of the electron cloud depending on the geometry of the
excited state. When the excitation is to orbitals oriented along the bond axis, the MF
effects are larger in the parallel direction, as was observed over the main resonance, and
conversely, excitations to perpendicular orbitals have small effects. Over the 4p
Rydberg, the p-parallel state is likely to have the largest MF effects and the p-
perpendicular states little effect. From this, the data suggests that the C;, molecules are
preferentially exciting the 4p state along the bond axis (which manifests itself as rather
large MF effects in the parallel direction) and the T4 and the C,, symmetry molecules are
exciting the 4p orbitals perpendicular to the axis (where small MF effects are seen in
either direction). This is the first measurement of this type and a theoretical model is
needed to understand the physics of these MF effects. Also, it is surprising to see such a
dramatic drop in SO ratios over the 2" molecular resonance (the same area where the
negative dispersion is seen) and also such a dramatic differenc¢ in CF3Cl compared to the

other molecules.
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Figure 38. Spin orbit ratios of CCly (a), CFCl; (b), CF2Cls (¢) and CF5Cl (d) plotted with
the absorption spectrum over the 2™ molecular resonance, the 4p and np Rydberg states

and the IP.

Figure 39 shows all four molecules plotted together in both polarization directions. In
the parallel direction, CCly, CFCl3, and CF,Cl, are essentially the same from +2.0 < Q <
+6.0; all three have the same trend in SO ratio with increasing photon energy with a
minimum around Q = +5.0. The decreasing SO ratio over the 4p Rydberg is the same
trend observed in argon. However, CF;Cl has increasing SO ratios with increasing
photon énergy and a maximum at = +5.0. In the perpendicular direction, all four

molecules have the same shape from +2.0 < Q < +9.5 with CF,Cl, having slightly larger
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values; 1.6 for CF,Cl, compared to 1.5 for the other three molecules and also show the

decrease in SO ratio over the 4p Rydberg seen in Ar.
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Figure 39. Spin-orbit ratios of CCls, CFCl3, CF,Cl,, and CF;Cl in the parallel (top) and

perpendicular (bottom) orientations plotted with the absorption spectra.

Polarization
The final parameter examined in this energy range is the x-ray polarization ratio; see

Figure 40. From this, CF5Cl and CFCls have the largest polarization effects; CF5Cl has
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large positive polarization ratios (~2.5) while CFCls has negative polarization ratios (~ -
0.5). The polarization ratios of CF,Cl, and CCly are approximately 1.0, which indicates
essentially no differences between parallel and perpendicular orientations (especially in
CF,Cl,). In this region, the MF effects are the greatest in the molecules with Cs,
symmetry. The large positive SO ratio of CF;Cl and the negative ratio in CFCls indicate
that peak 1 and peak 2 are not changing in the same manner (one peak is increasing and
the other decreasing in a given polarization direction) yielding a ratio different from oné,
this same effect was seen over the main resonance and suggests that one of the peaks is
more sensitive to the MF effects in this energy range with a large contribution in the
parallel direction. A theoretical model is also needed to explain these polarization

differences.
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Figure 40. Polarization ratio plot for CCly, CFCl;, CF,Cl,, and CF3Cl over the Cl 4p

resonance.
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Cl ls—o

In the final region of the K-L data, the 1s electron is excited into the continuum, or the
molecule is ionized; and is unlikely to produce an aligned gés—phase state. In this energy
range, there is no difference in parallel and perpendicular orientations for the peak width
and the dispersion, as they remain constant from 49.5 < Q < +70. Figure 41 shows the x-
ray peak widths from CCly, CFCl3, CF;Cl,, and CF;Cl in the parallel and the
perpendicular orientations. In both directions, the peak widths are statistically constant
from +9.5 < Q < +70; both having a width of 1.0 eV.

As seen over the main resonance, as the detuning becomes large (as is the case far
above the IP), the peak widths have the following asymptotic behavior I'(@w) = A/ V2
(which includes lifetime broadening effects). In this case, the peak widths are
approaching a value of 1.19 eV. This agrees well with the peak width dispersion seen in

Figure 41.
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Figure 41. Measured x-ray emission peak widths from CCl,, CFCls, CF,Cl,, and CF;Cl

in the parallel (top) and perpendicular (bottom) orientations.

The second parameter of the K-L data is the x-ray dispersion. Figure 42 shows the
change in x-ray dispersion with incident photon energy in both orientations for all four
molecules. Above the IP, there is relatively no change in K-L peak position in either

polarization direction. Similar to the peak widths, there are small fluctuations at higher
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photon energies due to satellite excitations and shape resonances (due to the molecular
field). This agrees well with previous work [8, 14]. The general trends in peak width and

dispersion are well known experimentally [8, 14] and theoretically [8, 23, 24].

2623.0 , . . .
Parallel
2622.5 - . { % % l % } % J
> . 1 . }
e 1.7 If%u ?’ v %T"" 1 + | %
4 : i 4 ' Y.
§ 20040 N v T 1
&
% 2622.0
e ' » Col,
» CFCH
CFQl, ]
v CFECl
2621.5 L . E—
10 20 30 40 50 60
Resonant Detuning, eV
2623.0 ¢ . . —
Perpendicular
26225 - e o 1
S e . r’%”%"’ b T'%?v
3 P : - v o
£ yort ity :
@ -l v
g {
&
2 2622.04 4
= CC|,
s CFCI, |
CF,Cl,
v CFCI
26215 4—————— E——
10 20 30 40 50 60

Resonant Detuning, eV

Figure 42. X-Ray dispersion in the parallel (left) and perpendicular (right) polarization

directions above the ionization potential.
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Like the peak widths and the x-ray dispersion, the SO ratios remaiﬁ constant when the
excitation is to the continuum, however, there are differences in the polarization
directions and among the four molecules; see Figure 43. In the parallel orientation,
CF;Cl has the highest SO ratio (2.1), CF,Cl; and CFCls are statistically the same with a
SO ratio of 1.8, finally, CCly, has the. lowest SO ratio at 1.6. Also, the SO ratios of CCly
are oscillating around the value of 1.6 above the IP which is a phenomenon not seen in
any of the other molecules; see Figure 44. This trend is not a consequence of
experimental fluctuations, however, as the SO ratios are highly reproducible. In the
perpendicular direction, CCl,, CFCl;, and CF5Cl are the same with a SO ratio of 1.5;

while the SO ratio for CF,Cl, is higher in the perpendicular direction (1.6).
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where the lines between data points were added to guide the eye.

Differences between molecules and deviations from the theoretical 2:1 must be
attributed to molecular field effects in this energy range. Since the initial excitation is to
the continuum, there are no resonant contributions and all differences in the SO ratio are
due to the molecular field. Mixing of the 2p states can be attributed to changes in
ground-state symmetry above the IP [42]. The creation of a‘core-hole causes the outer
electrons to rearrange to stabilize the core-hole. This rearrangement leads to changes in
the equilibrium bond lengths and also differences in the bond angles. The changes in
symmetry are dependent on the molecule from which they arise [42, 43, and 45] which is
vwhy we see such dramatic differences among the four molecules. Also seen in the other
energy ranges, CF;Cl has significant differences between the parallel and perpendicular
directions (evident in Figure 43). Even in this energy range, where the molecular system
is not aligned, the MF effects are larger in the parallel direction; supporting the claim that

the MF coupling is stronger in the parallel direction. The oscillations in the parallel
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- direction in CCly4 could be explained by the MF “switching” from preferentially affecting
the orbitals along the axis to the orbitals perpendicular. This would explain the upper SO
ratios being constant around 1.7 and the lower SO ratios being constant around 1.5.

The final parameter in this section is the x-ray polarization ratio; see Figure 45. For
all four molecules, the polarization ratio remains constant over the entire 1s—co range
with CCly and CF,Cl, having the same polarization ratio of 1 (little polarization). The
largest polarization ratio is seen in CF;ClI at 2.0; which agrees well with Figure 43 where
the largest SO ratio difference in parallel and perpendicular orientations was seen in
CF;Cl. Finally, CFCl; has the lowest polarization ratio (0.5) and has a substantial
polarization effect, as seen in Figure 43. The polarization ratios agree well with the MF
effects in the SO ratio where CF;C1 had the largest difference and CF,Cl, having little

differences in the two polarization directions.
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CHAPTER 6

CHLORINE K-V RESULTS
Similar to the K-L data section, four data parameters will be discussed for CF,Cl,,
CCly and CF;Cl; peak widths, x-ray dispersion, peak ratios, and polarization. Since the
molecular orbitals involved in the K-V x-ray emission are more complicated, a brief
discussion of the empty and valence MQO’s will be presented. In this section, each
molecule will be discussed separately with a brief comparison of all three molecules at

the end of this chapter.

CF,Cl,
K-V Valence Molecular Orbitals
In this section, the initial absorption is the same as in the K-L data section; see

Chapter 5, pages 67 - 70, but the emission in this energy range corresponds to the Cl
3p—>1s valence x-ray emission and only orbitals with Cl 3p character contribute to the
emission. The emission profile at this energy is more complicated than the K-L (where
the six electrons contribute to two emission peaks) because the valence electrons are
involved in bonding. The valence molecular orbitals (MOs) can be approximated using
linear combinations of atomic orbitals (LCAQO). In this picture, the atomic orbitals from
chlorine, carbon, and fluorine combine to form MOs of different symmetries. In Cy,

molecules such as CF,Cl,, the two C-Cl bonds point in different directions (although they
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exist in the plane defined by the two Cl atoms and the C atom) and, using point group
symmetry, MOs with a; or b, symmetry are symmetric about these two axes (z and y by
definition) or more specifically, are symmetric about the C1-C—Cl plane of symmetry
(and the symmetry axis). See Appendix III for character tables to see how these orbitals
change depending on the symmetry operation. For example, the 95, MO (which
contributes to the intensity of peak 1) is largely ClI 3p, but also has contributions from the
C 2p and the F 2p. MOs with a; and b; symmetry are oriented in a combination of
directions, xy in a; or x in b, and are perpendicular, or not symmetric about the Cl—C—Cl
plane of symmetry. Figure 46 shows the Cl K-V x-ray emission spectra of CF,Cl, at four
incident energies; at 2823 eV (the 1s—13a,, 10b, excitation), at 2827.2 eV (the 1s—4p
Rydberg), at 2829.1 eV (the 1s—np Rydberg) and at 2860 eV (far above the IP) where
the parallel spectra have been smoothed using 5-point adjacent averaging to reduce the
noise. Also, in Figure 26, the peak fits calculated in IGOR® are provided for the parallel
direction.

As discussed in Chapter 3, pages 20 — 21, core levels undergo rapid Auger decay (10°
15) so fluorescence is observed on a timescale much shorter than rotational time periods
(10" to 10"% s) so any aligned system produced by the core hole is retained during the
emission process. As an example, when the excitation is on top of the main absorption
resonance (1s—13a;, 10b,), the CF,Cl, molecules will be aligned with the CI-C-Cl plane
of symmetry (which includes the molecular symmetry axis) in the synchrotron radiation
polarization direction. Emission from a; and b, orbitals will then have larger intensity in
the parallel direction and those from b and a; will be more intense in the perpendicular;

allowing the orientation of MOs to be studied [4]. Polarization measurements can also
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yield relative contributions in the emission spectra from MOs of different symmetry;
specific examples of this will be seen in the following sections.

On the main resonance (2823 eV), there are four emission lines in the parallel
orientation that are attributed to the 12a,, 3a,, 6b,, 7b,, and 8b, molecular orbitals (peak
1), the 11a, and 2a; orbitals (peak 2) and the 10a,, 4b,, and 6b, orbitals (peak 4) and peak
3 has not been assigned previously; the varying amounts of 3p character associated with
these orbitals is described in Chapter 3, pages 26 — 28. There are only two peaks present
in the perpendicular spectrum, see Figure 46, as the two low energy peaks essentially
disappear in the perpendicular direction. The initial excitation is to MQO’s that are
symmetric about the Cl-C-Cl plane; peaks 2, 3, and 4 have significant intensity in the
parallel directic;n and therefore contain significant amounts of a; or b, character. Since
peak 1 has large intensity in .both directions, it has contributions from orbitals in the Cl—
C-Cl plane (a; and b,) and perpendicular to it (b, and a»). This can be seen from the MO
assignment for peak 1 where is has contributions from all four types of orbitals.

Over the 4p Rydberg, there are four peaks in the perpendicular (the low energy is
weak and cannot be analyzed at this energy) and four in the parallel. On the np and
above the IP, there are four peaks in both the parallel and the perpendicular orientations.
Above the main resonance, the second peak appears as a shoulder to the main high-
energy peak in both polarization directions. On the np Rydberg and far above the IP,
there is a large tail in the perpendicular direction. A possible explanation for this is
masking in the parallel direction from the crystal slit (where the crystal slit physically
blocks the photons contributing to the tail); especially since this does not occur in the K-L

energy range or in argon.
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Figure 46. Measured Cl K-V x-ray emission from CF.Cl, at 2823 eV (the 1s—13a,, 10b>
excitation), at 2827.2 eV (the 1s—4p Rydberg), at 2829.1 eV (the 1s—np Rydberg) and
at 2860 eV (far above the IP), normalized to peak 1, with the peak-fitted spectra in the
upper left. The peaks are reversed in the peak fit due to the geometry of the detector and

are corrected during the energy calibration procedure.
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Peak Widths

The measured x-ray emission peak widths of peak 1 (defined in Figure 46) in both
polarization directions over the main absorption resonance, over the 4p resonance, and
above the IP are shown in Figure 47. Over the main resonance, Figure 47, the peak
widths fall in the predicted parabola-like distribution [15, 23, 24] with a minimum on top
of the resonance; this is the same trend seen in the K-L energy range. Over the 4p
resonance, Figure 47, there is also a decrease in peak width on top of the resonance
(especially in the perpendiculkar direction) followed by a sharp decrease in the peak
widths at the IP (2829.6 eV). Far above the IP, the peak widths remain essentially
constant in both polarization directions; see Figure 47, with widths in the perpendicular
direction being larger, 2.2 eV compared to 1.6 eV. The contribution to the increased
peak widths in the perpendicular direction stem from the large high-energy tails. The
peak widths would be comparable (as predicted by theory) if the crystal slit did not block

the high-energy contributions in the parallel direction.
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Dispersion
The measured x-ray dispersion of peak 1 is plotted against incident photon energy
over the main absorption resonance (LUMO), over the 4p Rydberg, and far above the IP

in Figure 48. Over the main resonance, the dispersion has the same non-linear shape that
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was seen in the K-L energy range (although it is less pronounced) and can also be
explained with equation 18; this was also seen in the K-V data in HCI [15]. The peak
energy on top of the resonance is 1.5 eV lower than the values measured above the IP
(2815 eV versus 2816.5 eV); there is significant screening occurring on the 1s—13ay,
10b, resonance as was seen by Lindle et al [30]. The degree of screening is dependent on
the molecule (and the MOs involved in emission) because the promoted electron (and the
core hole) causes a rearrangement of the electron cloud. Molecular orbitals that occupy
the same space as the promoted electron (and the core hole) are more affected and show
the largest energy shifts. This effect was not observed in the K-L data.

Over the 4p Rydberg, Figure 48, there is a linear increase of peak position with
photon energy (as was seen in the K-L data) to a value of 2816.3 eV on the top of the
resonance; this value is 0.2 eV smaller than the value above the IP. As shown by Agren
and Gel’mukhanov, the screening effects on the Rydberg states in CF,Cl, are small, due
to the decreased overlap of the 4p Rydberg and the core-hole and because the promoted
electron is to states of mixed symmetry. These screening effects are on the same order of
magnitude as those observed in the H,O and CO Rydberg states [33]. The dispersion
then remains essentially constant over the np resonance at 2816.5 eV with only slight
fluctuations. After the IP, Figure 48, the peak positions are constant in both directions

and close to 2816.5 eV and are the values measure by Lindle et al {30].
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plotted with the absorption spectrum (line).

The dispersion trends in peaks 2 — 4 are similar to those seen in peak 1; see Figure
48a. Over the main resonance, the non-linear dispersion is more dramatic for peaks 3 and
4; this is a 3 eV increase over the resonance for peak 1 versus a 5 eV increase for peaks 3
and 4. Dispersion differences among the four emission peaks can be attributed to

screening effepts; which can be described by examining the molecular orbitals
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contributing to the emission. Since the initial excitation is to orbitals of a; or b,
symmetry, emission from orbitals of the same symmetry have more overlap with the
core-hole and therefore, have larger screening contributions. Peaks 3 and 4 are largely
composed of orbitals of a; and b, symmetry so the screening effects will be dramatic (a;
orbitals occupy the same regions of the molecule so valence MOs of a; symmetry will
interact more with the promoted electron and the core-hole). Peaks 1 and 2 have less (but
still significant) screening effects because they have contributions from orbitals of
different symmetry (a; and b; in peak 1 and a, in peak 2). There is still significant
overlap from the other orbital contributions of a; symmetry but this is expected to be less
dramatic due to the perpendicular MOs that also contribute. The four peaks have similar
distributions over the 4p Rydberg and far above the IP where the overlap with the core-

hole is diminished.
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Figure 48a. Measured Cl x-ray dispersion of all four emission peaks over the K-V
energy range (error bars are omitted for comparison but are the same as in Figure 48) in

CF.Clh.
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Peak Ratios

The orbitals in the K-V x-ray emission are involved in molecular bonding and are
delocalized over the entire molecule according to the symmetry of the point group.
Because of this, the spin orbit ratio is not a valid parameter since the orbitals involved
have chlorine 3p character and some character from the chlorine 3s, fluorine 2p, and
carbon 2p orbitals (also the SO splitting of Cl 3p is small ~0.2 eV and cannot be
resolved). A more valid parameter will be the peak ratios; namely the ratio of peaks 2, 3,
and 4 to that of peak 1 defined as R;), R3;, and Ry, respectively.

Figure 49 shows the peak ratios over the main absorption resonance and the Rydberg
states in the parallel and perpendicular directions. In the parallel orientation, R, shows a
slow increase with increasing photon energy over the main resonance; meaning the
intensity of peak 2 relative to peak 1 is changing very little over the resonance. Ri; and
R4 are the same over the resonance, where they have a U shaped distribution over the
main resonance with-a minimum close to the resonance maximum; Figure 49 (a). The
ratios in the perpendicular direction are changing much more drastically over the main
resonance, Figure 49 (b). R;) is steadily decreasing on the low-energy side of the
resonance and then remains constant over the top and on the high-energy side. R3; and
Ry, are very small over the energy range (indicating very large differences between peak
1 and peaks 3 and 4). From examining these trends, one can expect large polarization
effects over the main resonance (these will be examined in the next section).

Over the first resonance, the largest difference is seen in the parallel direction
between peaks 3 and 4 and peak 1. Peak 3 and peak 4 have similar orbital makeup and

are oriented largely in the parallel direction (with significant a, and b, character), as the
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ratios are essentially zero in the perpendicular direction. Peak 2 also contains a large
amount of a; character as the ratio between peak 2 and peak 1 also decreases dramatically

in the perpendicular direction.
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Figure 49. Measured Cl K-V peak ratios of CF,Cl, in the parallel (top) and perpendicular
(bottom) orientations plotted with the absorption spectrum (line) over the main resonance

and the Rydberg states.
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Over the 4p RydBerg and close to the IP, the peak ratios in the parallel direction are
fluctuating rapidly; see Figure 49. In this direction, Ry, is the largest followed by R3
followed by Ry;. The ratios are changing dramatically at this energy and indicate that
polarization is not the only effect and nondipole effects could be significant (explained in
detail with the peak ratios above the IP). In the perpendicular direction, Ry; increases
over the 4p and the np Rydbergs then remains constant past the IP while R3; and R4, have
similar dispersions in this range as they both increase over the 4p Rydberg and then
remain constant close to the IP.

Comparing parallel and perpendicular directions over the Rydberg states further
confirms that both peak 3 and peak 4 have significant a; and b, character; as there are
significant differences between the parallel and the perpendicular directions. Also, peak
1 has a mixture of molecular orbital contributions (as there is si gnificant intensity in both
directions). Differences in peak 3 and peak 4 at this energy range result from excitations
to p orbitals along the C—Cl bonds or p orbitals perpendicular to the axes. Peaks with
MO’s that contain a; and b, symmetry (z and y directions along a C-Cl axis) will also
show differences in the perpendicular direction compared to orbitals of b, symmetry (x-
direction, perpendicular to both C—Cl bond axes). As seen in Figure 49, Ry, is essentially
zero while R3; # 0 so peak 3 has more contribution from orbitals of b; symmetry
compared to peak 4. While both peaks contain significant amounts of a; and b, character

(as the ratios are still small), peak 3 also has some contributions from orbitals of b,

character as Rj; is larger than Ry;.
Far above the IP, the peak ratios are constant for all peaks and for both polarizations;

see Figure 50. In both polarization directions, Ry is the largest followed by R3; and then

120

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



R4;. Although the x-ray emission is predicted to be isotropic at this energy (because the
system is not aligned) [4, 30], there are differences in the two polarization directions that
have not been seen before; R3; and R4 are much larger in the parallel direction. Also, as
seen from Figures 46 and 50, peak 4 disappears in the perpendicular direction even at
energies far above the IP while it has significant intensity in the parallel direction.

Possible explanations will be presented in the next section (polarization).
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Figure 50. CI K-V peak ratios of CF,Cl, in the parallel (top) and the perpendicular

(bottom) polarization directions above the IP plotted with the absorption spectrum (line).
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Polarization

The relative polarization of each of the four x-ray emission peaks at the K-V energy
range is plotted against the incident photon energy (Figure 51), where polarization was
defined in Chapter 4, page 89 and is the measure of the relative difference between the
parallel and the perpendicular orientations (with a maximum value of 1, and a minimum
of —1 where 1 and -1 represent significant polarization effects and O represents zero
polarization effects). Although only the relative polarization values are given and no
conclusions can be drawn about the values themselves, the differences between the foﬁr
peaks can still be assessed by examining the trends in the polarization values.

Over the main resonance, Figure 51, peak 1 has a negative polarization (the intensity
in the perpendicular direction is greater than the intensity in the parallel); with decreasing
polarization values over the top of the resonance. Since the polarization value is
negative, peak 1 has greater intensity in the perpendicular direction. Peak 2 has a
negative polarization far below the top of the resonance and a positive polarization over
the top of the resonance and on the high-energy side of the resonance; indicating it has
mixed MO contributions. The polarization of peak 3 increases on the low-energy side of
the resonance and remains close to 1 over the top of the resonance and on the high-energy
side. Peak 4 shows the same dispersion as peak 3, remaining positive and close to one.
The large positive polarization values for peaks 3 and 4 indicate they have large MO
contributions in the parallel direction. This trend in polarization over the main resonance
agrees well with Figure 46 where peaks 2, 3, and 4 (which have large contributions from
MOs of a; symmetry) are much more intense in the parallel orientation compared to the

perpendicular.
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Figure 51. CI K-V polarization plots for CF,Cl, of each of the four emission peaks from
(top) 2820 — 2835 eV and (bottom) 2830 — 2885 eV plotted with the absorption spectrum

(line).

The polarization of peak 1 shows small changes over the main resonance. This also
supports that peak 1 has contributions from MOs symmetric about the CI-C—Cl plane (a,
and b> MOs) and from MOs perpendicular (b;). Peak 1 has polarization values close to

zero, suggesting small differences between parallel and perpendicular directions (or a
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mixture of MOs with parallel and perpendicular symmetry). The polarization of peaks 2,
3, and 4 are essentially the same (and quite significant) approaching a maximum value
for the polarization (1) also supporting that they have large contributions from MOs of
parallel (symmetric about the C1-C—Cl plane) symmetry (a; and bzﬁ. These results agree
with previous measurements made on CF>Cl, [30]

Over the 4p resonance, the polarizations of the four peaks cluster into two groups;
negative values (peak 1 and peak 2) and positive values (peak 3 and peak 4); indicating
peaks 1 and 2 have contributions from MQO’s perpendicular to the symmetry axis while
peaks 3 and 4 have contributions from MO’s along the axis. Peak 4, however, has a
larger polarization effect than peak 3. This is because peak 3 has larger contributions
from MO’s of b, (perpendicular) symmetry. Far above the IP, there are large differences
among the three peaks (anisotropy).

Because of experimental differences, the polarization ratio is a valuable tool to
compare the polarization changes of one peak to another, since taking the ratio eliminates‘
any experimental effects, specifically the difference in counting times, solid angle, and
detector efficiency. Figure 52 shows the polarization ratios of peak 1 to peak 2, peak 1 to
peak 3 and peak 1 to peak 4 over the first resonance and the Rydberg states. Over the top
of the main resonance, the polarization ratios are the same for all four peaks. This
supports the molecular orbital assignments where peaks 2, 3, and 4 have MQ’s that are
symmetric about the C—Cl axis and that peaks 1 and 2 have contributions from MO’s

perpendicular to the axis.
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Figure 52. Cl K-V polarization ratios from CF,Cl, over the first absorption resonance and

the Rydberg states (top) and above the IP (bottom) with the absorption spectrum (line).

Over the 4p and np Rydbergs and far above the IP, the polarization ratio of peak 1 to
peak 2 remains close to 1 with small fluctuations around the np Rydberg; suggesting the
polarizations of peaks 1 and 2 are similar at this energy range (which was seen in the
polarization plots). The ratios of peaks 1 and 3 and peaks 1 and 4 are negative and

decrease with increasing photon energy. This means the polarizations of peak 1 and
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peaks 3 and 4 are quite different over this energy range, yielding ratios vastly different
from 1. Far above the IP there is a vast difference between the polarization ratio of peak
1 and peak 2 (2.0) and peak 1 and peak 3 (—4.0) suggesting the emission at this énergy is
anisotropic. This anisotropy is reported here for the first time.

Previously, x-ray emission at high photon energies was observed to be isotropic, as
measured in CH;Cl and predicted for CF3Cl [4, 30]. Polarization differences above the
IP observed at the K-V energy range can be attributed to nondipole effects; Chapter 3,
page 34. These effects are bond-length dependent, as in diatomic molecules, or depend
on the separation of Cl atoms in polyatomic molecules; which makes CF,Cl, a good
candidate since the two Cl atoms are sufficiently separated. The small excitation
wavelength and large internuclear separation of the CI atoms render the dipole
approximation invalid and phase variations over the molecule become significant [40].
These variations can lead to vibronic coupling, as seen in CO; [38]. In this scheme, near
degenerate core-excited states (i.e. the two s orbitals of the Cl atoms) can couple in the
core-excited state via antisymmetric vibrational modes [38, 62]. The coupling occurs in
the antisymmetric mode because the Cl 1s belong to MO’s of different symmetries. This
coupling opens up decay channels that otherwise would not be seen (like the
ungerade—ungerade transition seen in Cl, [40], or nondipole transitions since they are
not seen without the coupling). Opening these channels would account for the
differences observed in the peak ratios (and polarization) in the parallel and the
perpendicular directions. The nondipole effects are expected to be larger in the parallel
direction where the coupling is between the a, and b, MO’s (the orbitals where 1s

electrons reside) and maximum emission intensity is in the parallel direction. Nondipole
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effects are possible below the IP, and could explain the differences seen over the Rydberg
states, but not as evident because the polarization effects are large.
Bonus Peak

At three incident photon energies on the low energy side of the 4p resonance (close to
the 2" molecular resonance), a bonus high-energy peak appears in the perpendicular
orientation at 2819.2 eV, see Figure 53. At the lower photon energy, 2826.18 eV, the
peak is the most intense and as the photon energy is increase, the bonus peak decreases in
intensity until it disappears close to the 4p Rydberg. This high-energy peak appears due
to vibrational excitation of the intermediate and final states. In this case, VozV; but v,=v¢
where 0, 1, f, are the ground, intermediate, and final states and the difference in energy

between the main emission peak and the bonus peak is the difference in vibrational

energies.
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Figure 53. Cl K-V x-ray emission spectra of CF,Cl, at 2826.18 eV (line), 2826.5 eV

(dash) and at 2826.78 (dots).

127

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



CCL
K-V Valence Molecular Orbitals

In this molecule, only data at six different incident energies were collected (due to
time constraints); thus rendering it difficult to draw any major conclusions. The initial
absorption for CCly is the same as in the K-L data section; see Chapter 5, pages 67 — 70.
Figure 54 shows the Cl K-V x-ray emission spectra for CCl, at four incident energies, at
2822.5 eV (the 1s—7ay, 8t, excitation), at 2827.35 eV (the 1s—4p Rydberg), at 2830.65
eV (the 1s—np Rydberg) and at 2860 eV (far above the IP). On the main resonance
(2822.5 eV), there are four emission lines in the parallel orientation; one very broad
feature, with contributions from peaks 2 and 3, and two narrow, peaks 1 and 4. Thére are
only two emission peaks in the perpendicular and, similar to CF,Cl,, the low energy
peaks essentially disappear in the perpendicular direction. Peak 1 is comprised of the 2¢),
7t,, and 2e — la,, 1t, transitions, peak 2 is the 6¢, — lay, 11 transition, peak 3 is the 6a,
— lay, 1t transition and peak 4 is the 5t — lay, 1t transition [66, 67]. From the peak
assignments, peak 1 has contributions from MO’s symmetric about the four C-Cl axes
(#2) and from MO’s perpendicular to it (¢;, ) and therefore has significant intensity in
both directions. Peaks 2, 3, and 4 are composed of MO’s that are symmetric about the
axes (aj, ) and have little intensity in the perpendicular direction (as seen from Figure
54). On the 4p Rydberg, there are three peaks in the perpendicular and four in the
parallel; two narrow and one large, broad peak (with contributions from peaks 2 and 3).

The same is true on the np Rydberg and far above the IP.
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Figure 54. Measured K-V x-ray emission from CCl, at 2822.5 eV (the 1s—7ay, 8%

excitation), at 2827.35 eV (the 1s—4p Rydberg), at 2830.65 eV (the 1s—np Rydberg)

and at 2860 eV (far above the IP) with the curve fitting in the upper right corner.

Peak Widths

The measured x-ray peak widths of peak 1 in CCly in the parallel and perpendicular

orientations are plotted in Figure 55. Over the entire energy range (2820 — 2860 eV) the

peak widths in the parallel and perpendicular orientations are the same except on the

main resonance where the parallel spectrum has a width of 2.2 eV while itis 1.5 €V in the

perpendicular direction; we attribute this discrepancy to experimental uncertainty because
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of insufficient counting time. The widths on the np Rydberg, on the IP, and far above the
IP are all the same in both directions, having a width of 2.1. The peak widths are smaller

on the resonances (compared to above the IP); which agrees well with CF,Cl, and theory

[23].
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Figure 55. Measured Cl K-V peak widths of CCly in the parallel (solid) and perpendicular

(empty) orientations plotted with the absorption spectrum (line).

Dispersion
Similar to the effects seen in the K-V x-ray dispersion of CF,Cl,, the energy of peak 1
on the main resonance is 1.0 eV lower than the energy far above the IP; see Figure 56.
The peak energies increase with increasing photon energy over the main resonance, the
2™ molecular resonance, the 4p Rydberg, where they level off and remain constant over
the np Rydberg, across the IP and far above the IP. Similar to the effect seen in CF,Cl,,
there is significant screening on the main resonance (a —1.0 eV energy difference) and

minor screening effects seen on the Rydbergs (a +0.1 eV energy difference on the 4p
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Rydberg). Just as in CF,Cl,, peaks 2, 3, and 4 are expected to have larger screening
effects, as there is greater overlap of a, and #, orbitals with the core-hole. Although there
is not sufficient data over the main resonance, the dispersion is predicted to obey

equation 18 [15].
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Figure 56. Measured K-V x-ray dispersion of CCly in the parallel (solid) and

perpendicular (empty) plotted with the absorption spectrum (line).

Peak Ratios
The x-ray peak ratios are plotted in Figure 57 for the parallel and perpendicular
orientations. In the parallel and the perpendicular directions, Rz, remains constant over
the entire energy range (2820 — 2860 eV) with the ratio in the parallel direction being
larger than that in the perpendicular. In the parallel direction, R3; is similar to that of Ry
except on the np resonance where it is significantly smaller. Rj; is small over the entire

energy range in the perpendicular direction. Similar to the effect seen in CF,Cl,, there
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are large differences in the peak ratios between the parallel and the perpendicular

directions.
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Figure 57. Measured K-V peak ratios of CCl in the parallel (top) and perpendicular

(bottom) orientations plotted with the absorption spectrum (line).

Differences in these ratios are due to polarization effects; peak 1 has contributions
from MO’s that are symmetric about the C—Cl axes (a,) as well as from MOs that are

perpendicular (z;, e); while peaks 2 — 4 are composed of MOs in the parallel direction (a;
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and 1), as seen by the drastic decrease in all peak ratios (especially peaks 3 and 4) in the
perpendicular direction. Also, differences between the two orientations can be attributed
to nondipole effects (as there is a large difference in polarization directions above the IP
where the emission was presumed to be isotropic). A further discussion will be presented
in the polarization section.
Polarization

In CCl, in the K-V energy range, the relative polarization of peak 1 is increasing with
increasing photon energy from the main resonance, over the 2" molecular resonance,
over the 4p Rydberg, the np Rydberg and the IP but always remains negative; see Figure
58. As the photon energy is tuned away from the molecular resonances and to the less
symmetric atomic-like Rydbergs, the polarization effects decrease. The polarization of
peak 2 is decreasing with photon energy over the main resonance, the 2" molecular
resonance and the 4p Rydberg (indicating there are large contributions from MO’s
symmetric about the C—Cl bonds) and increases over the np but also remains negative
over the entire energy range. The negative polarization indicates there is more intensity
in the perpendicular direction; most of the contributions to peak 1 are from the ¢, and e
orbitals. Like peak 1, peak 3 is increasing over the entire energy range but has large
positive polarization values. Peak 3 shows the largest polarization effects (the same as
was seen in CF>Cly) as it disappears in the perpendicular direction at some energies.
Peaks 3 and 4 are expected to be composed of MO’s that are a; and t, in character as the
polarizations are large and approach 1. Far above the IP, peak 1 and peak 2 remain
negative while peak 3 remains positive. This large difference in polarization far above

the IP is tentatively attributed to nondipole effects. Just as in CF>Cl, vibronic coupling
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is lifting the degeneracy of near identical states (and CCly has two more than CF,Cl,).
This coupling can open decay channels usually not accessible in normal dipole emission.
This effect is large in CCly as the polarization of peak 3 is much larger than that of peaks
1 and 2.
The polarization ratios of peak 1 to peak 2 lie in a similar distribution compared to the

polarization values of peak 2. However, since the polarizations of peak 1 and peak 2 are

- both negative, the ratio is positive; see Figure 58. The polarization ratio of peak 1 to
peak 3 is large and positive on resonance, and then remains small and negative over the
rest of the energy range. Far above the IP, the polarization ratio of peak 1 to peak 2 is 1.5
while that of peak 1 to peak 3 is ~1.0; indicating there is anisotropy at this energy range;
similar to that seen in CF>Cl,. The polarization ratios of peak 1 to peak 2 and of peak 1
to peak 3 are of different sign far above the IP. This indicates the nondipole effects in
CCly are quite significant; which can be expected as CCly has twice as many CI atoms as
CF,Cl,. This means there are four near degenerate states that can be lifted due to the
vibronic coupling (4 C1 1s core orbitals in CCly versus 2 in CF,Cl,). Because coupling
can occur with two or more near degenerate states, the nondipole effects should be
greater (or more otherwise forbidden channels can be opened). This explains why there
are larger effects seen in CCly above the IP. It is expected the coupling mechanism for

nondipole effects is the same in both molecules.
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Figure 58. Cl K-V polarization (top) and polarization ratio (bottom) of CCl, from 2820 -

2860 eV with the absorption spectrum (line).

CF;Cl
K-V Valence Molecular Orbitals
The previous mélecules in this energy range (CF,Cl, and CCly) contain multiple
chlorine atoms; CF;Cl is unique because it is the only molecule with only one chlorine

atom. Because of this, CF5Cl can be considered a pseudo diatomic molecule (C—Cl) and

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



treated with a simple classical picture. The initial absorption for CF;Cl is the same as in
the K-L data section; see Chapter 5, pages 67 — 70. Figure 59 shows the Cl K-V x-ray
emission spectra at four incident energies, at 2823.5 eV (the 1s—11q, excitation), at

2827.8 eV (the 1s—4p Rydberg), at 2829.2 eV (the 1s—np Rydberg) and at 2855 eV (far
above the IP). On the main resonance (2823.5 eV), there are four emission lines in the
parallel orientation; one broad and three narrow, and only three in the perpendicular; like
the other two molecules, the low energy peak essentially disappears in the perpendicular
direction. Peak 1 has been assigned to the 7e — 1a; transitions, peak 2 to the 10a,, Se —
la, transition and peak 3 to the 4e, 9a,— 1a, transition. Just as in CF,Cl, and CCly, peak
1 is largely comprised of a MO that is perpendicular to the C-Cl bond axis (e), which is
also the symmetry axis, while peaks 2, 3, and 4 are largely MO’s symmetric about the
symmetry axis (a;). On the 4p Rydberg, there are three peaks in the parallel; two narrow
and one broad, and three peaks in the perpendicular (peak 4 is very weak and not
analyzed). The same is true on the np Rydberg and far above the IP. However, at these
higher energies, there is statistically no difference between the parallel and the
perpendicular orientations and the x-ray emission is largely isotropic (this will be

discussed in further detail in the following sections).
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Figure 59. Measured Cl K-V x-ray emission spectra of CF;Cl on the main resonance
(1s—11ay), on the 4p Rydberg (1s—4p), on the np Rydberg (1s—np), and far above the

IP with the peak fit for the parallel direction in the upper left corner.

Peak Widths
The measured K-V x-ray peak widths over the main absorption resonance, over the 4p
and np Rydbergs, and far above the IP are shown in Figure 60. Similar to the peak width
distribution seen over the main absorption resonance in the K-V emission of CF,Cl; and
of the K-L emission seen in all four molecules, the peak widths of lie in the same
parabolic distribution seen in CF,Cl, and in the K-L energy range. Over the resonance,

there is no difference between parallel and perpendicular orientations.
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Over the 4p and np Rydbergs, the peak widths are increasing with increasing photon
energy and also show a decrease in width on the top of the resonance. Just after the IP,
the peak widths in both directions drop but then increase far above the IP. As in CF,Cl,

the difference in peak width above the IP is due to the crystal slit blocking the tail

contributions in the parallel direction.
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Figure 60. Measured peak widths from Cl K-V x-ray emission of CF;Cl in the parallel
(solid) and the perpendicular (empty) orientations from (top) 2820 — 2835 eV and

(bottom) 2830 — 2860 eV plotted with the Cl K-edge absorption spectrum (line).
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Dispersion

Figure 61 shows the variation of the x-ray peak energy dispersion with incident
photon energy over the main absorption resonance, over the 4p and np Rydbergs, and far
above the IP. The peak energies over the main resonance have the same non-linear
dispersion as CF,Cl, in the K-V energy range and also the same as all four of the
molecules in the K-L energy range (which is clearly seen in the perpendicular direction).
Variations in the parallel direction are due to an increase in noise at this energy range.
On top of the resonance, peak 1 has energy of 2815.5 eV, a value that is 1.6 eV less than
that far above the IP and is due to screening. This is different than the screening energy
of CF,Cl; and CCl, because the valence MO distribution is different in CF;Cl and the
promoted electron redistributes the electron cloud differently [33].

Over the 4p Rydberg, the peak energies are effectively constant in the parallel
orientation while, in the perpendicular direction, the peak energies are increase. On the
4p Rydberg, the peak energy is 0.4 eV lower than that far above the IP; yielding a
screening energy of 0.4 eV. Close to the IP and far above the IP, the peak energies
remain constant at 2817.1 eV in both polarization directions and are the same as

measured by Lindle et al [30].
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Figure 61. Measured ClI K-V x-ray peak dispersion for CF;Cl from (top) 2820 - 2835 eV

and (bottom) 2830 - 2860 eV plotted with the K-edge absorption spectrum (line).

Peak Ratios

The measured peak ratios in the parallel and the perpendicular orientations are shown

in Figure 62 over the main absorption resonance and the Rydberg states. Over the main
absorption resonance and the Rydberg states in the parallel direction, R,; remains close to
1, R3) is close to 0.6 and R4, remains close to zero. In the perpendicular orientation, there

are only three peaks over the entire resonance so two peak ratios are reported here. Over
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- the main absorption resonance, Ry; and R3; both decrease with increasing photon energy
at the same rate with R, having values between 0.8 and 0.12 and R3; having ratios
between 0.02 and 0.05. Over the Rydbérg states, Ry, decreases slowly with photon
energy but remains close to 0.3 over both Rydbergs and the IP. Rj; is also decreasing
with increasing photon energy but less drastically than R,;, remaining close to 0.05 close
to the IP. CF;Cl shows the largest polarization effects over the main resonance (as
compared to CF,Cl, and CCly); peaks 2 and 3 have very little intensity in the
perpendicular direction. The MO that contributes to peak 1 (7e) is oriented perpendicular
to the molecular symmetry axis while peaks 2 and 3 have contributions from MO’s with
varying amounts of e and a; symmetry. By looking at the ratios in the perpendicular
direction, peak 2 has more e character than peak 3 (R3 is almost zero in the
perpendicular direction indicating its MO contribution is largely oriented in the parallel
direction). The peak ratios have large variance in the parallel direction because all ratios
include peak 1 whose MO contribution is oriented perpendicular to the symmetry axis.

The effects over the 4p Rydberg are similar to those seen over the main resonance
when comparing trends in the parallel and perpendicular directions; there is more
variation in the parallel direction than in the perpendicular. This suggests that excitations
to the 4p and the np Rydbergs are exciting p-states that are along the bonding axis;
especially over the 4p Rydberg where there are still large polarization effects; see Figure
59. Also, at this energy range, peak 3 shows the largest polarization effects; further
confirming that peak 3 has the largest contributions from the 9a¢; MO and that peak 2

(smaller polarization effects) has significant contributions from the 5S¢ MO.
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Photon Energy, eV

the absorption (line).

Figure 63 shows the measured K-V peak ratios close to and far above the IP. Close to
the IP in the parallel direction, R, and R3, are larger than they are above the IP where
both decrease by 0.5. Ry is small (0.1) below the IP; peak 4 is not 'analyzed above the IP

so Ry 1s not reported. In the perpendicular direction, R, and R3; remain constant above
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and below the IP with R;, being larger than R3;. The parallel and perpendicular

directions will be compared in the polarization section.
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Figure 63. Measured peak ratios from the Cl K-V x-ray emission of CF;Cl from (top)
2830 — 2865 €V in the parallel and (bottom) 2830 —~ 2865 eV in the perpendicular with

the absorption spectrum (line).
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Polarization

The CI K-V relative polarization plots of peaks 1, 2, and 3 are given in Figure 64 to
compare polarization trends among the three peaks. Over the main absorption resonance,
the polarization of peak 1 remains negative while peaks 2 and 3 remain largely positive
over the resonance; which can be deduced from Figure 59, and is the same trend that is
seen in CF,Cl,. All three peaks show significant polarization; peak 1, being negative, is
polarized in the perpendicular direction (MO’s with ¢ symmetry) while peaks 2 and 3
have positive polarization values and are predominately oriented in the parallel (MO’s
with a; symmetry).

Over the Rydberg resonances, the relative polarization of peak 1 remains negative
and is clustered between —0.2 and —0.8. Far above the IP, the relative polarization of
peak 1 also rémains negative (-0.8). The polarization values of peak 2 on the 4p and the
np Rydbergs are negative and increase to positive values close to the IP. Far above the‘IP
the polarization of peak 2 is similar to that of peak 1 (-0.6). Finally, peak 3 essentially
remains positive over the Rydberg states and close to the IP. Far above the IP, the
polarization of peak 3 is close to that of peaks 1 and 2 (-0.5). Over this range, the
polarization of peak 2 becomes negative, further supporting that it has significant e
character. Peak 3 is largely positive and predominantly of @, character. Above the IP,
the relative polarization values of all three peaks are the same (within error). This means
there is no difference between the spectra collected in the parallel and the perpendicular
directions (isotropic x-ray emission). This is different from what was seen in CF,Cl, and

CCl.
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Figure 64. Relative C1 K-V polarization plots of CF5Cl from (top) 2820 — 2835 eV and

(bottom) 2830 — 2865 eV with the absorption spectrum (line).

The polarization ratios over the main absorption resonance, the 4p and the np
Rydbergs and far above the IP are plotted in Figure 65. Over the main resonance, the
polarization ratio of peak 1 to peak 2 and that of peak 1 to peak 3 are roughly the same;
having values between —2 and —1. This suggests the polarizations of all three peaks are
changing in the same manner over this energy rahge. Over the 4p Rydberg, the

polarization ratio of peak 1 to peak 2 is increasing slightly (remaining positive) while the
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ratio of peak 1 to peak 3 decreases from large and positive to small and negative. These
results agree well with the trends observed in CF,Cl; and CCly where MO’s with
significant @, character (symmetric about the symmetry axis) are more intense in the
parallel direction and those with e character (perpendicular to the axis) are more intense

in the perpendicular; results which have been well studied [4, 30].
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Figure 65. C1 K-V polarization ratios of CF;Cl from (top) 2820 — 2835 eV and (bottom)

2830 — 2865 eV with the absorption spectrum (line).
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Over the np Rydberg, the polarization ratios of peak 1 to peak 2 and that of peak 1 to
peak 3 increase slightly (from 1.1 to 2.2) with increasing photon energy. Far above the
IP, the polarization ratios of peak 1 to peak 2 and peak 1 to peak 3 are the same (1.3 and
1.6, respectively). This is different from what was seen in CF,Cl, and CCly where the
polarization ratios were vastly different, both numerically (CF,Cl,) and with a different
sign (CCly). The trend in polarization seen in CF;Cl agrees well with what was observed
in CH;Cl (strong polarization effects on the main resonance with small or no polarizatior;
effects seen far above the IP) [4] and also what was measured in CF;Cl [30]. This
molecule can be considered as a pseudo diatomic molecule (C-Cl) and can be thought of
in a simple classical picture. In such a rﬁolecule, there is only one Cl atom so there is no
coupling among near degenerate states to “turn on” transitions forbidden by the dipole
approximation. The emission in this molecule should therefore be isotropic above the IP;

and this is in fact the case as Figures 59 and 65 illustrate.

Polarization Ratios of CF,Cl,, CCly, and CF;Cl

The polarization ratios of CF,Cl,, CCl,, and CF;Cl will be discussed together to
assess similarities and differences among the three molecules. To organize the section,
each absorption feature will be discussed separately (namely the main resonance and the
Rydbergs followed by the continuum).

In all three molecules, there are large, but similar, polarization effects seen over the
top of the main absorption resonance where some of the emission peaks observed in the
parallel direction essentially disappear in the perpendicular direction; an occurrence

observed in many molecules [4, 30]. For all three of these molecules, the polarization

147

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



ratio is essentially changing in the same manner in all emission peaks; see Figure 66. In
this figure, all the polarization ratios are roughly constant regardless of the molecule.
Although observed in the K-L data, the effect is much more dramatic at this energy range
where the Cl 3p electrons are located in MO’s delocalized over the entir‘e molecule. In
these cases, the x-ray emission intensity in the parallel and t)erpendicular directions

depends on the orientation of the orbital with respect to the symmetry axis.

20 " il A L i i " L i i
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Figure 667 Comparison of the polarization ratios of CF,Cl, (line/solid), CCl4 (dash/x-ed),

and CF;Cl (dot/empty) over the first absorption resonance at the K-V energy range.

The polarization ratios of CF,Cl,, CCly, and CF;Cl are quite different far above the
IP. At these energies, there is no alignment of the molecules with respect to the
polarization of the incident x-rays and the emitted fluorescence is expected to be
isotropic. This is true for CF;Cl where there is no difference between the parallel and the

perpendicular spectra above the IP; see Figure 59. This is also seen in the polarization
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ratios where the ratio of peak 1 to peak 2 is the same as the ratio of peak 1 to peak 3 and
close to 1; Figure 67.

Isotropy above the IP is not seen in all the molecules. In CF,Cl; and in CCly, there
are large polarization differences seen above the IP; see Figures 46 and 54. This is also
evident in Figure 67 where the polarization ratios of peak 1 to peak 2 and peak 1 to peak
3 are different (especially in the ratio of peak 1 to peak 2 in CF,Cl, and the ratio of peak
1 to peak 3 in CCly where the ratio is negative). This difference in polarization ratio seen

vin these two molecules suggests there is a large molecular effect above the IP. Because
there is significant separation between chlorine atoms in these molecules, this effect must
be due to nondipole effects, as was suggested by Mills et al [40] and discussed
extensively in this chapter. In the K-L data, there were polarization differences in CF;Cl
above the IP that were attributed to molecular field effects which is not the case in the K-
V energy range where there is no difference in the spectra in the parallel and the

perpendicular directions.
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Figure 67. Comparison of the polarization ratios of CF,Cl, (line/solid), CCls (dashed/x-

ed), and CF;Cl (dotted/empty) far above the IP at the K-V energy range.
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CHAPTER 7

CONCLUSION
This chapter is divided into four séctions: the first section will discuss the absorption
features of all four molecﬁles, the second will discuss the data parameters that are well
understood (peak widths, dispersion, and polarization), the third will discuss the new
findings (SO ratios, nondipole, and anti-Stokes dispersion), and the final section will tie

all the data together.

Absorption Spectra

The Cl K-edge absorption spectra of CCly, CFCl3, CF>Cl,, and CF3Cl have similar
features; a main absorption resonance to an antibonding orbital oriented along the C-Cl
bond, a second low-intensity molecular resonance of mixed symmetry and 4p and np
Rydberg resonances (except for CFCl; where there are no np Rydberg features). The
absorption features are affected by the number of fluorine atoms present (as seen in the
increase of the LUMO peak with the addition of F atoms) and the symmetry (the higher
the symmetry the larger the IP). As expected, the atomic-like Rydberg resonances are at
relatively the same energy in all four molecules. All four of these spectra have been
measured in the past [30, 63] and those presented here agree well with previous

measurements.

150

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



Peak Widths, Dispersion, and Polarization

Over the first absorption resonance, the peak widths and the peak dispersion have the
same distribution for all molecules, in both polarization directions, and in both the K-L
and the K-V energy ranges. Also, it was found that as the detuning is increased from the
top of the resonance, the peaks broaden at the same rate in both polarization directions.
The hump-shaped peak width distribution and the non-linear peak dispersion can be
described using well known theoretical models, which are dependent on the detuning and
the final state lifetime broadening [8, 15, 23, and 24]. There is, however, significant
screening of the 3p—1s electrons in the K-V energy range due to the spectator electron.
This was observéd in all three molecules and is rather significant (1-2 eV) and was seen
previously [30]. Over the 4p Rydberg, the peak widths have the same distribution
observed over the main absorption resonance (especially evident in the K-L data), this can
be explained with equations 20-23, and is caused by the FC distribution; the same as over
the main resonance. This is not as evident in the K-V data, however, as the weak signal
results in more experimental error. There are also screening effects observed in the K-V
data on the 4p Rydberg (although rather small (~0.1 eV)). The dispersion is linear over
the 4p Rydberg (adding energy to the system increases the energy of the peaks) and
constant close to the IP [8, 14]. Far above the IP, the peak widths and the energy
dispersion are constant, which agrees well with what was seen in Ar, Xe [14], and Cu [8]
where the x-ray emission is considered fluorescence (absorption followed by emission).
At these energies, multielectron processes and vibrational excitation, although not

resolved, are common and contribute to the larger peak widths observed.
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Over the main absorption resonance in the K-V energy range, there are large
polarization effects observed. The initial excitation is to a MO ;)ﬁented along a C-Cl
bonding axis and, because of its symmetry, produces an aligned system where all the
molecules excited have their symmetry axes oriented in the direction of the electric field
of the incident radiation. As molecular tumbling is slow compared to x-ray emission, the
molecule remains frozen during the emission process making polarization measurements
on the valence orbitals possible. In all three molecules, peak 1 has significant intensity in
both polarization directions and contains large amounts of e or b, character

~ (perpendicular), depending on the point group. Peak two was found to have significant a,
and b, character as well as significant contributions from MOs of e and b, character (this
was observed on the 4p Rydberg where the p orbitals havé mixed symmetries). Peaks 3
and 4 are almost entirely composed of MOs of a; and b, symmetry. This agrees well

with the measurements by Lindle et al and the calculations by Perera et al [30, 31].

Spin-Orbit Ratios, Nondipole, and Anti-Raman Dispersion

Over the main absorption resonance in the K-L energy range, the SO ratios vary with
photon energy more drastically in the parallel direction. This suggests that the molecular
field effects are greater in the parallel direction (or along the symmetry axis) than they
are in the perpendicular direction (or orthogonal to the axis) and are dependent on the
symmetry of the molecule. The SO distribution in the perpendicular direction is similar
to that measured in argon. Over the Rydberg resonances, the SO ratios are the same for
each individual molecule; that is the parallel and perpendicular orientations have the

same shape over the 2™ molecular resonance, the 4p and the np Rydbergs and through the
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IP with the parallel values being higher than the perpendicular. This is true for all
molecules except CF;Cl where the SO ratios are vastly different in the parallel direction
over the 4p Rydberg. In this energy region, the molecular field is still affecting the SO
ratios even on an atomic-like resonance; especially in CF3Cl where the dispersion is
different from the other four molecules and from argon. Again, the large difference is in
the parallel direction (along the axis) where the MF has a larger coupling. The SO ratios,
while remaining constant above the IP, are different in each polarization direction and for
each molecule. The largest effects are seen in the parallel direction in CCly. In this
molecule, there are large oscillations in the SO ratio above the IP (which is not seen in
the perpendicular direction or in any other molecule) where small changes in symmetry
have large effects in this molecule.

In all the energy ranges of the K-L data, symmetry is a large contribution to the MF
effects. Over the main resonance and over the 4p Rydberg, molecules with C3, symmetry
have the largest differences between parallel and perpendicular directions. Distortions in
the ground-state geometry must affect C3, molecules more than T4 or C,, molecules.
Surprisingly, the emission spectra still retain the shape of the spin-orbit doublet even with

all the MF effects.

Polarization differences among CF,Cl,, CCly, and CF;Cl in the K-V energy range
have been attributed to nondipole effects. In CF,Cl, and CCly. the x-ray emission above
the IP is anisotropic, an effect not seen before. As there is relatively no alignment of the
molecular system at these energies, polarization effects are not the cause of this

anisotropy and must be attributed to nondipole effects. These effects are dependent on
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the separation of like atoms (Cl) as the large separation renders the dipole approximation
invalid and phase variations of the incident radiation over the molecule become
significant [40]. These variations lead to vibronic coupling among near degenerate states
(the two 1s core orbitals). This coupling can open channels otherwise not seen when the
dipole approximation holds; in the pseudo diatomic molecule CF;Cl, the dipole
approximation is valid as this molecule can be treated in a simple classical picture. These
nondipole effects are possible at energies below the IP but are not as evident as there are
such large polarization effects. The nondipole effects were also found to be dependent on
the number of like atoms (or the number of Cl atoms in this case). The differences in
polarization ratios were far greater in CCl, than they Were in CF,Cl, above the IP where

the number of Cl atoms has doubled; see Figure 68.

The peak energy dispersion over the 2" molecular resonance in the K-L energy range
was found to decrease with increasing photon energy. In this case, the emitted photon’s
energy is dependent on vibrational excitations; where excitation of several intermediate
states (contributions from the main resonance and the second molecular resonance) leads
to negative energy dispersion on the high-energy side of the 2"! molecular resonance. In

this case, the vibrational energy of the final state is greater than that of the initial state

(@, > @,) and the negative dispersion can be explained by equation 26. This negative

dispersion has been calculated in CO but this is the first experimental measurement of a

negative dispersion.
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Conclusion

In the K-L and the K-V energy ranges, the peak widths and the energy dispersion can
be described using intrinsic properties of the Cl atom (lifetime broadening) and the -
energy of the incoming photon (detuning); which is the same phenomenon observed in
HCI [15] (at both energy ranges) and is described by theory [23, 24]. The result of this
yields no differences between parallel and perpendicular directions and among different
molecules even though the molecules are of different symmetry with differing numbers
of F and Cl atoms. In contrast, the SO ratio (polarization) can be described by extrinsic
properties (molecular field effects or nondipole effects) and is dependent on symmetry,
the differing numbers of F and Cl atoms, and on which absorption resonance is excited.
The true nature and the magnitude of these new effects are unknown at this time and

theoretical models are required to fully investigate these phenomena.
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APPENDIX I

RAISING AND LOWERING OPERATORS OF J

The square of the total angular momentum is [21]:
J?=J2+J}+J} where [J?,J_]=0 (the same is true of J, and J5).
What then are the eigenstates of J° and J, such that
JEf=Af and J.f = uf ?
To determine the eigenstates, a ladder operator technique will be used. Let
Jo=J tiJ ,[J, ., J.]=2h],, and [J%,J.]=0.
Since fis an eigenfunction of J? and J, then so is J+ [64]. Because of this,
TN =T =) =AU,
where J+f1s an eigenfunction of J 2 with the same eigenvalue A. Now
J )= Je =T )+ 0 f=%hl f+]. ()= (uEh)J.f).
From this, J:fis an eigenfunction of J; with a new eigenvalue # % A. In this scheme, J, is
the raising operator as it increases the eigenvalue of J; by 4 and J. is the lowering
operator. To obtain the maximum eigenvalue, the following condition is applied:
J.f, =0
where f; is the function to obtain the maximum eigenvalue. Let #4j be the eigenvalue of J,

at the maximum:

J.f =hif, and J*f = Af,.
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It is now useful to determine the following:
J Je =, 2l YU FiJ )= +I2Fi(J J,-T,J )= =J2FiGh] ).
From this, we can say
JE=J,J:+J FR .
Now,
J =+ T2+ ) f, =O+n 2+ 1)) f, =R*j(j+ D,
and hence
A=ntj(j+1).
Applying the lowering operator to the function with the minimum eigenvalue yields the
following:
A=R(j =D
where j’ is the eigenvalue of J, at the minimum. We can conclude that
j==i
The eigenvalues of J, are m;i where m; goes from —j to j in integer steps (as the raising
and lowering operators change the eigenvalues by one unit of /). Finally,
j = £+ s (the definition of tQtal angular momentum) and
m;=—j—j+L...j-1].
For a given value of j, there are 2j + 1 possible states. This raising and lowering scheme
can be used to determine the eigenvalues of any angular momentum system (orbital, spin,
total). Imposing boundary conditions will d(;tennine if the eigenvalues have integral

values (such as orbital angular momentum) or half-integral values (as in spin).
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APPENDIX I1

AUTOCAD DRAWING OF THE X-RAY EMISSION SPECTROMETER
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APPENDIX III

CHARACTER TABLES FOR C,,, C3,, AND T4 MOLECULES

Character Tables [21]:

Cav E &) Oy c,’
A 1 1 1 1
Ar 1 1 -1 -1
B, 1 -1 1 1
B> 1 -1 -1 1
Csy E 2C; 30,
A | 1 1
Ay 1 1 -1
E 2 -1 0
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Ty 8C; 3C, 604 6S4
Al 1 1 1 1
As 1 1 -1 -1
E -1 2 0 0
T, 0 -1 -1 1
T, 0 -1 1 -1
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