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ABSTRACT

The design and construction of a large-radius, hemispherical-geometry electron

spectrometer is described. The spectrometer employs a position-sensitive microchannel

detector with position decoding accomplished by the rise-time method. Either a high-

energy ultraviolet lamp, or a pulsed, dye-laser are used to photoionize samples.

Single (PES) and multiple photon (MPTPES) ionization photoelectron

spectroscopy of triethylamine (TEA) was studied. The adiabatic ionization potential of

TEA was accurately determined using both single (7.47±0.04 eV) and multiphoton

(7.53±0.10 eV) ionization photoelectron spectroscopy. Although excitation to both the

Si and Sj states can occur, multiphoton ionization always occurs out of the Si state.

When dissociation of the cation occurs, the photoelectron energy distribution similarly

reflects this partitioning.

Bromochlorofluoromethane was also studied. By using a supersonic expansion to

cool the gaseous sample, it was possible to discern and assign vibrational structure of

several of the halogen photoelectron peaks. In addition, the adiabatic and vertical

ionization potentials were found to be 10.95 ± 0.05 eV and 11.28 ± 0.02 eV, respectively.
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CHAPTER 1

INTRODUCTION

The manner in which atoms combine to form molecules depends upon the energy

levels, spin, and angular momentum of the valence electrons. Chemical bonding involves

the interaction of the valence electrons, whether the bonding be ionic, covalent, or van

der Waal. Consequently, a complete understanding of the nature of molecules requires a

detailed knowledge of the quantum mechanical state of these electrons.

The technique of photoelectron spectroscopy is a powerful tool for probing the

orbitals of atoms and molecules. Angle-resolved photoelectron spectroscopy can provide

information on the orbital energies and angular momenta of the electrons as well as the

symmetry and structure of the ionic properties of molecules, and simplified selection

rules make photoelectron spectroscopy a powerful tool for determining orbital energies.

Photoelectron spectroscopy (PES) is based upon the familiar photoelectric effect.

This effect is more commonly seen in solids, wherein a photon, impinging on a surface,

causes the sohd to release an electron with a kinetic energy,

KE = hv-(t), (1.1)

where h is Planck's constant; v is the frequency associated with the photon; and <{) is the

energy binding the electron to the solid. Photoelectron spectroscopy is used to study the

energy and angular distributions of electrons ejected from atoms and molecules. By

absorbing photons, the atoms and molecules gain internal energy. Once the internal

energy exceeds a certain level, the atom or molecule can no longer hold onto the electron.



and the electron breaks free. The energy and angular momentum of the ejected electron

reveals to the investigator from which orbital the electron originated and some of the

properties of that orbital.

In the gas phase, the kinetic energy of the released electron is given by'

KE = hv - I.P. - e, (1.2)

where I.P. is the energy level of the molecular species from which the electron is ejected

(the ionization potential) of the gas species, and e is the internal energy level of the gas

species, i.e., the molecule involved may not achieve its initial vibrational and rotational

states, and e represents this condition. For example, the probability of an ion reaching a

particular vibrational state, and thus the relative intensity of the signal, depends upon the

degree to which the ground-state wavefunction overlaps with that of the various

vibrational states of the ion. These probabilties are referred to as Franck-Condon factors.

It is possible, therefore, by studying kinetic energies of the outgoing electrons, to deduce

the properties of the ions, a task that is very difficult for conventional spectroscopy.'

In the broadest sense, photoelectron spectroscopy differs from conventional

spectroscopy in that absorption and photoelectron ejection almost always occurs,

providing that the incident photon has sufficient energy. Furthermore, photoelectron

spectroscopy has the capability to probe any of the orbitals. ̂

A brief overview of the various methods for producing photoelectron spectra follows.

A more detailed look will be provided in the chapter describing ionization. Different

methods are used because each has characterstics which make them better suited for

certain applications than the others.



For example, either a single photon from a high-energy source, or several low-energy

photons working in concert (multiphoton ionization, MPI) can supply sufficient energy

for ionization. The single-photon method usually employs ultraviolet lamps, x-ray

sources, or synchrotron-radiation light sources. UV lamps are normally used for probing

the outer orbitals where the binding energies are less than 41 eV which is the photon

energy of light produced by the Hell transition. Synchrotron radiation is also used as a

tuneable source of radiation.

To probe orbitals further toward the nuclei, higher photon energies are needed.

These are supplied by x-ray radiation, usually from magnesium and aluminum Ka

radiation. At these higher energies, more electron ejection mechanisms come into play,

providing a wealth of information regarding the environment of the electron before it is

ejected. Depending upon the ejection mechanism, the terms for electron spectroscopy at

these photon energies are either Auger spectroscopy, or x-ray photoelectron spectroscopy

(XPS) (also known as Electron Spectroscopy for Chemical Analysis (ESCA)).

Multiphoton ionization (MPI) employs more than one photon to cause an

electron to leave an atom or molecule. MPI, however, requires an extremely large

photon density to work and relies primarily upon just one type of light source - the laser.

These lasers are normally operated in a pulsed mode which produces very high peak

power.

In the case of non-resonant MPI, an incoming photon causes the bound electron to

jump to a virtual eigenstate below the ionization limit (much like Raman spectroscopy),

and successive photons excite the electron into a real state or into the continuum. This is



a concerted mechanism on the part of the photons, because the virtual state has an

enormous uncertainty associated with its energy, and hence, through the uncertainty

principle, the lifetime of the virtual state is very short.^ Consequently, one must increase

the probability of more than one photon being present at a given instant by using light of

very high intensities (> 10' watts/cm^), viz., laser light.

Because more than one photon is used to achieve ionization, the overall selection

rules also are different than for single-photon conventional spectroscopy, and many

one-photon "forbidden" transitions become possible. For example, the 3^S - 5^S

transition in sodium vapor which is one-photon forbidden (because A1 = 0) is two-photon

allowed through virtual states.

An additional advantage of MPI is that ionization can be accomplished with lasers

having low photon energy. Atoms and molecules which require single-photon energies

in the UV range for ionization can be ionized via MPI with lasers operating in the visible

light range. Furthermore, if one can tune the photon energy such that real intermediate

states are reached, one can selectively ionize atoms and molecules. This is known as

resonantly enhanced MPI (REMPI).

REMPI often results in very simple spectra. REMPI uses the same multiple photon

phenomenon to ionize the atom or molecule, but the key difference is that instead of only

virtual states being reached, a real, intermediate state is reached before subsequent

photons are absorbed to cause ionization. This resonant state greatly increases the MPI

signal since the energy of the intermediate state is better defined than in the non-resonant

case, and, therefore, the lifetime of the state is much longer. This increases the



probability of the electron absorbing additional photons before it decays back into a

lower energy state, thereby increasing the REMPI signal. Because this intermediate is

selectively enhanced, fewer peaks are observed in the electron spectrum as the non-

resonant peaks have a much lower intensity. Moreover, the intermediate state often

acquires the same geometry as the ion which causes, according to the Franck-Condon

principle, the resulting PES spectrum to consist mainly of the Av = 0 transition.

Once the photoelectrons are produced a spectrometer is used to measure their energy.

Many types of spectrometers exist, but they can be divided into two broad categories.

The first type uses electrostatic fields to deflect the electrons and are known as dispersive

spectrometers. The second type, known as time-of-flight (TOF) electron analyzers, sorts

the electrons by the time it takes them to traverse some predetermined distance. These

are. An ideal electron spectrometer would have high energy resolution at all energies and

good electron collection efficiency.

This dissertation describes the construction and operation of an electron spectrometer

system of hemispherical geometry, a dispersive type. Design considerations and

operating procedures of this spectrometer will be described. Some noteworthy features

of this spectrometer include a large electron-trajectory radius and a position-sensitive

detector which allows single electron counting. The system is capable of both single and

multiphoton ionization as it uses both a pulsed dye laser and an ultraviolet lamp to effect

photoionization of gases.

The versatility of using two photon sources will be demonstrated by a study of the

photoionization of TEA. Both sources were used to determine the identity of resonant



states through which MPI proceeds. Triethylamine was chosen because it has some

unusual photophysical properties, among which is its strong absorption of UV light..

Bromochlorofluoromethane (BCFM), one of the simplest chiral molecules, was

also studied. Cooling of BCFM via supersonic expansion enabled the spectrometer

system to resolve for the first time the vibrational structure of the photoelectron peaks

due to ionization of the bromine.



CHAPTER 2

HISTORY OF GAS-PHASE PHOTOELECTRON SPECTROSCOPY

Although the photoelectric effect has been known for over 75 years (Einstein

received the 1921 Nobel Prize for the theory of the photoelectric effect) it has only been

since the early 1960's that photoelectron spectroscopy has been widely used.

Much effort was expended during the first part of the twentieth century to duplicate

the photoelectric effect in the gas phase. Because of the difficulty with scattered light

interfering with the measurements, no one was able to observe the photoelectric

ionization of a gas until Williamson'^ (1923) detected ions produced by the illumination

of a beam of potassium ions with UV light. Foote and Mohler' (1925) used an improved

device which reduced space-charge effects in order to observe the photoionization of

atomic cesium vapor.

Until the development of better energy analyzers, photoelectron spectroscopy

languished. Kai Siegbahn's group in Sweden improved upon the existing

magnetic-deflection electron spectrometers® to probe solids with x-rays and measure the

the energies of the ejected electrons.^

Little was accomplished in gas phase photoelectron spectroscopy until Vilesov, et

al.® (1961) used a vacuum monochromator and an electrostatic, retarding grid

photoelectron spectrometer to investigate the electron energy spectrum of benzol and

aromatic amines in the gas phase. Unaware of these results. Turner and A1 Joboury'

reported a year later that they were the first to measure the ionization potentials of several



gaseous elements and simple molecules using photoelectron spectroscopy which

employed a similar type of retarding grid spectrometer. Since then, many other types

have been employed to measure photoelectron energies. Among these are dispersive

instruments with many different geometries, e.g., spherical, cylindrical, cylindrical

mirror, and parallel plate types. In addition the time-of-flight principle has been used for

measuring electron energies. The latter type is well-suited for systems employing

pulsed-lasers to effect multiphoton ionization.

History of Multiphoton lonization

The difficulty in obtaining two-photon transitions was initially explained in 1929 by

Goppert.'" Two years later, she developed the fiill theory in her doctoral dissertation."

She showed that two-photon spectroscopy, although possible, would be difficult to

accomplish because of the quadratic dependence upon light intensity for the two-photon

absorption. New light sources would be needed to make this technique feasible.

The first two- and three-photon absorptions were observed in the low-energy,

radio-frequency region. Hughes and Grabner'^ (1951) noticed an extra peak in their

radioffequency spectrum of Rb^®F which they attributed to a "double quantum transition."

Later, Kusch" (1954) observed two- and three-photon transitions in the radiofrequency

spectrum of an O2 beam which had been cooled to 77K.

Almost immediately after the invention of the laser, researchers began investigating

multiphoton phenomena in earnest, with the first two-photon, visible-light transition

observation by Peticolas and Rieckhoff (1963).^'* These researchers produced blue light

8



when high-intensity, red light from a ruby laser (694.3 nm) illuminated a Eu - doped

CaFj crystal inducing two-photon absorption. Soon thereafter, they achieved'^ (1963) the

first two-photon absorption by a molecular system when they used a ruby laser to probe

crystalline anthracene. The early lasers, however, produced light of a fixed wavelength,

greatly limiting the number of systems of which spectra could be obtained. This changed

when Frohlich and Mahr'® in 1966 combined the ruby laser with filtered light from a

xenon flashlamp to scan, in a limited way, the spectrum of crystalline anthracene

performing the first two-color, two-photon spectroscopy. Most of the work done during

this period examined the ionization properties of atoms and simple molecules.

After the discovery of stimulated emission in organic dye compounds by Stockman

and colleagues'^ and the development of the dye laser by Sorokin and Lankard,'* it was

not long before a tunable dye-laser operating in the visible wavelengths was developed."

The invention of the tunable, organic-dye laser enlarged the MPI field immensely,

allowing the study of a wider range of complicated systems. Bergman and Jortner^"

(1972) paved the way by using a ruby-laser-pumped dye laser to measure the spectra of

several organic molecules in both solids and solutions. Gas phase two-photon absorption

was first observed by Hoschstrasser et al. (1974) in benzene.^' Bray, et al.^^ expanded on

this work by examining nitric oxide, the first small molecule and the first diatomic

molecule to be studied by multiphoton methods. They examined the individual rotational

levels of the A state using a nitrogen-laser pumped dye laser. Eight months later,

Johnson et al. reported^' the first non-resonant multiphoton ionization of a molecule,

nitric oxide. They also used a nitrogen pumped dye laser to produce the four-photon



ionization spectrum.

Using more than one photon can also be used to eliminate Doppler broadening of

spectral lines. Using two-photons to eliminate Doppler broadening was proposed by

Vasilenko and co-workers^'* in 1970. In this method, the two photons are traveling in

opposite directions. If the molecule is moving with a velocity, v, relative to the light,

then the molecule in the molecule frame of reference sees a photon of frequency

(Oo(l-v/c). For the photon traveling in the opposite direction, the molecule sees a photon

of frequency of (^^(l+v/c). Hence, the moving molecule will be excited to an energy

level of 2a)o independent of velocity. Four years after Vasilenko et al. proposed this

"Doppler-free" spectroscopy, three groups^'"^®"" simultaneously reported the observation

of two-photon absorption in sodium with the absence of Doppler broadening.

Studies of organic compounds by MPI has ranged from simple alkanes to rather large

polyaromatic compounds. Polyatomic molecules, however, increase the complexity of

the photoelectron spectrum. In addition to electronic transitions, rotational and

vibrational transitions are also possible with polyatomics. Excess energy can be

channeled into molecular pre-dissociation, rotational and vibrational modes,

autoionization, and radiationless transitions.

The marriage of MPI with photoelectron spectroscopy occurred not long after the

invention of the laser. In 1972, Evans and Thonemann^* obtained the first electron

kinetic energy spectrum originating from multiphoton ionization by focusing light from a

Q-switched ruby laser into a vacuum chamber and thereby ionizing the residual

hydrocarbon vapors.

10



The first resonant MPI of a molecule, I2, was accomplished by Dalby and co-

workers^® who at the same time discovered a Rydberg state in iodine which, until then,

had been hidden because the transition is one-photon forbidden. Soon thereafter,

Compton and co-workers (1980) accomplished the first, resonantly-enhanced MPI-PES

(REMPI) of an atom, xenon. In the years since, the REMPI of xenon has become a

reliable calibration standard, and the number of molecular and atomic systems studied by

both the MPI and REMPI processes has grown enormously.

II



CHAPTER 3

lONIZATION

Tntroduction

Two methods for producing photons for ionization are used in the spectrometer: a

discharge lamp producing photons in the ultra-violet region for single-photon

spectroscopy, and a pulsed laser for multiphoton studies. A goal for this arrangement is

to combine the output from single-photon source with the laser's output in order to

perform state-selected photoelectron spectroscopy producing photoelectrons with

energies well above the ionization threshold.

The discharge lamp, manufactured by VSW, Ltd., normally used helium to

produce the UV light. In this type of lamp, gases flowing through a capillary are ionized

and excited by an electric discharge thereby producing light. By adjusting the flow

conditions, specific lines of the emitted light can be preferentially produced. For

example, under low pressure conditions, helium emits light primarily at a wavelength of

58.43 nanometers (Hel emission) corresponding to an energy of 21.22 eV. By further

reducing the pressure, a substantial amount of Hell light can be produced with a photon

energy of 40.8 eV. At higher pressures, the Hell light is reduced by photoabsorption,

producing He^ ions.

Reducing the pressure also has a beneficial effect on the ultimate resolution. As

Samson^" shows, the pressure within the discharge capillary determines in part the line

width associated with the emitted radiation, with the line width varying proportionally

12



from 3 meV to 5 meV over the typical operating pressure range of a 58.4 nm He lamp.

lonization Characteristics

A photon of sufficient energy, E=hv, can eject an electron from an orbital of an

atom or a molecule:

M + hv -* M* + e. (3.1)

The kinetic energy of the ejected electron, K.E., represents the difference in energy

between the energy of the photon and the binding energy, E^mj, holding the electron to

the atom

K£. = hv - (3.2)

If the object being ionized is a molecule, there exists other paths, such as rotational and

vibrational energy, along which the excess energy can be expended, and these, then, are

also included, i.e.,

K£. = hv - (3.3)

When ionization occurs, the molecule's orbital angular momentum changes according

the usual dipole selection rules, viz., by AL = 0, ±1, and its spin multiplicity changes by

±1.

The angular distribution of the photoelectrons reflects the orbital from which they

came. As noted above, the photoelectron carries away angular momentum of quantity X

13



= /, /±1. For example, if the originating orbital was a pi orbital in a diatomic molecule,

then the photoelectron's wavefimction will consist of a mixture of sigma and delta

wavefunctions. The intensity of the photoelectron current as a function of the

observation angle for polarized light is given by:^

m = + |(3cos'(e) -1)] . (3.4)

and for unpolarized light:

7(0) = ̂
47t

1.1
2

—sm^(0') - 1 (3.5)

where o is the ionization cross section. P is called the anisotropy parameter and is a

complicated function of the angular momentum, ionization cross sections, and phase

differences between the outgoing waves. Since the anisotropy parameter depends upon

the orbital angular momentum, the polarization dependence can be used to help

determine the orbital from which the electron was ejected.

For equation (3.1), the angle 0 is measured from the light's electric vector; for

equation (3.2), the angle 0' is measured from the direction of the light. It is possible to

eliminate the P dependence by setting the angle to 54.736°. With early photoelectron

spectrometers, it was not possible to rotate the polarization of a UV source, and so it was

necessary to rotate the apparatus. For the light source used in this dissertation, however,

changes in polarization are effected by the use of grazing-incidence gold-plated mirrors.

14



Eland' states that two rules can often be applied to the relationship between the

single-electron-process photoelectron spectrum and the electronic spectrum of a closed-

shell molecule:

"(1) Each band in the spectrum corresponds to ionization from a
single molecular orbital.

(2) Each occupied molecular orbital of binding energy less than
hv gives rise to a single band in the spectrum."

In a sense, these rules arise from Koopmans' theorem^' which states that each

ionization potential from a closed-shell molecule is equal in magnitude to the orbital

energy of the electron being removed. However, as Eland' points out, caution should

be used in ordering the ionic states based upon the ordering of calculated orbital

energies based upon Koopmans' theorem. Oftentimes, the orbital energies lie too close

together, the uncertainty in the calculated orbital energies is large, and correct

assignments cannot be made. Most importantly, Koopman's theorem ignores the effects

of configuration interaction between electrons and electron correlation. Eland suggests

that not only should calculated energies be used in the assignment, but that other

characteristics, such as the shapes and intensities of the bands, be included as well.

The appearance of the photoelectron bands depends on the Franck-Condon

overlap between the ground state and the ionized state. This principle behind this

overlap derives from the Bom-Oppenheimer principle which allows for the separation

of the electronic and nuclear motions of a molecule. Given that the wavefimction for a

molecule with intemuclear separation R and electron position r is

T = (3.6)

15



The intensity of the electric dipole transition is proportional to the square of the

transition moment between the initial state |/) and the final state [/)

= //T->¥"dR<ir (3 7)

where ̂  - Pnudear + Itdecironic • Expanding the wavefimction, we obtain

(3.8)

with

= fif (3.9)

The second term on the R.H.S. of equation (3.6) vanishes because the electronic

wavefunctions belong to the same complete, orthonormal set. Setting

(3.10)

we can bring this term outside of the first term on the R.H.S. of equation (3.6) if it does

not depend on R, or if the dependence is very small. We then have

(3.11)

Hence, the Franck-Condon factor,

16



"fflf (3 12)

gives the relative intensity of a transition between two vibrational states.

If the overlap is perfect, i.e., if the potential curve of the ionized state is the

same as the ground state's and lies directly above the ground state, then the

photoelectron band will consist of one, very intense peak. If, on the other hand, the

potential curve has been altered by going to the ionized state, then the band will consist

of several peaks. For example. Figure 1 shows the photoelectron spectrum of nitrogen

generated by using Hel light for this dissertation. Nitrogen has the ground-state

configuration this is shown diagrammatically in ?. The

assignments shown were previously done by conventional absorption spectroscopy.

The lowest photoionization potential is assigned to the X state, and results when an

electron is removed from the SOg orbital. This band has only a few peaks, showing that

the geometry of the nitrogen molecule did not change much when the electron was

removed, and, consequently, it can be concluded that this orbital is not strongly

bonding. The next band, A^IIu, shows many more peaks, reflecting the removal of an

electron from the strongly bonding, ItIu orbital. Finally, it can be deduced that the 2a^

orbital is not strongly anti-bonding.

The number of electrons entering the analyzer can be calculated by considering

the number density of molecules in the ionizing region, N, the intensity of the light, O,

the cross section for ionization, o, and the acceptance angle of the analyzer, Q. This is

17
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Figure 1. Full spectrum of nitrogen taken with analyzer described in this dissertation.
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given by the equation

I = at^NVQ (3.13)

For single photon spectroscopy with Hel light, the typical cross section is on the

order of 10'^* cm^ The light intensity is 10 cm'^ s"' For the effusive source described

above in the ionizing section, the number density was 10'° cm"', and combining with the

acceptance solid angle of 0.0025 steradian gives a rate of 25 electrons/second, which is

the same order of magnitude as observed experimentally.

Multiphoton lonization

A Quanta-Ray model DCRII Nd-YAG laser was used to produce the conditions

necessary for MPI. The laser's fundamental 1.06 pm output was converted, either by

sending it through frequency doubling and tripling crystals or by pumping a dye laser,

to the desired wavelength. A typical output from the dye laser, at 440 nm, was 4

mJ/pulse at pulse repetition rate of 10 Hz. Since the pulse width was typically 9 nsec,

this output corresponds to a power of 440 kilowatts. To increase the photon density

further, the light was focussed to a small spot by lens with a short focal length.

The theory of multiphoton transitions is much more complicated than the single-

photon case. As stated earlier, a multiphoton transition occurs when a bound electron

first absorbs a single photon which raises the electron to a virtual energy level.

Subsequently, and nearly instantaneously, the electron absorbs another photon which

raises the electron still further in energy. This process continues until either the

electron reaches a real quantum level, or the electron reaches the continuum and
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escapes. Please see Figure 3 for an illustration.

Treatment of the multiphoton process generally requires either second-order

perturbation theory, or a density matrix method. For reasons of brevity, only a general

overview of the theory will be given here.

The results obtained Faisal'^ will be briefly described. For a more detailed

description, the reader is urged to use this reference or that of Lambropoulos".

As stated above, a multiphoton transition occurs when a photon excites an

electron to a virtual state at which point it subsequently absorbs an additional photon.

This process continues until either the electron escapes, or it decays back to a lower

state. It becomes possible, therefore, to use light with relatively low energy to attain

energies equivalent to UV light.

For example, for a two-photon transition from state | l)through a virtual state

|/>, to a final state |2>, the transition moment, R12, is given by^'

»  _ ly. (ll^ElfXilpEia
"  2 , E, - E, - hv

where ̂  is the dipole moment; E is the electric field; and E, and Ej are the energies of

the two levels. Thus, the overall transition can be thought of as two successive electric

dipole transitions. Hence, many transitions that are one-photon forbidden become

possible in two-photon transitions, e.g., g g and u - u.
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real, intermediate state

Figure 3. Types of photoionization showing (a) single-photon ionization, (b) non-
resonant MPI, and c) resonantly enhanced MPI (REMPI)



In the case multiphoton ionization, the electron escapes. Faisal shows that the

rate of absorption of n photons in this case can be calculated according to

(3.,5)

where F is the photon flux given by

c
F = —— (3.16)

871 h(i)

and T represents the matrix elements:

^DG[o),+(/i-l)o)]DG[a),+(M-2)<o]..i)G[w,+o)]D|/) (3.17)

where G is the Green's function and D is the dipole moment operator. Except for very

simple molecules, these matrix elements are difficult to calculate.

The rate of ionization per atom can be cast in a slightly different form which

shows the explicit dependence on the light intensity, i.e.,

=  (3.18)

where 6„ is the n-photon generalized ionization cross section and has units cm^ s"'\ and

1 is the laser intensity with units of photons cm'^ s'^

If the light is in resonance with an intermediate state, the cross-section is greatly
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enhanced. As an example, Goodman and Philis show''* that for a four-photon REMPI

the intensity coefficient is given by

i  j k

<l|pjA:X^|pjl;)(/|pj|/X/|pJo)
(3.19)

For a 2+2 REMPI from state Eq through the intermediate state Ef, they show that the

MPI electron current is given by

Current^j = —— (3.20)
+ Y

where is the 2-photon pumping rate from E,, to Ef, and 62®!^ is the 2-photon

pumping rate from Ef to the continuum, y represents the rate of radiative depopulation

from Ef, and N,, is the gas density. For typical values, they give

5<'> = lO-'" 5^1^
molecule photon^ n on

8« = io-«
molecule photon^

For low laser-light intensities or small absorptivity, y » ̂2^ the overall ionization

probability is proportional to For higher intensities, 6^'^ » y, and since 62'^ >

6^'^ in most cases, saturation of the ionization step causes the overall ionization
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probability to be proportional to

Lasers provide a convenient source for high-photon density. For the far-field

case, the beam waist at the focus is given by^^

A
w = - (3.22)

where f is the focal length of the lens; A is the wavelength of the laser light, and d is the

diameter of the laser beam before it is focussed. Under diffraction-limited conditions,

this reduces to w = f0. The confocal beam length gives the distance from the focus at

which the beam waist increases by a factor o^^^2 over that of the focal value.

,  2nw^
o = —-— (3.23)

As an example, the molecule nitric oxide can be ionized via a 2+2 resonant

process. Using the respective cross sections given above, one can calculate the

maximum MPI current. Given a gas density over the entrance aperture of 10^° cm'^, a

laser power density of 10* W/cm^ at a wavelength of 451 nm, the MPI current density

for a 1 cm^ irradiated volume would be 5.2x10'® electrons/(s-cm^). With a lens having a

focal length of 20 cm and laser beam having a width of 0.5 cm before being focussed,

the ionization volume is 1.2x10"* cm^. Thus, the maximum number of electrons that can

be produced per second is 6.1 x 10*, corresponding to an average current of 9.8x10"" A.
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A. C. Stark Effect

A strong D C. electric field will split the absorption lines in a spectrum into

several components. This is known as the Stark effect. The intense A.C. electric vector

of the light of a laser creates enormous electric fields and can, itself, split the lines.

The a.c. Stark effect involves rapid transitions between the split states in the

presence of an optical field. Using perturbation theory on the system, one arrives at an

expression for the magnitude of the splitting from an initial level, f, as^®

4  g (E^ - - hw) (E^ "
(3.24)

where ̂  is the electric field strength; Ef and Eg are the energy levels of f and g,

respectively; and Vfg is the dipole matrix moment connecting the two levels.

In multiphoton spectroscopy, the a.c. Stark effect manifests itself as a

broadening in the signal response. The profile of a laser pulse does not resemble a

square wave, and thus the electric field associated with the pulse does not turn on and

off instantly. According to Kruit et al^^, if one assumes that the resonant energy levels

are a.c. Stark shifted by AE = al (where a is the Stark shift coefficient and I is the laser

intensity), then the molecule will be excited only during that time when the laser

intensity equals the energy difference between the shifted levels. Therefore, the shape

of the resonance peak reflects the distribution of intensities in space and time.^®
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CHAPTER 4

ANALYZER THEORY AND CONSTRUCTION

The types of electron spectrometers most commonly used can be divided into

two groups: those which rely upon separating electrons of different energy spatially -

the dispersive instruments - and those which separate them temporally. Among the

former are the retarding grid, cylindrical mirror, hemispherical shell, and cylindrical

shell. The latter type includes the time-of-flight and magnetic bottle spectrometers.

The retarding grid was the first type used in gas phase photoelectron

spectroscopy because of its simplicity in design and operation and its high electron-

collection efficiency. However, this type suffers the drawback of poor resolution, and

requires taking the derivative of the collected current to produce a spectrum.

The cylindrical mirror analyzer also has a high collection efficiency for

electrons. Moreover, it has a higher theoretical resolution than either the hemispherical-

sector or cylindrical-sector types, and its entrance and exit apertures lie in equipotential

planes. Despite these advantages, it is not often used in gas phase photoelectron work

because of the difficulty in changing the orientation of the entrance aperture. For

situations where fixed geometries are used, such as for Auger spectroscopy it is the

instrument of choice.

The time-of-flight spectrometer has excellent resolution for low energy electrons

and has a very good electron-collection efficiency. It also has the advantage of being

able to measure simultaneously all electron energies. Other attractive features are its
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simplicity of construction and operation, especially when used with pulsed lasers. A

serious drawback of the time-of-flight electron spectrometer, however, is the limited

energy range over which useable resolution can be realized. This can be seen by

considering its principle of operation.

The time for an electron of energy, E, and mass, m, to travel a distance, /, is

r= '
yJlmE)

(4.1)

Differentiating this equation with respect to E gives

dt = —E ̂dE, (4.2)
sflin

showing how the resolution varies with electron kinetic energy.

Similar to the time-of-flight spectrometer, the magnetic bottle spectrometer uses

a magnetic field to direct all of the electrons toward the time-of-flight tube. This

method increases the collection efficiency, but has the disadvantage of introducing

magnetic fields into the ionization region which could affect the process being studied.

The hemispherical analyzer, on the other hand, provides very good resolution

over a much wider range of electron energies. Above 5 eV, where external fields

become relatively minor, the resolution, E/AE, of a hemispherical analyzer is

essentially constant, depending only upon the dimensions of the analyzer and the slit

widths. Some disadvantages of the hemispherical analyzer are the complexity of
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construction and the necessity for focussing the electrons before they enter the analyzer.

Because a design goal of this apparatus was the capability of performing two-

color experiments with both a UV lamp and a laser, the electron spectrometer described

in this dissertation needs to have high resolution at both high and low electron energies

and to accommodate position sensitive detection. To this end, it was decided to use a

hemispherical type of spectrometer with a wide gap between the hemispheres.

Hemispherical Analvzer

As its name implies, the hemispherical analyzer consists of two, concentric

hemispheres. A schematic of the analyzer is shown in Figure 1. An electrical potential

is applied between the hemispheres which spatially discriminates electrons of different

energies. The theory of operation of the hemispherical electron energy analyzer was

first put forward by Purcell.'* As he pointed out, the paths of equal-energy electrons in

a hemispherical analyzer follow the trajectories of great circles, with the foci of the

electrons located by a line passing through the radius center, terminating at the

electrons' origin, and intersecting the mean electron radius. The magnification from the

source to the image plane is minus unity.

The requirement to operate at low pass energies (< 1 eV) pushes the need to

minimize the effects of variations in surface charge. One way to do this is to increase

the size of the analyzer so that the electrons pass far from the surfaces. To further

reduce the effect, the surfaces normally are coated with a graphite film so that surface

charges are dissipated. The design goal of the spectrometer was to have a resolution of

better than 0.010 eV at a transmission energy (pass energy) of 1 eV.

29



7^ vAy/.

cum

m

Figure 4. Schematic diagram of the analyzer.
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The theoretical transmission of the spectrometer at a given pass energy, the

electron energy the analyzer allows through, is proportional to the mean radius of the

electron trajectory and is given by^^

A5
^  ̂ (4.3)
E  2R

Ô

where 1/2 is the half-height width of the signal peak; w is the average width of the

slits, Ro is the electron-trajectory radius, and a is angular spread of the electrons as they

enter the analyzer. Hence, the larger the radius, all things being equal, the higher the

resolution. Other factors, hovever, limit the extent to which the radius can be

increased. First of all, increasing the radius also increases the mass of the system which

can be a strain on the supporting structure and the alignment mechanism.

The other major factor that limits the size of spectrometer is the presence of

magnetic fields. Although shielding with either Helmholtz coils or Mu-metal

effectively reduces external magnetic fields, the fields cannot be eliminated entirely,

and these residual magnetic fields limit the size of the analyzer. An analysis by Roy

and Carette'*" yields the following relationship between the residual magnetic induction

B (gauss), the electron energy (eV), the path length / (cm), and the maximum

deviation of the electron beam d (cm):

B = 6.UE^^. (4.4)
r
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The analyzer described in this disseration is completely shielded by Mu metal, a

high-magnetic-permeability material. Measurements put the maximum magnetic

induction within the analyzer at 0.001 G. Using a typical lower limit for of 0.5 eV,

and constraining d to be less than the slit diameter (~ 0.1 cm), one obtains a maximum

for / of ~ 30 cm, or a radius of ~ 10 cm.

Having set the radius, the next step is to determine w and a. Rudd"' determined

that optimum resolution for a hemispherical analyzer is obtained when a} = w/2Ro.

Using equation (4.3), this leads to an entrance slit width of 1 mm, with a = 4.0°.

The potentials on the hemispheres required for an electron of kinetic energy,

KE, to pass through to the detector are easily derived. First the potential, O, within the

hemispheres having radii Ri and Rj must satisfy Laplace's equation

= 0, (4.5)

with the boundary conditions 0(Ri) = Vj and ̂ (Rj) = Vj.

The spherical symmetry of the problem points towards a solution in spherical

coordinates with the result:

= - + b. (4.6)
r

To find the constants a and b, we apply the boundary conditions, with the results

V - V
a =

J_ J_' (4.7)
R, R,
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R,V. - ILV.
h = -LJ 2-1. (4.8)

R,-R,

This gives us the first of the two equations needed to find Vi and Vj. The second

equation is found by equating the electric force within the hemispheres with the

centripetal force of the electrons traveling in a circular path.

The electric field within the hemispheres is given by

= ji- (4.9)

Equating the two forces,

eE = (4.10)
mv^

It is readily apparent that this can be put in terms of the kinetic energy (transmission

energy, TE) required for electron passage:

a  2TE

r
e— = —. (4.11)

This gives us a in terms of the TE:
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a = 2
TEr

(4.12)

If the electron has a kinetic energy, KE, before it enters the analyzer, it must be

accelerated by a potential of V=(TE-KE)/e to match the IE of the analyzer. This is also

the potential within the hemispheres at the entry point, i.e..

a  , TE -KE
— + b = . (4.13)

Thus, we now have the two equations needed to solve the problem in terms of KE, TE,

and r, viz..

v,-v, R,v,-r,v^ te-ke

f_L ±] R,-R, (4.14)

and

2^ ̂ ^ TE-KE
e  e

(4.15)

The solution to the problem is, therefore.

^-4
/  \

TEil— - \) - KE
R,

(4.16)
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^2 = TE{1— - \) - KE (4.17)

If r = (Ri + R2)/2, then

^.4
/  \

TE— - KE (4.18)

and

V =1
2  e

TE— - KE (4.19)

If R2 > Ri, then the inner hemisphere's potential corresponds to Vj, and the outer's to

V2. Equations (4.18) and (4.19) can be used to find the relationship between AV, the

potential between the hemispheres, and TE:

AF =
TE

R,
(4.20)

For the present analyzer, which has inner radius of 3 inches and an outer radius

of 5 inches, the above results gives AV = 1.067(TE). In practice, however, contact

potentials and other effects alter this ideal situation, and as a result the operational

equation for the present analyzer is AV = 1.087(TE)+ 0.95.

When it is necessary to scan over a range of electron energies, two methods
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exist to accomplish this. The first method varies the transmission energy. This method

cannot be used in quantitative work, however, as the brightness of the electron beam

(see equation 4.25) varies with transmission energy. The second method keeps the

transmission energy constant while changing the potential on the entire analyzer, thus

bringing the energy of the electrons produced in the field-free region to that of the

analyzer.

As an example calculation for a typical situation, suppose it is desired to observe

photoelectrons having a kinetic energy of 5 eV with the analyzer set for a transmission

energy of 5 eV. Then,

y  ̂ 5 eVx 1.667 _ 5jV ̂  ̂  33 V

= S 0.600 _ 5jV ̂  y
e  e

and the potential of the entire analyzer is set to V = (TE - KE)/e = 0 V.

In practice, however, the actual potentials required for electron passage differ

from the theoretical because of the presence of contact potentials. These potentials

arise when different types of metals contact each other, such as when a copper wire

makes contact with an aluminum surface. The magnitude of the potential generated is

approximately equal to the difference in the electronic work functions of the two

metals.

Two quantities, generally, reflect the performance of a dispersive analyzer: the

dispersion and the trace width. The ability of such an analyzer to separate electrons
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with different kinetic energies depends upon its dispersion. The dispersion of the

analyzer the amount by which the electrons' impact position, x, in the focal plane

varies with a change in kinetic energy, E, for a given pass energy, Eq. This is given by

the expression

D = tsx
lA£j

(4.22)

For a 180° hemispherical analyzer, the dispersion is 2Ro.'*^

The trace width reflects the size of the impact spot on the focal plane caused by

iso-energetic electrons with different initial angular distributions at the source aperture.

If the impact position of an electron at normal incidence on the entrance aperture is Ro,

then the angular dependence is given by"^'

^(1 ̂ ») = ̂
1 + sm^(Aa)

where the displacement caused by A a is Ro6. In a third-order approximation, equation

(4.23) can be reduced to'^^

6 = -liLaf (4.24)

The trace width is, therefore, 2(Aa)^Ro.

One figure of merit for a dispersive analyzer is the ratio of trace width to

dispersion.'*^ This figure of merit essentially gives the resolving power as fimction of

37



entrance angle, and is equal to (Aa)^ for a hemispherical analyzer.

Although the number of electrons passing through the analyzer described in this

dissertation is very small, if high currents were needed then consideration of the

maximum would be needed. The conservation of energy limits the amount of electron

current which can pass through the analyzer. This can be cast in terms of the law of

Helmholtz and Lagrange which states that for an electron beam traveling with energy E,

differential area dA, and through differential solid angle dQ, the energy at point 1 is

related to the energy at point 2 by"^ (Kuyatt and Simpson, 1967)

(4.25)

Casting this equation in terms of current, Kuyatt and Simpson reformulate the equation

as"

B, B,

5: = ̂

where 6;= dl/dAjdO; is the electron "brightness." This equation shows the effect that

accelerating or decelerating the electrons has on the transmitted current.

Space charge effects also limit the electron current which can pass through the

analyzer, although this is not a problem for performing photoelectron spectroscopy with

this analyzer as will be proved now. Simpson and Kuyatt show" that the maximum

amount of current which can pass, in microamperes, is given by
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-

-^aux ~ (~j^) (4 27)

where Ef^hm is the theoretical resolution of the analyzer; d is the diameter of the

apertures, and 1 is the distance between the apertures. For the present analyzer, with a 1

mm source slit (the position-sensitive detector's equivalent exit slit is not a limiting

factor), the maximum current which can be transmitted is 4400 picoamperes, or 2.7 x

10'° electrons/second. This value normally is never reached in the present analyzer as

the maximum number of electrons produced typically is on the order of 6000 per

second.

The use of a position-sensitive detector (PSD) has many advantages over a

single-detector spectrometer. The biggest advantage is that a PSD can simultaneously

detect all of the electrons that pass through the analyzer, and this greatly reduces the

amount of time needed to acquire a spectrum. If the number of detectors is N, the

amount of information acquired per unit time can increase by a factor ofN, although the

actual increase is somewhat less than this in practice because fringing effects reduce the

effective area of the detector. Reducing the collection time is important, because over

long periods of time, potentials can drift and alter the spectrum. Moreover, if a dye

laser is being used for photoionization, the power of the laser can decrease substantially

over time and also change the appearance of the spectrum, or even preclude ionization.

For weak signals, such as when the spectrometer is operating at very low pass

energies, a single detector analyzer is superior to one with a multicharmel array. Here
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we have to introduce a measure to reflect the trade-off between resolution and

transmission. Dahl"'* proposed using a measure of "goodness", G, given by

G = 7K, (4.28)

where R is the resolution of the analyzer, and T is the transmission given by

T=QA. (4.29)

Here, Q is the solid angle of the electron beam accepted, and A is the area of the

entrance aperture. For a multichannel array with N channels,

G = TNR. (4.30)

The largest number of channels that can be used is

AE j,AE
^ = TF " (4-31)^FWHKi ^

where E is the energy span of the analyzer. Hence, the goodness of an analyzer using a

multichannel array is'*'*

G = TR^
' ae'

For a single-detector analyzer and a multichannel analyzer having the same resolution

and "goodness," the transmission of the single-channel type is E/AEfwhm times larger.'*'*
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To minimize weight, the analyzer is constructed entirely of aluminum.

Alignment of the hemispheres is critical. To make the alignment easier, the

hemispheres are positioned on a baseplate by means of precisely drilled holes into

which are placed 1/16th inch sapphire balls. Matching holes on the hemispheres

produce the alignment. The irmer hemisphere has a radius of 3.00 inches (7.62 cm), and

the outer hemisphere has a 5.00-inch (12.7 cm) radius.

The large gap produces distortions in the electric potential at the entrance and

exit apertures if no correction is made. A practical solution is to make the apertures

equipotential surfaces. The effect of this arrangement has been considered in detail by

Herzog'*' and by Wollnik and Ewald. For the present case, two circular plates are

installed in the baseplate onto which the electrostatic lens and detector assemblies,

respectively, are installed. The baseplate's potential is then matched to the mean

potential within the analyzer to minimize the distortion. Field shunts were not used as

they would introduce problems of complexity and restricted pumping speed in the area

of the detector.

An innovative approach to solving the problem of fringing fields was recently

reported.'*^ This approach uses a printed circuit board as the baseplate with ten

concentric, metal rings etched into its surface. A voltage divider chain joining the two

hemispheres and connected to the rings establishes the necessary 1/r^ electric field.

Electrostatic Lens

In order to achieve the highest resolution, the spectrometer is operated at the

lowest possible pass energy. To reduce the energy of the electrons to this pass energy, a
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four-element electrostatic lens capable of energy retardation is employed as shown in

Figure 5 and Figure 6. Fortunately, the degree of retardation is not normally severe, as

the typical photoelectron energies produced by the Hel light are less than 15 eV, and the

lowest practical pass energy of the spectrometer for routine analysis is approximately 5

eV, resulting in a maximum retardation ratio of three. Use of the Helmholtz-Lagrange

law in the form"*:

V®; Wj a, = Wj aj (4.33)

where W; is the aperture width and ttj is the angular spread, with the half-angle for the

emitted photoelectron of 0.05 radians, indicates that the lens system must be capable of

a magnification of about one.

In the present apparatus, a four-element electrostatic lens capable of pre-

retardation is used, and is based upon a design of Wannberg and Skollermo."' They

show that retarding the electrons' energy much beyond a factor of three for this lens

system causes the aberrations of lens to increase rapidly.

Pre-retarding the energy of the electrons, i.e., reducing the energy of the

electrons before they enter the analyzer has a number of advantages. First, it increases

the luminosity of the analyzer by a factor of where E/Ej is the ratio of the

electrons' final energy to the initial energy."' An additional benefit of slowing the

electrons before they are analyzed, as discussed earlier, is that greater resolution is

attained at lower pass energies. The signal intensity, however, falls off approximately'"

as the square of the energy width, AE^.
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The main purpose of the electrostatic lens, however, is to image the incident

electrons at the entrance of the analyzer. Since it is nearly impossible to place the point

of ionization at the object focal plane of the analyzer, which lies in a line determined by

the exit slit and the center of curvature of the hemispheres,' it is necessary to have

some means to focus the electrons at the entrance. The electrostatic lens' elements were

machined out of cast aluminum, with the spacing between the elements maintained by

I/16th inch-diameter sapphire balls. The first element, containing the aperture with a

nominal diameter of 5 mm, is at ground potential. Provision has been made to insert

different-sized apertures into the first element. The second and third element form the

focussing lenses. The third element is the longest and contains a 3.8 mm diameter field

stop located midway between the ends. All of the lens' aluminum surfaces were coated

with colloidal graphite to minimize surface charging. The fourth element, the entrance-

to-the-analyzer aperture, is attached to the electrostatic lens, and forms the coupling

potential between the lens and the hemispheres. The size of this aperture is 1.5 nun.

To obtain proper focussing, it is necessary to consider the energy of the incident

electrons. Warmberg and Skollermo'*' found the following equations provided one set

of operating potentials for the lens:

r, = 021E, + F
F3 = 15.

Because of the manifold factors influencing the focussing of electrons by the

electrostatic lens, the operating potentials were arrived at empirically and their values
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will be given later.

Power Supplies

Operating potentials were provided by a computer data acquisition board, a

Microstar Laboratories model DAP™ 1200e/6, driving Kepco BOP power supplies.

This board can acquire up to 16 channels of 12-bit data at 320 kHz, as well as

simultaneously supply - with an analog output board - six 12-bit ±10 volt outputs. Once

the analyzer operating parameters were determined, it was possible to pre-program the

optimum potentials for a given expected electron energy.

Factors Affecting Resolution

Five major factors limit the resolution of the apparatus. As Dehmer and

Dehmer^' point out in their study ofjet-cooled ethylene, the factors can be related to the

FWHM, AE„bsewed, by

* (4W1"- (4.35)

where AE^ is the analyzer's theoretical resolution; AEphoto„ is the photons' line \vidth;

-^EDoppier is the Doppler broadening term; AEro^iiion is the broadening due to the rotational

motion of the target molecules, and AEgeij, is the term which incorporates the effects of

stray fields.

First, let us consider AEg5,<b,. These electromagnetic fields can affect the

resolution either by directly acting on the electrons, or by acting through the

instrumentation. In the first case, the forces on the electron are the electric force.
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F = qE (4.36)

and the Lorentzian force,

P = <^ X B (4.37)

For this analyzer, these fields were minimized by surrounding the entire analyzer with

both grounded, electrostatic shielding and mu-metal shielding. In the second case,

electromagnetic noise can be carried to the analyzer over the cables carrying the

analyzer potentials. Here the analyzer potentials are affected, modifying the pass

energy or the electrons' energy. To minimize this noise, all the cables were double-

shielded, and the power-supply outputs incorporated low-pass filters.

Next, consider . Either a laser or an ultraviolet (UV) lamp, or both, are

used to ionize the gases. Samson" showed that the pressure within the discharge

capillary determines in part the line width associated with the emitted radiation, with

the line width, i.e., AEphton, varying proportionally from 3 meV to 5 meV over the

typical operating pressure range of a 58.4 nm helium lamp.

A Quanta-Ray model DCRII Nd-YAG laser was used to produce the conditions

necessary for MPI. The laser's fundamental 1.06 pm output was converted, either by

sending it through fi-equency doubling and tripling crystals or by pumping a dye laser,

to the desired wavelength. A laser has a much narrower line width (AEp^^J than the

UV lamp with a typical value of ~ 0.2 meV.

AEooppier and AE'ro^^on Can both be reduced by judicious choices of geometry and
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analyte cooling. The Doppler broadening of an electron ejected with an energy e from

a molecule having a mass M, and at a temperature T is given by^

6e = 0.723 —
[M)

meV (4.38)

For argon at room temperature and excited by 21.22 eV photons, the Doppler width is

4.6 meV. Cooling the argon by supersonic expansion to lOK reduces the Doppler width

to 0.85 meV. Rotational effects can be as large as 10 meV and also can be reduced by

cooling.

The temperature of the gas entering the analyzer depends upon the pressure

behind the inlet valve. As Fite" (1971) has shown, if the pressure behind the valve is

low, the flow will be effusive, and the characteristics of the gas will be the same as that

before it enters the chamber. For this condition to exist, the mean free path of the gas

particles must be less than the size of the orifice through which they pass. On the other

hand, if the mean free path is much greater than the size of the orifice, a free-jet

expansion condition exists and the gas will cool adiabatically as it enters the chamber.

The gas-inlet system consists of a Lasertechnics pulsed gas valve crossed at

right angles by the light beams (see Figure 7). This type of valve uses the piezoelectric

effect in order to open and close the valve. This mode of operation is preferable to that

using large, opposing electric currents or solenoids to open the valve in that the

detrimental effect of large electromagnetic fields on low-energy electron trajectories is

avoided.
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Figure 7. Schematic of ionization chamber as seen from above.
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The valve can be operated in two modes. In the pulsed mode, the opening of the

valve is timed such that the gas particles' arrival over the electrostatic lens coincides

with the laser pulse. This mode not only permits the production of large gas densities in

the interaction region with the light source without overloading the pumping system,

but can also cool the gas substantially. Alternatively, the valve can remain open with

the light continuously interrogating, in the case of continuous wave sources, the gas

beam.

To keep the pressure in the system low, the inlet to a 200 liter/second

turbomolecular pump is located directly in line with gas jet. This turbomolecular pump

is backed by a 700 liter/minute rotary mechanical pump. The analyzer section is

pumped by a 1,800 liter/second turbomolecular pump backed by a 200 liter/minute

rotary mechanical pump.

The degree of cooling from a free jet expansion can be enormous. Fite has

shown that for an adiabatic free expansion of a gas at constant entropy the following

condition holds:

— + CpT = constant (4 39)

where m is the molecular mass; V is the velocity of the molecule; Cp is the specific heat

of the gas at constant pressure; and T is the temperature.

If T, is the temperature of the gas before expansion takes place (the stagnation

temperature), then it is seen that the enthalpy of the stagnated gas transforms to the

kinetic energy of the gas downstream from the orifice as
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+ cT = cT, (4.40)

Using the standard thermodynamic relations for an adiabatic expansion, Fite arrives at

the following expression for the temperature of the downstream gas:

T.
T =

1 .
2

where y = Cp/c^ and M is the Mach number of the expanded gas. For an ideal gas, Cp/c^

is 5/3.

The Mach number can be approximated by"

I  , \ Y ^ ̂
Y + 1 MM

Iy -1 fF" '''''

where z is the distance from the orifice, and D is the orifice diameter. Temperatures as

low as a few degrees Kelvin are routinely achieved by such a method. In addition,

noble gases can often be mixed with the analyte to cool further the analyte through

collisions. This cooling allows inspection of spectra which might otherwise be

obscured by the large number of rotational states at higher temperatures.

The density of gas particles at the ionization point also depends upon which of

the two gas flow modes exist. As stated above, the gas emanating from an effusive

source has the same characteristics as the gas behind the orifice, while the gas in a free
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jet expansion has vastly different characteristics.

For effusive flow, Fite shows that the particle density downstream from the

orifice is given by

"ft = (4.43)

where n, is the number density in the source; a is the orifice area; and L is the distance

downstream from the orifice. For the present apparatus, the orifice diameter is 0.01 cm.

Using a typical vapor pressure of an analyte of 40 torr, one obtains a particle number

density of about 10'^ cm'^ at 300K. The gas orifice is located 7.6 cm from the

electrostatic lens aperture. Thus, the number density over the aperture is approximately

10'" cm

For supersonic flow, the density over the electrostatic lens aperture depends

upon the specific heat of the gas, y Specifically, Fite shows that

n
1 -

/  N

n
Y-l

1 >—

II

f  ̂ 1
1

y-l
/  1 \
Y-l

I Y+lJ I Y+lj
(4.44)

where D is the distance from the orifice at which the current density is uniform. For y

= 7/5,
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n  \D
— « (4.45)

This leaves AE'gjitb for consideration. If one is not careful, this term can easily

dominate the others and limit the achievable resolution at low electron energies.

Because turbomolecular pumps are used in this system, a means to reduce the large

amount electrical noise produced by them was needed. Low pass filters were

constructed at the output of the DAP 1200e data acquisition card to reduce the noise on

the lines providing the operating potentials. The filters in conjunction with double-

shielded lines reduced the noise by 30 dB, cutting the noise on the lines from 1.5 volts

to 50 millivolts. Further isolation was provided by commercial "surge suppressors" on

the mains supply. These have rated 50 dB to 70 dB low pass filters. To supply a good

conducting path to ground, thick copper braid connected the turbo pumps' housings to

water lines.

With MPI, high laser power can create huge numbers of slow-moving ions. The

electric field from this ion cloud can reduce the energy of the electrons leaving the

ionization region.

Detection and Signal Processing

The position-sensitive detector (PSD) PSD consists of rectangular microchannel

plates and a resistive anode. A photograph of the detector is shown in Figure 8 The

useful area of the microchannel plates is lOmm x 53 mm. Approximately 1860
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channels, each with a diameter of 25 jam, can be found along the useful length of the

microchannel plate. The channels are cut at a bias angle of 8 degrees, and the two

plates are arranged such that the channels form a chevron when viewed from the side.

This arrangement provides the highest gain, reducing the formation of ion clouds within

the channels.''' The resistive anode, having a uniform resistance of 240 kOhm across its

length and located directly behind the microchannel plates, is the key for determining

the impact position of the electrons.

Before the electrons arrive at the first MCP, they pass through a double-layer of

70 lines/inch, graphite-coated copper grids placed parallel to each other and separated

by ~ 2 mm. The potential of these grids is set to the retardation voltage. After this, the

electrons are accelerated toward the first MCP which has a potential of 25 volts applied

to it.

The detection circuitry in conjunction with the resistive anode forms a

distributed RC pulse-shaping network. For a network with neglible inductance, the

voltage distribution along the network of length L is given by the differential equation:

d^U r,r^dU .
"  = 0 M 46t

where R„ and €„ are the resistance and capacitance per unit length, with the total

resistance and capacitance being R=RoL and C=CoL. The solution to this equation is

well known," viz..
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10 ~
Ui^jpJ) = — sin(«7ix)sin(M7i/»)exp(-«^7) (4.47)

^ M=1

where p is the impact position relative to the length of the anode, and T is the time in

terms of the time constant, i.e., T=t/RC/7i:^.

The charge, Q, delivered to the two ends of the wire is

fi.&'.n =■ —E - «tp(-n'7)] (4.48)
7t n

Q^(P,T) = - _ exp(-«=7)] (4.49)
7t n

An electron, striking the anode, creates two charge-pulses as described above to the

ends of the anode. These pulses are amplified by two voltage-sensitive pre-amplifiers

before the signal is sent to the time-to-pulse-height-converter (TPHC). The pulses have

different rise times, and, therefore, the zero-crossing time of their filtered signals will be

different, and given by'^

- xf - CfiJJ. -x)*t. (4.50)

and

^ ^ K (4.51)

where k is a filter-characteristic constant; x is the electron-impact position; L is the

anode length; and are the anode resistance and capacitance, respectively; and is
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the load capacitance. The difference in crossover times after t^i has been detected and

after having been delayed by tj, is given by the simple, linear expression

t 2C> - ^ ^ (4,52)

A time-to-pulse-height converter (TPHC) converts the time-difference into a

rectangular pulse whose amplitude is directly proportional to the time delay.

All of the position decoding circuitry can be found in a commercially available

package. The Ordela, Inc. model AIM 206 position decoder contains the necessary

amplifiers, pulse shaping and summing circuits, and a time-to-pulse-height converter.

After being processed the Position Decoder, the position information, in the

form of a 1-microsecond-wide pulse with a height proportional to the position, is fed

into a multichannel analyzer (Oxford Instruments, Inc, model PCA-III) which then

stores the resulting spectrum.

The principle of operation can be more easily seen by looking at Figure 9 and

Figure 10 showing the charge delivered to the ends as a function of position and time

Figure 11 shows the difference between zero-crossing times of the two pulses. From

these figures, it is obvious that the rise time of the pulses vary as impact position.

Moreover, the overall response of the detection system is not truly linear, but

approaches linearity for the middle portion of the detector.

Kopp" (1994), however, states that the response of the system is linear if the

time constant of the resistive anode and associated cables is matched to the time

constant of the pre-amplifiers via the empirical equation RqCjM = tA, where is the
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Figure 9. Rise time in pulses as a function of electron impact position.
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anode resistance; Cj is the capacitance of anode and cables; and t^ is the time constant

of the pre-amplifiers. Matching the time constants is indeed crucial, but, as will be

shown in a later section, further correction is needed to achieve an acceptable degree of

linearity over the span of the detector.
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CHAPTER 5

ANALYZER PERFORMANCE

One of the most difficult aspects of the development of an apparatus is getting it

to work. The construction and operation of the analyzer described in this paper was no

exception. First attempts to obtain any spectra with the UV lamp and the position

sensitive detector were met with failure. In order to pinpoint which parts were not

operating propertly, it was decided to dispense with ionizing gases with the UV lamp

and directly introduce electrons into the analyzer. To this end, a small filament from a

flashlight was positioned above the electrostatic lens' aperture. The enormous number

of electrons produced by the heated filament traveled through the analyzer and struck

the front plate of the microchannel assembly. The electrical current thus produced from

the detector, through a picoammmeter, was more than ample to confirm that the

analyzer was operating. This was a crude method since the voltage drop across the

filament, in this case ~ 1 volt, gives a very broad electron-energy spread. When the

position-sensitive detector was turned on, no signal was detected. The problem was

traced to the fact that the microchannel plates had not been stored properly for over two

years and, therefore, had deteriorated. Despite this, a set of detector-grade

microcharmel plates was substituted so that an initial calibration could be done until

new image-quality plates arrived.

Once this this initial calibration was done and new microchannel plates

received, further refinement was accomplished by photoionizing gases having well-
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known characteristics and simple spectra. A large signal was needed since the

sensitivity of the microchannel plates(MCP's) was unknown, and it was desirable to

keep the applied voltages on the MCP to reasonable operating conditions, viz., less than

2000 volts across the plates. Furthermore, alignment of the UV lamp to the analyte

beam was questionable. Therefore, it was decided to use laser-induced REMPI on

xenon with a Nd-YAG-pumped dye laser instead of one-photon ionization with the

lower-intensity UV lamp, because the alignment would be easier.

Initial MPI Studies

Xenon was chosen because it has a simple spectral structure. Xenon has two

major, well-defined ionization potentials 12.130 eV and 13.436 eV corresponding to the

j=3/2 and j= 1/2 angular momentum states, respectively. These potentials are separated

by 1.306 volts, providing a good inital test of the instrument's linearity. Xenon also has

a low-lying intermediate state which can be reached with three photons of440 nm

wavelength, with only two additional photons needed to eject electrons from the two ̂P

states.

The first photoelectron analysis of resonantly-enhanced multiphoton-ionization

of Xenon was performed by Compton and co-workers'' in 1980 who also used a

spherical sector electron analyer.

For the present work, a 3 + 2 photon excitation of xenon was accomplished by

illuminating it with 442 nm, 10 nsec laser light, produced by Nd:YAG pumped dye

laser. Coumarin 440 was the dye used, with the grating set for an output wavelength of
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440.88 nm. As stated earlier, three photons excite the ground-state electrons to the

6s(3/2)''j=, state, which corresponds^' to the configuration 5p^(^P3/2°)6s, where they are

further excited into the continuum by two additional photons. The expected

photoelectron energies were 0.66 eV and 1.97 eV for j=l/2 and j=3/2, respectively.

Since electron transmission through a hemispherical analyzer increases with

higher pass energies, the analyzer was scanned first to detect the higher energy j=3/2

photoelectrons. These electrons were detected when the analyzer set to a pass energy of

1.85 eV. The energy bandwidth of the analyzer at this pass energy - viz., 0.3 eV - did

not permit both peaks to be acquired simultaneously. Subsequently, the pass energy

was lowered, and the j=1/2 peak was detected when the pass energy was set to 0.5 eV.

Since the resolution of the analyzer also depends upon the pass energy, it was

necessary, in order to compare the relative intensities of the two peaks, to slow the

j=3/2 photoelectrons to the pass energy of the j=l/2 electrons by adjusting the overall

potential of the analyzer, i.e., the potentials were all made more negative by the same

amount. A full-width, half-maximum value (FWHM) of 19 millielectron volts (meV)

was obtained, (see Figure 12). This is somewhat higher than expected 6 meV

theoretical resolution of the analyzer at a pass energy of 0.6 eV.

Contributions from Doppler broadening, 0.9 meV, and the laser linewidth, 0.02

meV, account for only a small portion of the FWHM. Most of the width, therefore, can

be attributed to AEggids and focussing error. As stated earlier, it is very difficult to

eliminate stray fields, especially on the power supply lines. Typical voltages on the

supply lines are on the order of 5 to 10 meV peak-to-peak. Using empirical formulas
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for the lens' voltages will produce satisfactory results, but to achieve the best focus,

especially at very low electron energies (< 1 eV), requires the use of "look-up tables"

stored in a computer. Another source contributing to width may be the a.c. Stark shift

described in Chapter 3.

Next, the MPI photoelectron spectrum of nitric oxide was taken. Nitric oxide

has been studied extensivley not only because of its simple electronic structure, but also

because of its feature-laden spectrum. The electron configuration of nitric oxide is

(lo)^(2a)^(3o)^(4a)^(l7i:)'*(5a)^(27t)'. The ground state electronic state has been

determined®® (Jungen, 1970) to have a loosely bound electron having a wavefunction

comprising a 3d7r orbital mixed with a small amount 2p7i: character orbiting outside the

filled core. This gives nitric oxide a more atom-like character, so that the single,

orbiting electron's Rydberg nf and np series will contribute much more intensity to the

spectrum than the lower-level nd and ns series (Carmen and Compton, 1989).®'

Because of this mixed nature of the ground state of nitric oxide, both even and odd

numbers of photons can produce transitions to upper Rydberg states (Carmen and

Compton, 1989).®'

The first multiphoton ionization of nitric oxide, as stated earlier, by Johnson

and co-workers®^ (1975) demonstrated that MPI greatly reduces the congestion in the

nitric oxide spectrum. The same group showed later that the signal strength is greatly

enhanced when the source illumination is in resonance with the aforementioned

Rydberg series from two- and three-photon resonances through four-photon ionization

of cold nitric oxide (Zakheim and Johnson, 1978).®^ This latter work was also
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significant in that it was the first use of a supersonically cooled molecular beam in

multiphoton ionization spectroscopy.

Subsequent work on nitric oxide has been extensive. Most notably, Compton

and Miller®^ discovered the presence of zero-kinetic-energy electrons in 2+2 REMPI

through the A state in their pioneering REMPI-PES study. The presence of these

electrons has stirred much debate over their origin. Theories put forward include

autoionization, valence-Rydberg mixing, and accidental double resonances (Compton

and Miller, 1989).®'

In much the same way, the present work produced electrons by 2 + 2

multiphoton ionization of nitric oxide through the A ̂Sstate of nitric oxide. Again,

Coumarin 440 was the dye used, but at a slightly higher energy, 451.33 nm. The

spectrum revealed the expected, most-intense peak at 1.70 eV, corresponding to the v=0

level of the NO^ ion. In addition, smaller peaks were observed at slightly lower

energies which were assigned to the v=l and v=2 levels, respectively (see Figure 13).

[Although zero-energy electrons are also produced, these were not observed because

there was no means to supply an external electric field to "coax" these electrons into the

analyzer.] The presence of three peaks of known energy in a single "view" of the

spectrum allowed a more precise estimate of the FWHM of the peaks than for the case

of xenon. The FWHM was estimated to be 50 meV at a pass energy of 4.7 eV resulting

in a calculated resolution of 90. Since the operational capability of the analzer in the

multiphoton mode proved to have adequate sensitivity, it was decided to proceed to try

to get the single-photon (UV lamp) section operational.
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Figure 13. REMPI photoelectron spectrum of nitric oxide.
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Single-Photon Spectra

To align the UV lamp so that ionization took place over the aperture of the

electrostatic lens, a thin wire was suspended vertically so that the end of the wire was

centered over the aperture, approximately 5 mm above the electrostatic lens.

Illumination of the wire by the lamp caused photoemission of electrons, whose current

was measured by a picoanuneter. By monitoring where the current diminished, it was

possible to place the light beam directly over the aperture.

The one-photon spectrum of argon supplied additional calibration information.

Argon has an ionization potential of 15.759 eV with the other half of the doublet at

15.937 eV, thus not only providing electrons with a kinetic energy of 5.46 eV and 5.28

eV, just above those produced by the earlier REMPI studies, but also providing a good

test of the resolution.

Varying the electrostatic lens' potentials revealed a substantial dependence of

signal on these potentials. A nearly five-fold increase in signal was noted when the

voltages were varied from 1.50 V and 75.0 V to 15.0 V and 160. V. Moreover,

complete saturation and loss of resolution occurs when the electrostatic lens's potentials

are substantially higher potentials than optimum. A surface plot of the response of the

system signal to electrotatic lens voltages for the argon spectrum is shown in Figure 14 .

It was found that the lens could accomodate electron energies which varied by a factor

of four without serious degradation in resolution.

In order to determine the optimum lens settings, it was necessary to determine
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the optimum settings at a few more electron energies so that enough statistics were

gathered to permit chararcterization of the electron-energy versus the first- and second

lens voltages. This is shown in Figure 15 . Taken together with the analyzer calibration

curve (please see Figure 16), it was possible to set the potentials to the optimum without

having to resort to experiment each time.

Determination of Resolution

Once these preliminary investigations were completed, it was necessary to

resolve a major question - is it necessary to coat the the hemispheres with colloidal

graphite to reduce surface patch potentials and thus increase resolution? When the

analyzer was constructed, the hemispheres were deliberately left without a colloidal

graphite coating.

Since the hemispheres are made of aluminum, the surfaces are essentially comprised of

aluminum oxide, an insulator.

Fortunately, it was not necessary to take apart the analyzer and coat the

hemispheres to make this determination. An analyzer, being used in Canada®''

(Westwood, 1992), of identical dimensions had been coated with graphite during its

construction, and comparison to its resolution could be made.

The a''7i:u band of oxygen was chosen for comparison for two reasons. First, the

ionization for this band is in the neighborhood of 16 eV, allowing the use a modest pass

energy of 5 eV without needing to retard the electrons' energy. Second, the band

consists of many, closely-spaced peaks which allows examination of the detector's

response over most of the useful length of the detector.
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Surprisingly, the resolution was equal to that obtained by Westwood's group.

Patch potentials for this apparatus apparently do not degrade the signal, and this is the

case for all other spectra taken subsequently. A possible explanation is that the low

electron current encountered - ~ 10"^' amperes - is not suffieient to produce patch

potentials of sufficient magnitude. Moreover, the large spacing between the

hemispheres reduces the influence of these potentials on the electrons' trajectories.

Despite this positive result, a more serious problem became readily apparent - the

spacing between the second and third peaks was not the same as that for either between

the first and second, or between the third and fourth. This problem was traced to the

Position Decoder.

As stated earlier, the time constant of the Position Decoder must be matched to

that of the detector and its cables. If it is not, then the response of the Position Decoder

starts to assume third-order characteristics rather than the normal linear character.

(Kopp, 1994). This was the case encountered as the Position Decoder had an initial

time constant set to one microsecond, whereas the detector and cables had a nine

microsecond time constant. The result of this can be easily seen in Figure 17 where the

position output from the decoder is plotted against AV, which in turn is linearly related

to the pass energy of the analyzer. A noticeable inflection occurs near channel 600

which corresponds to the midpoint of the detector.

The problem is more apparent when looking at more closely spaced lines. The

b^Sg" band shows this as it provides a longer progression with closer line spacings.
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After study of the situation by the manufacturer, it was decided to place a 10

kilohm resistor in parallel with the resistive anode so as to reduce the time constant of

the system to that of the position decoder. But this new resistance was not sufficient to

cause a linear response, and it was necessary to try a number of different resistors.

Trying a wide range of time constants revealed a peculiar effect. When the two

time constants are grossly mismatched, peaks located in the low-energy half of the

spectrum have greatly increased widths as compared to those in the upper half. In

extreme cases, the peaks in the lower half are reduced to an amorphous signal

resembling background noise. See Figure 18 for an example of this.

The proper time constant was found by using the two photoelectron peaks of

xenon. The two lines arising from the spin-orbit coupling of the state of xenon were

used as standards for the upper and lower halves of the detector response. Varying the

time constant altered the widths of the lines. When the time constants matched, the two

widths were nearly the same.

The time constant of the detector was reduced in two ways. First, the RG59

cables from the bias box to the detector were shortened from 130 cm to 26 cm.

Shortening of the cables reduced the capacitance by 100 picofarads. Second, a

resistance of 78 kilohm was placed in parallel with the detector, reducing the overall

resistance of the detector.

Further examination of the oxygen a"*]!,, band revealed grossly distorted peaks.

This distortion was traced to the potential on the first microchannel plate altering the
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path of the electrons as they exited the analyzer Although the potential on the plate
was only +138 volts when 2,000 volts was applied to the MCP assembly, this was
sufficient to penetrate the double layer of 70-line-per-inch copper mesh. Reducing the
voltage on the first microchannel plate to 25 volts resulted in a cleaner spectrum, but
reduced the sensitity by a factor of six. Although this step improved the appearance of
the spectrum, the peak spacing still was not correct.

In order to make the detector response more linear, a stepwise multiple
regression was performed using the oxygen aU spectrum as a calibration source.

Polynomials representing the detector channels up to the nineth order were

systematically added as independent variables until the adjusted correlation coefficient

showed no further improvement. The final model representing the corrected position,
called the index, consisted of only three terms, viz.,

index = «„ + a,(channel) + tt,(channet)^

index = «„ + a^channet) + a^(channet)^ + a,(channelf

The coefficients obtained from this fit are given in Table 4.1. Applying thsee
coefficients to the other bands of oxygen yields spectra with correct peak spacing. The
fit nearly agrees with a polynomial regression analysis of the theoretical response of the
position decoder which showed that a third-order polynomial fit the response with an
of 0.9996 (please see Table 4-1 for a comparison)

The results of this regression of the theoretical response are shown in Figure 19.
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Table 4-1 Comparison of regression results between
PSD responses. experimental and theoretical

CoeflScient Experimental Theoretical

a,

a.

a.

R2

1.0612

-8.906 X 10"^

-4.9425 X lO^'"

0.998

2.1137

-1.0302 X 10-2

1.8223 X 10"'

-1.2149 X 10-"

0.9996
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The improvement in the detector response can be easily seen by examining the residuals

of the two cases (see Figure 20).

Once these corrections were made, it was decided to measure the resolution

uniformity across the detector. This was done by varying the pass energy while

monitoring the FWHM of the Xe peak. As can be seen in Figure 21, the resolution

vanes by about 20 percent across most of the detector, with deviations growing larger

as the inner hemisphere is approached. Accordingly, it is estimated that the middle 90

percent of the detector is suitable for spectroscopic purposes. A model of the electric

fields within the analyzer was made using the SIMON program and is shown in Figure

22 . Another noticeable feature of the spectrum is the non-conformance of the

relative peak heights to accepted values. A careful study" of the photoelectron

spectrum of oxygen revealed that the vertical transition for this band occurs for v=6. In

constrast, the present study has the vertical transition occurring for v=3. This

discrepancy can be traced to the detector's non-uniform response over its length. This

problem can be corrected and still retain the advantages of position-sensitive detection

by "dithering" the signal over the detector. In this procedure, the potential of the

analyzer is varied by an integer fraction of the number of channels in the data

acquisition device; in this case, the fraction would be 1/1024. A computer would be

needed to control this fine adjustment. The output from each of the 1024 channels is

summed in the same number memory locations each time the potential is changed. The

potential is scanned until the total width of the energy bandwidth at a particular pass

energy has been traversed. The software included with the multichannel analyzer made
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development of this type of programming difficult. A new software version has been

recently released by Oxford Instruments, Inc. which should make it easier to implement

the dithering technique.

An additional benefit of noticing the non-linear response was a close

examination of the operating conditions of the analyzer. Up to this point, the

spectrometer was operated in the normal mode in which the potentials applied to the

inner and outer hemispheres were calculated according to the condition that the

midpoint between the hemispheres matched the energy of the incoming electrons. This

is valid when the entrance aperture also coincides with the analyzer midpoint. The

present design, however, has the entrance aperture offset by 19.4 mm toward the inner

hemisphere. According to Joseph Swenson,®® the designer of the analyzer, a computer

model of the analyzer generated by SIMION indicated that the electrons experienced a

"kick" towards the outer hemisphere as they entered the analyzer. The entrance

aperture was thus offset to compensate for this. The model seems to be correct as the

coefficient of the TE for the inner hemisphere, equation (4 .16),

l( r ^
V, = - TEil— - \) - KE
^  e ^ R,

\  1

(5.3)

is consistent with a radius nearly the same as if the electron started at the midpoint, 3.80

inches versus 4 inches.

Work on a greater variety of electron energies further modified the optimum

operating potentials of the hemispheres. lonization of helium by the Hell line of the
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UV lamp provided an additional calibration point for an electron kinetic energy of

16.22 eV. The Hell line is produced by the ̂ P-'S transition in ionized helium, and

produces photons with an energy of 40.8 eV. By carefully reducing the helium flow in

the lamp, it is possible to increase Hell light production. The dramatic increase in the

Hen line is seen in Figure 23 where the 16.22 eV signal was monitored while changes

in the lamp's helium flow rate were made. The flow rate was measured by measuring

the pressure drop across a 0.2 mm diameter aperture with a Baratron™ capacitance

manometer. Viscous flow existed throughout the measurement range, so the flow rate,

in torr-liters/s, could be calculated by using the equation®'

Q=
9.UA{P,-P^

2Y
Y-1

h
(M)

1-

y-i

where Pj and P2 are the pressures across the aperture in units of torr; and A is the area of

the aperture in cm^; y is the ratio of the specific heat at constant pressure, Cp, to the

specific heat at constant volume, Cv; M is the gram-molecular weight; and Tj is the

temperature (in Kelvin) on the high pressure side, Pi.

The culmination of this characterization of the electron spectrometer was the test

to determine its best resolution at a moderate pass energy (10 eV). lodomethane

(methyl iodide) was chosen as the target as it has two sharply defined peaks due to the

spin-orbit splitting , ̂£3/2) of the iodine. These peaks are separated by

approximately 0.6 eV. The analyzer settings were as follows:

Electrostatic lens aperture: 1.0 mm
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Entrance slit potential: O.OOOV

Hemispheres' potentials: 5.596, -7.528V

Electrostatic lens potentials: 8.05V (first lens), 107.05V (second lens)

As shown in Figure 24, both peaks are well resolved as well as the much smaller

vibrational mode peaks. The full-width-half-maximum (FWHM) of the major peaks are

51.4 meV and 55.6 meV for the ̂ Ej/jand ^Ei/j states, respectively.
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CHAPTER 6

TRIETHYLAMINE MPLPES

Introduction

Triethylamine, (C2H5)3N, has been the subject of numerous single and

multiphoton ionization photoelectron spectroscopy (MPEPES) studies. Triethylamine

(henceforth denoted as TEA) exhibits two strong, overlapping absorption bands in the

ultraviolet centered near 45,000 cm . Furthermore, triethylamine (TEA) and other

tertiary amines are also found to fluoresce strongly in the UV region. TEA has been

used as a medium for ultraviolet radiation detection®' and suggested as a possible lasing

medium. ° Strong absorption by its excited states, however, preclude its use as a lasing

medium."'' The strong fluorescence of the amines surprised early researchers'^

since all the bonds are saturated. As pointed out by Halpem,'® the high-lying excited

states of saturated molecules normally would be unbound, resulting in short-lived,

dissociative states. This is indeed the case for amines for which hydrogen atoms are

directly bonded to the nitrogen atom, e.g. ammonia, where predissociation occurs along

the N-H bond.'"' The alkylated amines, however, resist predissociation resulting in a

weakly aUowed transition to the ground state.'" These longer lived states dominate

intermediate-state transitions under multiphoton excitation.

Numerous studies of multiphoton ionization of TEA have appeared. However,

competing views emerge as to the mechanisms leading to MPI of TEA. Cureton et a/."
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have shown that rapid internal conversion takes place from an S2 state to an Si state

during fluorescence. Building upon this result, Kawasaki et studied the MPI;PES

of TEA. These authors report that photo-ejected electrons originate only from the Sj

level when TEA is illuminated with laser light having less than 3.2 eV energy per

photon. A study by Parker et a/." produced an accurate model of the fragmentation

process of TEA in which fragmentation competes with ionization.

The study described in this dissertation was designed to examine the

multiphoton ionization processes in TEA through studies of the single (Hel, Helll PES)

and multiphoton ionization photoelectron spectroscopy (MPI.PES) at wavelengths

common to both the study of Kawasaki et al.*° and Parker et

Like ammonia, the ground state of TEA belongs to the point group. The

doubly-occupied 3ai nitrogen lone pair orbital forces the alkyl groups out of the 03^

planar geometry. A two-photon fluorescence study by Kasatani et al. using

polarized light confirmed that the excited states of TEA have symmetry within

the Djh point group. The excited states consist of two singlet Rydberg states arising

from a (3s - n) transition, the Sj state, and from a (3p - n) transition, the Sj state.''^ The

Si state lies relatively close to the 82 state as compared to simpler amines; this is typical

for amines as the 3 s state's term value varies with the degree of alkylation, while the

3p's does not.''

Upon excitation, the non-bonding electrons on the nitrogen atom can make a

transition either to the Si state (3s <- n) transforming as a^', or to the S2 state (3p <- n)

and transforming as e"; in either case, the molecule changes from the ground-state
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pyramidal geometry to a planar geometry/^ As Goodman and Philis point out,"^

one can determine the symmetry of the excited states by measuring the ratio, Q, of

fluorescence intensity for circularly polarized light to that of linearly polarized light. If

Q is less than one, the ground and excited states have the same symmetry, and if Q =

3/2, the states have different symmetry. The Kasatani et al. study finds that Q is less

than one for both Rydberg states, showing that the transition occurs between states of

the same symmetry. The upper states, however, have a different symmetry than the

ground state, and the transition should not be allowed. This suggests that the transition

occurs through coupling via the a^ "umbrella-inversion" vibrational mode.

Early fluorescence studies^'^ ''' revealed more about the upper states of TEA

suggesting that multiple decay rates exist for TEA. Cureton et al. present convincing

evidence that rapid internal conversion takes place, and that only two decay rates exist.

The dual nature arises only when the two singlet states, Sj and S2, are populated

simultaneously. Both states can be populated only when the excitation energy exceeds

that of S2. The S2 state then internally converts quickly to the Sj state, but the total

energy is, of course, greater than for the states formed directly at the S, level. Hence,

the rates of decay back to the ground state are different. When the excitation energy is

below the S2 threshold, only the Sj state is populated, and only one rate of decay is

observed. For the first case, Cureton et al.*^ proposed the following scheme:

A + hv ̂  lA/

lA* - lA* (fast)
\A* ̂  A + hVp
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where A is the ground-state TEA; lA^* represents A in an initially excited state of Sj,

and lAj* is the vibrationally reorganized excited state.

And for excitation of the neutral above the Sj state.

A + hv tA

lA* ̂  lA

lA* A + hVj,
lA* - non-radiative decay

where the set of emitting levels, ,A„*, is different from lA^*. These schemes are shown

in Figure 25. From the absorption spectrum of TEA, they determined the Si level to be

approximately 38,500 cm"' (4.77 eV) above So, while Sj lies about 41,660 cm^' (5.16

eV) above Sq.

Kawasaki et al}° performed an MPTPES study of TEA using time-of-flight

(TOF) electron spectrometry. They measured the energy of ejected electrons from TEA

as they varied the exciting laser wavelengths between 450.9 nm to 381.5 nm. For the

range of wavelengths used, they obtained a linear relationship between the kinetic

energy of the photoelectron and the laser photon energy. The calculated threshold

energy, however, suggested a common level from which ionization proceeded. They

proposed the following scheme for the ionization; TEA is first excited to a vibrational

level of S2; at this level, it absorbs an additional photon to arrive at the ionization

continuum, leaving the excess vibrational energy in TEA^.

Using these data, they concluded that the these electrons resulted from

photoionization of a state located 41200 cm'^ above the ground state (the S2 state). It
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Figure 25. The two fluorescence pathways proposed by Cureton et to account for
the observed dual rates of decay for TEA. In (a), the first photon excites TEA to a point
between Si and 82. In (b), the first photon excites TEA above 82, after which rapid
internal conversion to 8, takes place.
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will be shown in this dissertation that this assignment is in error as a result of the use of

an incorrect adiabatic ionization potential for TEA and that photoionization, instead,

originates from the Sj state. Previous photoelectron studies have shown that

photoelectrons can be emitted from vibrationally excited Sj and Sj states of

naphthalene,^® and trimethylamine^^ with internal conversion to the Sj state competing

with ionization from the S2 state in the latter case.

Parker and co-workers" examined the multiphoton ionization and

fragmentation of TEA by use of time-of-flight (TOF) mass spectrometry. In their study,

multiphoton ionization of TEA was found to fragment the molecule leaving only TEA^

and TEA^ minus a CH3 group in the MPI mass spectrum for wavelengths longer than

390 nm. Surprisingly, the branching ratio for the daughter ion was found to be

independent of laser power for wavelengths between 390 nm and 450 nm. The loss of a

methyl group is consistent with a conventional photolysis study^^ which reported that

the primary photolysis product of TEA is hydrogen atoms with ethyl and methyl

radicals combining to form simple alkanes. Parker et also noted a wavelength

dependence on the fragmentation pattern. At wavelengths shorter than 390 nm, a

greater fraction of fragments appear, accounting for more than fifty percent of the total

mass spectrum.

An accurate value for the adiabatic ionization potential is important for

determining whether ionization proceeds from the Sj or Sj states in the MPI of TEA.

The first step in the present investigation was to determine accurately both the vertical

and adiabatic ionization potentials of TEA.
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Experimental

Samples of TEA, obtained from J. T. Baker Company (>99 percent pure), were

placed in a glass bulb and thoroughly degassed using a freeze-pump-thaw procedure

before being introduced into the all-stainless-steel inlet manifold. Checks for impurities

were made by an electron-impact-ionization quadrupole mass spectrometer. The inlet

valve was operated in a manner such that the flow through it was supersonic.

Photoelectron energy analysis was performed with a custom-built, 180-degree,

hemispherical-geometry electron spectrometer as described earlier. Briefly, this

spectrometer has a 10 cm effective radius and employs position-sensitive detection.

The electron energy resolution at pass energies below 2 eV is better than 15 meV.

lonization is accomplished either by focussed laser light or by the output a Hel-Hell

discharge lamp manufactured by VSW, Ltd. Light from either source intersects the

molecular beam at right angles. The ions are produced approximately 5 mm in front of

a retarding, four-element electrostatic lens, which focusses the photoelectrons into the

spectrometer.

A relatively short (30 cm) TOF mass spectrometer was used to monitor the ions

produced in the MPI study. High mass resolution is not a requirement in this study,

however, and this arrangement produced sufficient resolution (m/Am » 100) to

determine accurately ion branching ratios.

For ionization potential measurements, the Hel photoelectron spectra of argon

and xenon were used as calibration standards. Once the calibration pass energy was set,

the TEA photoelectrons were accelerated to the pass energy by uniformly increasing the
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potential of the entire analyzer assembly. All potentials were measured with a

calibrated, Fluke model 8840A voltmeter.

For the MPI studies, a Quanta-Ray dye laser system consisting of a dye laser

(PDLII) pumped by Nd-YAG laser (DCRII) was used. The laser output was focussed

by a 20 cm focal length lens at the entrance to the four-element electrostatic lens of the

PES. The laser pulse length was 8 ns with a 10 Hz repetition rate. For wavelengths

longer than 355 nm, a Quanta-ray PDL tunable dye laser provided the excitation

photons. At and below 355 nm, the third and fourth harmonics of the Nd-YAG laser

(355 nm and 266 nm, respectively) were used.

Results and Discussion

Figure 26 shows the Hel photoelectron spectrum of TEA. The feature beginning

at 7.5 eV and peaking at 8.3 eV corresponds to ionization proceeding from the lone-

pair electrons on the nitrogen atom. The peak associated with this is rather broad which

makes the precise determination of the adiabatic ionization potential difficult. In this

case, the onset of ionization was determined by noting the point where the signal rose to

three standard deviations above the mean baseline value, giving an adiabatic I.P. of

7.47±0.04 eV (all uncertainties reported in this dissertation are at the a = 0.05 level of

statistical significance). This I.P. value is very close to the photoionization studies of

Watanabe^'"®^, but exceeds that of Aue et and is considerably lower than that

reported by Al-Joboury and Turner®'* (see Table 6.1). The vertical ionization potential,

8.24±0.03 eV, was located by locating the "center-of-mass" (centroid) of the first major
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Figure 26. Hel photoelectron spectrum of triethylamine.
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Table 6.1. Measured first ionization potentials of TEA using Hel light.

Adiabatic Ionization Vertical Ionization

Source Potential (eVI Potential (eV)
Watanabe et al.^^ 7.50 ± 0.05

Watanabe et al.^ 7.50 ± 0.02

Aue etal.^^ 7.20 8.05

Al-Joboury and Turner^'' 7.84

Robin" 8.14

This work 7.47 ± 0.04 8.24 ± 0.04
7.53 ±0.10'

'non-resonant two-photon ionization
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peak. This value is also close but larger than that reported in the above-referenced

studies. The precision of the calibration is very high, with a 0.05 percent relative

standard deviation being typical for argon and xenon.

Calibration of the electron energy scale for the MPTPES was accomplished in a novel

manner. A major problem in MPTPES is finding a calibrant with a sufficient number of

well-known photoelectron peaks in the region of interest in order to get a statistically

accurate energy scale. The single-photon Hel ionization of oxygen produces a series of

low-energy (0.2 - 1 eV) photoelectron peaks, leaving the (B^Sg") ion in various

states of vibrational excitation. This band encompasses seven peaks in the electron

energy range from 0.16 eV to 0.92 eV as shown in Table 6.2 and Figure 27. These

seven vibrational peaks of the B^Sg" state have been previously well determined'^ and

were used to calibrate the photoelectron energy scale for the laser MPTPES. Although

the photoelectrons typically were accelerated by a modest amount - ~ 3 eV (~4 eV pass

energy) - after they entered the analyzer, the potential in the ionization region was

fixed at zero for all experiments. This calibration procedure was further checked

against the 3 + 2 REMPI electron spectrum via the 6s [3/2]^ state of xenon. The

photoelectron energies corresponding to leaving Xe^ ̂Pj/j and Xe^ ̂Pi/2 are 1.931 and

0.625 eV. For this calibration both the and the b'^ZlJjands of oxygen were used.

Using this procedure, the accuracy in ionization potential was found to be better than

one percent (0.02 eV). This calibration procedure eliminated the need to change laser

wavelengths for calibration purposes, and provided many more energy calibration

points.
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Table 6.2. lonization energies of the O2* " state.®

/

V Energy (eV)
Electron K.E (eV)

(Hel light)

0 20.296 0.922

1 20.434 0.784

2 20.566 0.652

3 20.693 0.525

4 20.815 0.403

5 20.930 0.288
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Figure 27. Hel spectrum of the oxygen band. Relative peak heights are not
correct because the electrostatic lens was adjusted to emphasize lower-energy electrons.
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Photoelectron spectra were taken with photon energies ranging from 18800 cm"' (2.33

eV) to 37559 cm"' (4.66 eV) (see Figure 28). The photoelectron spectrum data

corresponding to two-photon-intemal conversion - resonant one photoionization (which

will be designated 2IC 1) shows close agreement with that of Kawasaki et al.^° over

most of the common range of wavelengths studied (see Figure 29). The electron

energies show a linear relationship with the electron originating from a level positioned

21900 ± 790 cm"' (2.72 ± 0.10 eV) below the ionization threshold. This term value is

statistically the same (22,200 ± 400 cm"') as obtained by regressing the reported data

from the Kawasaki group, although an apparent typographical error in their paper put

this value at 23,200 cm"'. When used with the adiabatic I.P. of 7.47 eV, this result

shows that ionization proceeds from a level which is 4.75 ± 0.17 eV above Sq. This

energy level corresponds very closely (4.77 eV) with the Si state as determined by

Cureton et al}^ The slope of the linear regression of photon energy versus electron

energy (in eV) for the data from 23000 cm"' to 24600 cm"' is also statistically the same

as that of Kawasaki et al,^" viz., 1.06.

The data from the two studies, however, diverge at the highest photon energy.

The kinetic energy of the ejected electrons drops off rapidly with wavelength as shown

in Figure 30. This drop off coincides rather closely with the almost complete

fragmentation of the TEA parent molecule as determined by Parker et a/." and here.

The fragmentation pattern of TEA obtained in this study closely matches that

reported by Parker et a/." The fragments observed at wavelengths of 355.0 nm and
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532.5 nm consist of the parent ion together with the parent with successive numbers of

methyl groups removed. However, the fragmentation patterns seen at the other

wavelengths are different. In most cases, the parent peak predominates, with only one

daughter peak (mass 86) observed.

The degree of fragmentation, indicated by F, the branching ratio, is defined as

F = D/(D+P), where D is the total signal arising from the daughter ion fragments, and P

is the parent ion signal. The fragmentation of TEA for a wavelength of 355 nm is shown

in Figure 31. As the photon energy is increased from 18800 cm"\ F increases from

approximately 0.65 to a maximum of 0.98 in the neighborhood of 20500 cm"'.(Parker et

al.) At this point, F falls rapidly to a value of 0.02 at 23400 cm"' where it remains until

the photon energy approaches 24600 cm"'. When the photon energy reaches this level,

F increases extremely rapidly to 0.98, i.e., almost total fragmentation occurs. This high

degree of fragmentation hardly decreases at 28000 cm"' where it is 0.96. In contrast to

the Parker group's results, however, a laser power dependence was noted for

fragmentation at many wavelengths between 450 nm and 420 nm as Figure 32 shows,

indicating that additional photons are being absorbed by the ion.

At the highest MPI photon energy studied, 4.657 eV, non-resonant MPI is seen

to occur with little fragmentation. The energy of the first photon is slightly (0.09 eV)

below Si. The second photon then excites the molecule to an energy level slightly

beyond the calculated^' appearance potential of the daughter ion. The fact that the

degree of fragmentation is small suggests that the appearance potential is higher than
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twice the photon energy, i.e., 9.3 eV. The measured photoelectron energy, 1.78 eV,

provides an additional and more direct means for determining the adiabatic I.P. of TEA.

From the two-photon PES, the adiabatic ionization potential is found to be 7.53 ± 0.10

eV (9.313 eV - 1.78 eV). The fact that this photoelectron peak is relatively narrow and

steeply rising at this energy is surprising since it is expected that the Franck-Condon

overlap between the pyramidal-geometry ground state and the planar-geometry ion

would be very small. This difference in geometries between the ground state and the

ion is similar to the case of ionization of the non-bonding nitrogen electrons by Hel

light where the resulting photoelectron peak at the vertical ionization potential of 8.24

eV is very broad. But just as in the case of two-photon fluorescence experiments

mentioned earlier,^®' the argument can be invoked that vibrational coupling

through the umbrella-inversion mode may enable this transition. Another way around

this problem is to consider the uncertainty associated with the energy of the Si state. It

can be argued that the S, state is at, or slightly below, 4.66 eV, since the 95 percent

confidence interval for S, in this study is 4.58 eV to 4.92 eV. Finally, the possibility

exists that the ground state has populated excited vibrational levels, supplying the

necessary 0.09 eV to reach S,. A likely vibrational mode would be the symmetric CN

stretching mode'® at 736 cm"' (0.0912 eV). At 25°C, however, only 3 percent of the

TEA ground state population would occupy this level.

At the lowest extreme in photon energy for this study, 2.33 eV (532.5 nm), the

degree of fragmentation is much greater, and the width of the photoelectron spectrum

peak is somewhat broader reflecting this partitioning between fragmentation and
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ionization. The resemblance of this photoelectron peak to that resulting from MPI with

4.66 eV photons is noteworthy.

To account for the variation in the fragmentation pattern as a function of the

laser wavelength, Parker et alV proposed that TEA is non-resonantly ionized, and that

fragmentation occurs when the appearance potential of the first daughter ion, 9.2 eV, is

exceeded. In their view, the degree of fragmentation decreases in the transition region

where the number of photons required for ionization decreases: more photons are

required for fragmentation than for ionization. For example, according to this

hypothesis, one should see a sharp fall-off in fragmentation in the region of 495 nm

(photon energy = 2.5 eV), where the number of photons required for ionization drops

from four to three, but the number of photons required for fragmentation remains at

four. Furthermore, as the laser wavelength is decreased, fragmentation should greatly

increase in the region around 400 nm (photon energy = 3.1 eV) where, for the first time,

the energy of the three photons causing ionization also exceeds 9.2 eV. This is exactly

what happens.

As stated earlier, the photoelectron energies in the region from 450 nm to 385

nm show that the ionization process in TEA at these wavelengths can be best described

in terms of a two-photon absorption into Sj, followed by internal conversion to the Sj

state from which ionization occurs (2IC 1). This process is different from the typical

REMPI process in that an internal conversion step takes place just before the ionization

step as shown in Figure 33. The (2 IC 1) process is proposed because no evidence for

non-REMPI photoelectrons was observed for these wavelengths. Moreover, at points
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where the fragmentation is not extensive, and, consequently, the photoelectron peaks

are narrow, the photoelectron energies are seen to be much too low for a non-resonant

MPI process.

For photon energies in which the last photon is above 25000 cm'^ (i.e., in the

region where fragmentation increases greatly), the photoelectron energies first fall

almost to 0 eV and then rise. At 355.0 nm (28160 cm"'), extensive fragmentation is still

occurring, but the centroid of the photoelectron energy distribution, 0.45 eV, now has a

value lower than that expected for (2 IC 1) through Si. The photoelectron peak is quite

broad, however, with photoelectron energies extending to 0.85 eV. The highest

photoelectron energy corresponds to the maximum energy expected for (2 IC 1) through

Si. Much the same situation is observed at 385.0 nm. Here the centroid of the

photoelectron energy distribution is 0.35 eV with photoelectron energies extending to

0.47 eV. The latter energy, again, matches the highest energy expected with REMPI

through Si. At the other photon energy region where extensive fragmentation takes

place, 18800 cm"', the photoelectrons, again, have a very broad energy distribution with

the highest observed photoelectron energy corresponding to ionization out of Si.

To account for the broad range of the photoelectron energies observed at single

photon wavelengths, one could conclude that photoionization of the Si state leaves the

TEA^ ion with some internal energy as shown in figure 25. Unlike a photoelectron of

study of trimethylamine^', no evidence for photoelectrons from the Sj state was found.

Conclusions

In order to elucidate the nature of MPI of TEA, this study has used both single-
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photon, Hel PES and multiphoton PES. A custom-built, hemispherical, electron energy

analyzer incorporating position-sensitive detection was employed to determine from

which of tea's two singlet states, Sj or Sj, the ionization step proceeds. The one-

photon vertical and adiabatic ionization potentials of TEA are 8.24 ± 0.04 eV and 7.47

± 0.04 eV, respectively. The determination of the adiabatic I.P. is crucial is assigning

the origin of MPI photoelectrons, and measurements of the MPI photoelectron energies

as a function of photon energies prove that the photoelectrons are ejected from Si and

not Sj. Thus, the MPI of TEA can be described as a process in which internal

conversion to Si is an intermediate step. This remarkable result holds even if the

molecule is initially excited to energies above Sj but below the ionization threshold.

Fragmentation and electron energy data suggest the existence of a dissociative

state 7.8 eV above Sq. The primary evidence of this state is that the degree of

fragmentation, in terms of the ratio of fragment signal to total signal, is nearly 100

percent in the neighborhood of this state. Although the energies of the fastest electrons

near this state still reflect their Si origin, the widths of the asymmetric photoelectron

peaks are very wide compared to photoelectron spectra taken at photon energies further

away, showing that considerable internal energy has been added to the ion.

The use of previously determined, well-defined Hel photoelectron spectra

provides improved energy calibration of electron spectrometers used in MPTPES when

compared to the sparse number of peaks normally associated with MPI energy

calibration.
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CHAPTER 7

BROMOCHLOROFLUOROMETHANE

Introduction

A one-photon photoelectron study of bromochlorofluoromethane (BCFM) was

conducted as a prelude to more extensive polarization studies of chiral molecules.

BCFM is one of the simplest chiral molecules, and several theoretical studies^^ '* ''

have been conducted on it. But because of the difficulty in preparing samples of it with

a net optical activity, only a few experimental studies of the optically-active form had

been performed until recently. Improved methods for its synthesis and separation into

optically active forms were reported^"'''"' in 1985.

The first spectroscopic study of BCFM was reported by Glockler and Leader^"^

who, in 1940, reported on the liquid Raman spectrum. Infrared spectroscopic data was

not reported until 1951 when Plyler and Lamb'"', conducting both gas- and liquid phase
*

studies, gave fundamental assignments. Not long after this, Pitzer and Gelles^®'* used a

product rule to confirm these assignments. Because this molecule lacks symmetry, no

normal coordinate treatment was ever carried out until El-Sabban and Zwolinski'^ used

a force-field treatment with 55 force constants to perform the calculation. Using

infrared and Raman data on isotopic variants of bromochlorfluoromethane. Diem and

Burow®^ refined the previous force-field calculation to develop a valence force field.

An electron diffraction study by Jacob'"' reported the main carbon-halogen structural

parameters.
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The optically active forms of BCFM have been isolated only within the last

quarter-century. In 1969, Hargreaves and Modarai^"® isolated the (+) and (-) forms of

BCFM with [aJo +0.20° and -0.13 °. Shortly thereafter, Wilen et a/.'"' reported having

isolated fractions with [aj^ up to 0.128°. An improved method for isolating the

enantiomers by inclusion within the cavity of a chiral host molecule allowed the

enantiomeric excess, ee, to be measured for the first time by 'H NMR spectroscopy.'°°

With this information, Wilen et determined that an enantiomerically pure sample

would have +1.6°. Moreover, Wilen et found that the optical activity

remained unchanged for over a period of ten years.

A photoelectron spectroscopy (PES) study of BCFM by Novak et a/.'"®

determined the vertical ionization potential to be 11.16±0.03 eV. They observed

vibrational fine structure in only the B electronic system, the electronic system which is

attributable to the non-bonding chlorine lone-pair ionization. They explained the large

splitting in the chlorine 3p"' bands, B and C, as the "CHF effect" in which the presence

of a single fluorine atom causes a significant splitting to occur while two fluorine atoms

quenches the effect by cancellation.

Any splitting in BCFM is unexpected given that the molecule belongs to the C^

symmetry group. A paper by Brogli and Heilbronner^'^ showed that the splitting is

result of two opposing effects. First, any splitting that may arise from the cylindrical

symmetry of the halogen field is reduced by the conjugation of the halogen p^^^y oribitals

with the bonds of the other groups attached to the central carbon atom. Second, the fact

that the degree of conjugative interaction is different for the different halogen p oribitals
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creates an opposing effect so as to increase the splitting. They also pointed out that the

shapes of the two spin-orbit peaks should be different, with one showing more

vibrational structure (because of its stronger interaction with the bonding orbitals) than

the other.

Experimental

The apparatus used has been described earlier in Chapter 4. In brief, a UV lamp

producing 21.22 eV photons illuminated a supersonic gas beam at right angles. The

kinetic energies photoelectrons produced by this interaction were analyzed by a large-

radius hemispherical electron spectrometer.

The bromochlorofluoromethane was synthesized by R. Pagni of The University

of Tennessee. Approximately 5 ml of the original sample remained after transporting it

to the electron spectroscopy laboratory. The sample was placed in a glass bulb and

subjected to four ffeeze-pump-thaw cycles before it was admitted to the all-stainless-

steel inlet manifold.

Calibration of the spectrometer was done with the Xe^ , ̂Pi/2, and the CHjU

^£3/2, Hel calibration lines. FWHM resolution at a pass energy of 11 eV is better

than 52 meV as measured by the ̂Ej/j line of CH3I.

Results and Discussion

The vibrational structure of the bromine and chlorine peaks, which had been

heretofore unresolved, was determined. Because the BCFM was subjected to a

supersonic expansion, its temperature was greatly reduced by the time it reached the
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entrance to the electrostatic analyzer. The degree of cooling can be estimated with the

aid of equations (4.42) and (4.43). The ratio c/c^ was estimated by taking an average of

this ratio"" for five chlorofluorocarbons ranging fi"om Freon 11™ to Freon 22™. The

average was estimated to be 1.13±0.04. From this, it is estimated that the Mach number

is 10, and that the temperature over the entrance is approximately 40K.

The full spectrum of BCFM was obtained by applying an accelerating potential

of 35 volts to the entire spectrometer. This enabled the position-sensitive detector to

measure electron energies from 0 to 9 eV (ionization potentials from 12 to 21 eV),

which encompassed the expected ionization potential of bromine's lone pair. The

resulting photoelectron spectrum matched that of Novak et al}°^ (see Figure 34 and

table 7.1). Assignments are based upon those of Novak et al.'"^

Next, the pass energy was reduced to 15 eV to measure more closely the

adiabatic and vertical ionization potentials. As can be seen in Figure 35, the spin-orbit

splitting of the bromine peaks is clearly seen, and the vibrational structure of the B

band is just resolved. The adiabatic ionization potential was determined by finding the

point where the signal rose three standard deviations above the mean baseline level, and

the vertical ionization potential was taken as the highest point on the peak. Using these

criteria, the adiabatic ionization potential of BCFM is 11.05±0.05 eV, and vertical

ionization potential is 11.28±0.05 eV.
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Table 7.1. Vertical ionization potentials and assignments of BCFM

State This work Novak et al. Assignment

X 11.28 11.16 "Br

A 11.60 11.49 "Br

B 12.03 12.05 %

C 12.62 12.60

5 14.23 14.02 CH/CBr

E 14.63 14.47 CF/CCl

F 17.40 17.56 np/CF
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121



To determine both the spin-orbit splitting and the vibrational structure of the

bromine peaks, the pass energy was further reduced to 5.00 eV. The ̂A' band of

was used for calibration. At this energy, it appears that some vibrational structure is

present on the Br peaks as shown in Figure 36, but the vibrational spacing could not be

reliably measured. The spin-orbit splitting of the Br atom in this study (0.32 eV) is

statistically the same as that measured by Novak et al. (0.33 eV), and consistent with

the spin-orbit coupling factor, 6, for bromine (0.305).' The observed splitting of the

chlorine peaks, 0.59eV, is much larger than the 6 for chlorine (0.073), and can be

attributed to through-space interactions between the chlorine 3p lone-pair electrons with

the other orbital species of BCFM.

The two chlorine peaks differ greatly in appearance as shown in Figure 37. This

area of the photoelectron spectrum was taken at a higher resolution with the analyzer

pass energy set to 8.00 eV. The B band is rather sharp, indicating that a small change

in BCFM's geometry occurred as this 3p electron was removed. The pass energy was

further reduced to 6.00 eV to determine the vibrational spacing. As seen in Figure 38,

three vibrational peaks can be discerned. The vibrational spacing of the first two peaks

of 730±50 cm"' fits the C-Cl stretching mode (v, == 772 cm"').'^ The other chlorine peak

was examined at an even lower pass energy, 3.00 eV, to determine its vibrational

spacing. This peak, denoted as C, is broad, and has a smaller vibrational spacing of

570±30 cm"'. The broadness of this band is in concert with the higher stabilization

(higher I.P.) of this orbital caused by the interaction of it with the bonding orbital. In

other words, the chlorine 3p orbital responsible for the B band has very little overlap
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with a sigma bonding orbital, while the other 3p electron, because of its more favorable

orientation, has a greater overlap with a sigma bonding orbital and is thus stabilized.

Either the C-H stretching mode (Vj = 1202 cm"'), or the bending mode (V2 =

1299 cm"^) might be responsible for the observed vibrational spacings on D. The

spacing (1300 cm"^) was easily observed as shown in Figure 39, even though the pass

energy was set to 24 eV in order to encompass the Ar and Xe peaks used for

calibration.

The band corresponding to ionization of the non-bonding F atom has a very

broad profile, indicating a large change in geometry takes place upon going from the

neutral to the ion. This large change in geometry makes assignment of its vibrational

spacing of 1100 cm'^ to a given mode in the neutral difficult, although the nearest mode

which has some F influence is the C - F stretch at 1060 cm'^

Conclusion

The electron spectrometer used in this study has shown that it has the capability

of performing high-resolution spectroscopy on molecules with a multitude of features.

The photoelectron vibrational fine structure of the bromine and chlorine peaks of

BCFM has, for the first time, been resolved. Future work with this analyzer using

polarized UV and laser light will further elucidate the structure of BCFM, one of the

simplest chiral molecules.
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CHAPTERS

CONCLUSIONS

The hemispherical electron spectrometer described in this dissertation has been

shown to be capable of meeting its theoretical maximum resolving power of200.

Although the aluminum hemispherical surfaces are not coated with colloidal graphite,

this does not seem to affect the overall performance of the spectrometer at pass energies

greater than 5 eV. These surfaces, however, will be coated in the event that slower

electrons are being affected. For the position decoding method described in this

dissertation, it is very important to recognize that the response of the system across the

detector's length is not truly linear. Fortunately, the response can be accurately

modeled such that non-linearities can be eliminated. The versatility of having both the

single-photon UV lamp and the multiphoton-capable laser was demonstrated in the two

studies conducted for this work.

By using the single-photon source, it was possible to measure accurately the

adiabatic ionization potential of triethylamine. This information was used to determine

the origin of the ionization step in the multiphoton ionization of the molecule. During

three photon ionization, it was shown that triethylamine undergoes internal conversion

from the S2 state to the S, state. This process was designated as 2IC 1.

A single-photon ionization study of bromochlorofluoromethane demonstrated

the high resolving power of the spectrometer; vibrational structure on the chlorine and
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fluorine-CH peaks of the ionic species was observed for the first time. The vibrational

frequencies measured on these ionic peaks is consistent with those found in the neutral

species.
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