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Abstract 

Faculty of Science 

Physics 

Master of Philosophy 

A study of the ejected-©lectron spectrum of autoionizing levels in 

atomic potassium, excited by electron impact. 

GASSEM KAVEI 

Ejeoted-electron spectra of potassium vapour autoionizing levels, 

excited by electron impact, have been obtained. The experiment was 

performed with two different spectrometers, denoted Apparatus 1 and 

Apparatus 2 in the text. 

In Apparatus 1, electrons were detected at 90® to the direction of 

the incident electron beam. The energy resolution of spectra obtained 

was 55 meV, and incident electron energies of 30, 60 and 400 eV were 

used. Ejected electrons in the energy range 13.8-21.1 e7 were studied. 

Apparatus 2 was a high resolution, variable-angle electron 

spectrometer and spectra were taken at 50® and 75® with respect to the 

incident electron beam. An energy resolution of 20 meV was achieved. 

Spectra were recorded in the 3-20.3 eV ejected-electron energy range, 

using incident electron energies of 30, 40, 60 and 400 eV. 

Comparison is made with earlier ejected-electron spectroscopy 

data of Ottley & Ross (1975), photoabsorption measurements and 

theoretical calculations. Excellent agreement is obtained with the 

photoabsorption data of Mansfield (1975a). A total 87 lines have been 

observed, 38 of these for the first time. These latter lines were 

detected on the spectra taken at lew incident energies and are therefore, 

expected to be due to optically forbidden transitions. In addition, 

three lines of the KII spectrum have been detected, and tentatively 

assigned. 



CHAPTER 1 

INTRODUCTION 

1*1 Spectroscopy 

The study of the spectra of atoms and molecules leads to a 

detailed krcwledge of their structures, transition probabilities and 

energy levels. 

Perhaps the most important aspect of atomic spectoscopy is the 

determination of energy levels. The experimental methods employed to 

do this consist fundamentally of measurements of either energy or frequency; 

the energy difference between two levels involved in a transition determines 

the frequency of the radiation which can be emitted or absorbed. The 

basic equation for this process is the quantum c o n d i t i o n w h e r e 

h is Planck's constant,W is the frequency of the radiation and and Eg 

are the initial and final energy states or levels of the system emitting 

or absorbing that radiation. 

The problem for the experimental spectroscopist is thus to measure 

the frequency or energy of the transition as accurately as possible, this 

entailing consideration of parameters such as line widths, intensities 

and standards of frequency. Experimental data for a given system need 

a good theoretical background for their interpretation, which must be 

able to predict a comprehensive picture of the energy level system. When 

this theoretical explanation of the energy level system has been obtained 

it can be used, in turn, to give information concerning the forces and 

interactions which exist inside the atom being studied. The different 

forces and interactions which produce and modify the energy level system 

vary enormously according to the frequency or energy range being 

investigated. 

Above the ionization limit there exist excited states of the 

neutral atom, which may decay spontaneously to give the ion and an 

ejected electron in a process known as autoionization. These 
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autoionizlng states can be studied by a variety of methods (see below), 

and fall into three main categories: 

1* Those immediately above the first ionization potential, such as 

the 0'*"(̂ D)nl and 0*(2p)nl levels which lie in the 0*^8 continuum. 

2. Inner shell excitations, such as the (core)3p^4snl configuration 

of potassium. 

3. Doubly-excited states, such as the 3p®nlnl' n>4 configuration of 

calcium. 

It should be noted that some atoms have single-electron inner-shell 

excited states below the first ionization potential. For example 

3d®48 is the first excited state of copper (ground state 3d^'^4s), 

Some atoms possess bound doubly excited states with energies 

which lie below the first ionization potential. The 3p^ term of 

magnesium is an example of this. However, double-electron excited 

states are almost always "quasi-bound" and have energies in excess 

of the first ionization threshold. In this case the atom may 

autoionize ejecting an electron, or decay by photon emission, although 

the probability for the latter process is usually much less than that 

for autoionization. 

1.2 The Methods of Investigating Autoionization 

Autoionizing states in atoms were first observed as diffuse lines 

in the absorption spectra in the region above the ionization threshold 

by Fues (1927). Such autoionizing states in atoms are observed as 

series of highly excited Rydberg states converging on limits which 

coincide with excited states of the ion. Often the lines exhibit 

asynanetric profiles. 

The methods used for the observation and investigation of 

autoionization in atoms are: 
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1. Photon impact. This gives rise to only those resonances which 

may be excited by an electric dipole transition from the ground state. 

2, Photon impact followed by energy analysis of the ejected 

electrons. This allows for multipole transitions but excludes the 

possibility of a change of spin. 

3« Electron impact; this allows the possibility of studying all 

possible autoionization states. The low energy electron impact 

technique is a convenient method for the study of optically forbidden 

transitions (spin, parity, or both, and j) that are inaccessible by 

photon absorption. Under such conditions the optical selection rules 

do not apply. However, at high incident electron energies where the 

Born approximation is valid, and where the momentum transfer vector is 

perpendicular to the direction of the incident electron beam, electron 

excitation is similar to photo-absorption, and optically allowed dipole 

transitions predominate. Because, at low incident electron energies 

there is a considerable rotation of the momentum transfer vector, 

parity invariance (magnetic dipole and electric and magnetic multipole) 

can be excited. Also at low incident energies electron exchange (spin 

exchange) mechanisms predominate causing "singlet-triplet"'type 

transitions. 

4, Impact by ions with Z>1, The collision of fast ions with target 

atoms allows the incoming ion to be excited to optical or optically-

forbidden autoionizing states. 

In electron impact, the study of autoionizing states may be made 

by collecting the scattered electrons (energy—loss spectroscopy) 

corresponding to excitation of the states, by observing the electrons 

ejected on decay into the degenerate continuum, or by collecting the 

ions resulting from the latter decay. High energy resolution is 

easier to achieve by collecting the ejected electrons than by 
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colleotirig the scattered particles. In the former method there is 

no dependence on the energy resolution of the incident beam, and 

consequently the beam may be taken directly from an electron gun; 

this leads to better signals than in the case of the second method. 

1.3 Autoionization in Potassium Atoms 

Alkali-metal atoms are perhaps more interesting than other metals 

from a theoretical viewpoint due to their simple single-valence 

electron structure. Also they are experimentally easy to handle. 

In particular, potassium has been the subject of many 

investigations. The earliest photo-absorption experiment to reveal the 

autoionizing levels of potassium was carried out by Beutler & 

Ouggenheimer (1933). They obtained the potassium absorption spectrum 

below 1,000^ and observed the strong doublet 3p®4s^Sj^^2 ->'3p%8^ ^^l/2 3/2 

at about 660^ 

Hudson & Carter ( 1 9 6 5 ) reported an atomic absorption cross-section 

measurement of neutral potassium from the principal series limit at 

28565 to IISOK and made comparison with the theoretical data of 

Seaton (1951) and Bates (1947). Later Hudson & Carter (1967) continued 

their atomic absorption cross-section measurement of potassium vapour 

between 580 and 1 ,00Q£ , and in the region between 580 and 685^ found 

several autoionization lines. 

The most recent investigation of autoionization in potassium 

using the photo-absorption technique has been made by Mansfield (1975a) in 

the range 700-350^ ; this work revealed at least 140 new features 

which were attributed to excitation of a 3p electron. Eight additional 

lines were observed in the region between 120-1Q& by Mansfield (1975b), 

attributable to the excitation of an electron from the 2p inner shell. 

In those papers, Mansfield used Hartree-Fook calculations to interpret 
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more than 50 features, mainly at longer wavelengths, and to give 

tentative assignments. 

Atomic structure investigation with photo-absorption techniques 

is restricted to optical selection rules (AS = o AL=o, +1 L&O/^L=O 

''̂J = o,±l J=o A J=o, and parity change), precluding observation of 

the important optically-forbidden transitions. 

Feldman & Novick (1967) observed discrete atomic energy levels 

lying between the first and second ionization potentials in the 

alkali-netels which are metastable against both autoionization and 

radiative decay. The experimental method was the atomic beam magnetic 

resonance technique. The metasteble atomic beam was produced by eleotron 

bombardment of neutral atoms. They reported the excitation energies, 

cross sections, and natural lifetimes, and gave tentative spectroscopic 

assignments for metastable autoionizing levels in the alkali-metals, 

including potassium. Sprott and Novick (1968) obtained improved data for 

the same experiment. They observed two autoionizing states in 

potassium. 

Metastable autoionizing states of Li and K were reported by 

Slavik et al (1975) in a mass spectrometer experiment. They used 

electrons to excite the potassium atoms to the quartet autoionization 

states 3p^4s3d%^ and deduced a lifetime for these states greater 

than 10~® see. 

Pegg et al (1975) have investigated the ejected-electron spectrum 

resulting from the passage of a 70 keT K+ beam through * He gas target 

in the ejeoted-eleotron energy range 12.5 to 24 eV. A number of 

optically-forbidden autoionizing states of potassium were observed. 

Trajmar & Williams (1976) have studied autoionizing levels in 

potassium vapour using the technique of high resolution el.otron 

energy-loss spectroscopy. With an incident electron beam energy of 100 eV, 
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several lines were found in the excited state energy range 18,5 to 

25 eV. It should be noted thst this incident energy was not high 

enough to allow unqualified application of the Born approximation; 

optically forbidden transitions are almost certainly present at this 

energy. 

Inner-shell ezcitation-ionization in potassium by electron 

impact has been studied by Nygaard (1975)• He observed^ under poor 

resolution conditions, an autoionization peak in potassium at 20 eV, 

which he attributed to excitation of the 3p^48^ ^^i/2 3/2 

Ottley & Ross (1975) investigated the autoionizing levels of 

potassium by measuring the ejected electron opectrtun at 90® to the 

direction of an incident electron beam. Spectra were taken at 29 and 

500 eV incident electron energies. The data was compared with 

ultraviolet absorption spectra, and about 25 new features were 

revealed. 

In this thesis the ejected-electron spectrum of potassium vapour 

is presented, obtained using two different ejected-electron 

spectrometers. The basic apparatus used for the experimental 

investigation is a crossed—beam electron spectrometer which observes 

the ejected-electron spectrum at a fixed angle of 90® to the direction 

of the incident electron beam; a detailed description of the apparatus 

is given in Chapter 3, 

The resolution in the spectra obtained using this fixed angle 

apparatus was approximately 55 meV (full width at half maximum - FWHM) . 

The second spectrometer was constructed to observe ejected-

electron spectra at different angles with respect to the incident 

electron beam. Using this apparatus, for all spectra, the resolution 

in the ejected electron spectrum MVEM was about 20 meV. This improved 

resolution resulted in many lines being observed which were not 
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resolved in the first apparatus. This second apparatus is also 

described in Chapter 3. 

Comparisons have been made between the present results and the 

theoretical and photo-absorption data of Mansfield (1975a); the 

agreement is good. 

comparisons have been inade with the theoretical work on 

autoionizing states in potassium of Martin et al (1969), who 

calculated energies for the SpSgdls and 3p^4s4p configurations. 

In addition, in the present work, three lines were observed using 

a 400 eV incident electron beam, corresponding to the Coster•»Kronig 

transitions 3s3p®4s->• 3s^3p^ ^^3/2, \/Z tentatively, 3s23p^4s2_> 3s^3p^. 

(7) 



CHAPTER 2 

THEORY 

2.1 General Aspects 

2.11 Transitions and Selection Rules 

Radiative electronic dipole transitions represent the interaction 

between atoms and a radiation field; only the electric field 

component is considered. A complete theoretical treatment requires 

the use of quantum electro-dynamics. However, most of the essential 

results can be obtained by simpler methods in which the electro-magnetic 

field is introduced as a time dependent purturbation. The perturbation 

produces a certain probability of finding the electron in a different 

final state xjr̂  from the initial stete^^^ , provided that the frequency 

of the oscillating field obeys the relation hV=|Ej -E^. By expanding 

the interaction between the electron and the electro-magnetic field as 

a power series the transition probability can also be obtained as a 

series, of which the first term is proportional to the electric dipole 

strength or transition moment for the two states concerned | <j|or | i>|^, 

where <j|er^ji>=: J . Higher terms in the expansion lead to 

electric quadrupole and magnetic dipole radiation. 

The selection rules for atoms in the L-S coupling scheme for 

electric dipole radiation are, using conventional notation: 

AS=o, AL=±1, AJ=o ± 1 but J =o>^ J = o 

Selection rules hold strictly only for free atoms. External 

fields due to the ions in a discharge or even to neighbouring neutral 

atoms can give rise to observable enforced transitions. 

In addition, the AL and AS rules may be broken, particularly in 

the heavier elements where L-S coupling is no longer a good description. 
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For example, the singlet-triplet intercombination line 6 8̂ "*̂  6 

is the second strongest line in the mercury spectrum, 2537^ and is 

often called the resonance line (incorrectly)* 

Transitions forbidden by electric dipole selection rules may 

occur by magnetic dipole or electric quadrupolo radiation, for which 

processes the selection rules are different. In particular, the 

parity I'ule for these transitions is event+even or odd+»odd. This 

allows transitions between terms in the same configuration which are 

forbidden for electric dipole radiation. Their transition probabilities 

are however smaller by factors of the order of 10^ and 10®, respecfcively 

in the visible region. The upper levels of such "forbidden" lines 

are called metastable levels, which autoionize at a slower rate via 

the weaker magnetic interactions. 

2.12 Quantum Defect 

In series of the type (Core)nl of neutral atoms, the energy 

level of the term in the series can be found approximately from the 

following equation; 

T^ = — (2.121) (Kuhn, 1969) 

where T^ is the energy of the state measured from the series limit 

(nsoo) ; R is the Rydberg constant, n the principal quantum number, and 

the quantum defect, Ze is equal to the charge of the nucleus 

plus that of the exposed shell of electrons. 2=1, 2, 3, ...for neutral, 

singly ionized, doubly ionized^... atom. This formula is known as the 

Rydberg—Ritz formula. The quantum defect arises due to electron orbits 

penetrating the core, resulting in the effective charge seen by those 

electrons being more than one. 
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This formula is also useful for the comparison of the 

corresponding terms in isoelectronic elements, where it describes 

the variation of as a function of Z fairly well. 

The application of equation 2.121 plays an important role in 

the assignments of lines to series, both in optical spectroscopy, and 

ejectad-olectron spectroscopy. The quantum defect is a function of 

n and 1 and is described empirically by tlie equation; 

8(1) 

n*: 

Thus, to first order, the quantum defect is constant for a given 

series. 

2.13 Coupling Schemes 

The L-S (see Russell# Saunders 1925) coupling scheme used in this 

section is valid only when the magnetic interaction in the atom is 

much smaller than the electrostatic interaction and the L and S 

vectors are strongly coupled. 

For ground and low excited configurations, the coupling of the 

angular momentum vectors 1^, 1^, Ig-'-and spin vectors s^, s^, s^* * * 

is usually best described for elements of low and medium atomic 

number by (L-S) coupling 

jill, Ig, Ig'• • )L,(si, sg, Sj, • • • )S^ J 

When this is not the case another coupling scheme must be used; 

(j-j) coupling for example. In this coupling scheme J is the only 

quantum number that can be defined in addition to the n,l of the 

individual electrons- The coupling of the 1,. s • lo s • 1 s • 
1* 2' 2' 3' 3' * * • 

vectors of high atomic number elements is usually described by (j_j) 

couplihg 
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A further coupling sohora© was given by Racah (1942). ' This 

coupling is nominated as coupling. Cowan & Andrew (1965) have 

considered the coupling in two-electron spectra, when the outermost 

electron of a heavy element is highly excited, and particularly when 

it has a high vnlue of 1. In such cases the configuration is highly 

asymmetric in the t.vo electrons, and the symmetric couplings (L-S), 

(j-j) are usually no longer good approximations. Observed structures 

frequently show a striking tendency of the levels to occur in puirs. 

RacRh (1942) has shcr/vn thfit the conditions responsible for this 

pairing are obtained by a type of coupling for two-electron spectra: 

The occurrence of pairs of lines is the result of the weak 

spin-orbit interaction of the outermost electron. The (l^, Ip) 

interaction of the highly excited outermost electron with the core 

(e.g. 5f with 3d^ in Cu II) becomes smaller than the (l^, s^) spin-

orbit interaction of the core electron, at the same time the (lo, Sg) 

spin-orbit interaction of the outermost electron is weak compared with 

(1-, , Ip) , Therefore two levels with different J value have nearly 

the same energy, (see Shortley & Fried,1938). 

?.,?. Auto Ionization 

The interactions discussed in Section 2,1 for an atom in zero 

extmrnal field have all been based on the concept of single well-

defined configurations. The assumption is that a definite (n, l) 

value can be allocated to each electron, 

A comparison of theoretical and experimental values of energy 

levels and transition probabilities shows that this assumption i^; 
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not always justified. It is often necessary to mix into the basic 

configuration contributions from one or more bther configurations 

in order to describe the system properly. With no external field 

perturbation to affect the syminatry, configurations can only interact 

if they have the same parity, in contrast to the Stark effect. The 

other rule is that, within two such configurations only terms of the 

same J can interact with one another. The strength of the interaction, 

or the amount of mixing, falls off inversely as the energy difference 

between the terms. 

Of particular interest is the configuration mixing between a 

bound state and an adjacent ionization continuum, which gives rise to 

autoionization. In a simple atomic model of electron excitation, only 

the valence electron is excited and all terms converge to the same 

limit, the ionization potential, corresponding to the ion in its 

ground state plus the electron with zero kinetic energy. In the 

continuum states beyond the series limit the electron has finite 

kinetic energy. But, as mentioned earlier there eiist bound states 

equal in energy to bhe continuum stabes due to the excitation of an 

electron from an inner shell. For example, one of the "p" electrons 

from the 3p° closed shell in potassium. The interaction between one 

of these bound states and the adjacent continuwn state of the saiw 

energy leads to a mixing of the wave functions and hence to a mixing 

of the properties of the two states. The bound state becomes in some 

measure a piece of continuum and is thereby broadened. One can PIS O 

think of the mixing as denoting a certain probability of finding 

the system in the ionized-state. In other words, of undergoing a 

radiation less transition, as sliown schematically in Figure 2.21. 

This process is known as Mutoionization, The process of excitation 

and autoionization is represented by: 

A+e(E ) Ae(E_) 
^ ' (12) 



where A* has energy Eg above the ground state and e(Ej) is the scattered 

electron of energy Eg 

A*+e(Ej) 

where e(Ej) is the ejected electron of energy Ej, and 

83=81-82 

where Ep % ionization potential+ E. 
^ 3 

Autoionization transition probabilities may be as high as 

10^^sec~^ in contrast to a typical value of lO^sec"^ for an allowed 

radiative transition. The natural width of a line depends on the 

decay life time. Not all excited states above the ionization level can 

undergo autoionizing transitions. 

The selection rules for autoionizing transition have been 

discussed by Rudd & Smith (1968) covering only (L-S) coupling. For 

(L-S) coupling the parity and L value rules can be combined to yield 

the following selection rules: 

1, If neither state (excited state and continuum) is an "S" state, 

the autoionizing transition is not forbidden 

2, If one of the states is an "S" state then, 

a) If the parities of the configurations are the same then the 

other state must be a S, D, G...state. 

b) If the parity is different then, the other state must be a 

P, F, H...state. 

Since an autoionizing electron is ejected earring spin of -g, the 

spin rule can be restated as follows: 

The multiplicities (2S+1) of the initial excited state and of the 

final ion state must differ by unity. 

Because of the possibility of electron exchange between target 

and projectile in particle excitation, the following rules hold for 

the excitation of neutral states; 
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Autoionization process 

>r 

e(Ej) 



1. For atoms subjected to L-S coupling the multiplicity can change 

at most by a number equal to twice the number of electrons in the 

projectile. 

2. For atoms not subjected to L-S coupling, or for atoms formed for 

the dissociation of molecules, there is no restriction of the change 

of spin, except that the total spin must be conserved. 

2.21 Autoionization Theory 

The perturbation theory for a case involving degenerate eigen 

functions is employed to describe the autoionization process, a simple 

case of autoionization (one discrete state interacting with a 

continuum in hydrogen) may be used to consider this theory, Massey & 

Burhop (1969) have calculated the scattering of s-wave electrons by 

hydrogen, ignoring exchange effects, where the total Hamiltonian is: 

y y=(H(^H^) W=BW 2.211 

where ^0=' ^ Vrg) 2.212 

and Hn=eV 2.213 
'"12 

r^, ^2 roprGSGHt the coordinates for the atomic electron and scattered 

electron respectively relative to the proton. The interaction 

represents a small perturbation which vanishes as the separation 

between the projectile and atom increases. 

The wave function for the doubly-excited stflte 0 (r̂ ^̂  r^) can be 

expressed in terms of products of eignfunctions of tvro excited states 

of energies and respectively. 

2.214 

Ho0 .'-(ea+eb)^ 2.215 

where in zero order approximation. In first order 
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approzim&tion, the energy of the configuration ivill be 

2.216 

E^=<0|Hl,f.> 2.217 

The conhinuum eigenfunction with energy E 

fsXri, r^) 2.218 

Xg is the waTe function for the ground state of the atom with energy 

Cq and is orthogonal to X^, and is the mive function of an 

electron in the potential field of a hydrogen atom with energy E-e 

^0 chosen as real and form an orthonormal set. 

<ts 1H (f (E J ) 2 .219 

<%t hU>-<|{HO10>+<^1 HJ^> , 

= 2.2110 

Because and 0 are orthogonal, <^[^>=0 

finally 2.2111 

where, if the interaction term is infinitely small vanishes, 

and, oecause the functions are normalized per unit energy range, 

2 
has tiie demensions of ©nerj^. 

The three equations 2.217, 2.219, 2.2110 are similar to those 

used to discuss perturbation theory applied to o discrete degenerate 

s..a^e, (Massay & Bui'liop, 1969). Tlie analysis applies tq any system for 

which these three relations exist. 

The interaction of bhe continuum configuration and discrete states 

generabes an additional phase shift, E(r). This is very small if the 

continuum energy differs greatly from discrete-level energy, but changes 
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rapidly by ir in going through an energy range of order (Vg ̂ ^ ^ 

about the resonance value Ej?=E^+AE, In other words there is an elastic 

scattering resonance of width (Vg^ )^. 

2,3 Fano Profile 

Autoionizing lines, in addition to being very broad, can be 

asymmetric. The exact form of the profiles was first calculated by 

Pano (1961). An example of asymmetric absorption lines are shown 

in Figure 2.31. The absorption at some distance from the line is the 

ordinary continuous absorption from the ground state to the continuum 

above the normal series limit. The autoionizing transition forms a 

resonance in the continuum of changing phase in some cases, and may rise 

steeply on one side to a peak value and drop on the other to zero 

before going back to the unperturbed continuum level. 

The interaction cross section is given by Fano & Cooper (1965); 

or (E)=o^~tfLj+(r, 

where is the resonant cross-section for that part of the 

continuum "Thich interacts with the autoionization level and (T-Q is the 

non resonant cross-section for that part which does not. q is a shape 

profile parameter or profile index related to the strength of the 

interaction between the line and the background continuum; E is energy 

E-E 

of the state, and e is a reduced-energy variable given by e=: E 

whore E is the electron energy, is an idealized resonance energy 

depending on a discrete autoionizing level of the atom, and P is the 

line width. The factor gives the shape of the resonance. 
2 

lYhen q is large and is small compared to , Equation 2.31 

reduces to a Lorentziwn profile of the form: 
"^man 

<r(E)=cr^ --+e-2 
1+e 

where ( T i s the cross section at the peak of the line. 

(16) 
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Figure 2.31 is a plot of against € for different q. 

Where qsO the Rutoionizing level appears only as s windotr/ in the 

continuum; a change of sign of q has the effect of producing a mirror 

iiriflge of the profile. 

2,4 Auger, Coster-Kronig and Super Coster-Kronig transitions 

Excited states caused by inner shell vacancies in atoms mey 

also decay by the emission of electrons or photons. Decay by photon 

emission leads to the production of characteristic X-rays. The decay 

of excited states corresponding to inner shell vacancies by electron 

emission is an autoionization process. In such decay, however, various 

process have acquired specific names. 

The term Auger effect is used to describe both the entire area 

of inner-shell vacancy decay by electron emission, and those transitions 

in which a vacancy in an atomic inner-shell leads to vacancies in one or 

two different principal shells. For example in calcium with 

configuration (core)3s^3p®4s^ 

(core)3s23p®43^+e(E^)^ (core)3s3p^4s^+e(E2)fre(E3) 

(cor©)3s3p®43^-> (core)3s^3p®+e(E^) 

and in potassium 

(core)3s^3p^4s+e(E-j^)-» (core)3s3p^4s+e(E2)+e(E3) 

(ccre)3s 3p^4s -> (core)3s^3p® + efE^) 

where e(E) is p.n electron of energy E. 

This Auger transition in calcium is given the notation 

3 ^1 potassium is given the notation Mg 'S ̂  3 ^̂ 1* 

In the Coster-Kronig-type of transitions (Coster & Kronig, 1935) 

one of the two vacancies produced in the rf<diaticnless decay is in a 

different sub-shell of the same principal sliell that contained the 

init.ial VHcency, for example in calcium 
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(core)3s23p®4s^+e(E2^)-> (Core)3s3p®43^+e(E2)+e(E3) 

(core)3s3p®4s2 ->(oora)3s^3p%s+e(E4) 

This Coster-Kronig transition is given the notation ( M j ; M 2 , 

In Super Coster-Kronig transitions (ifcGuire, 1972) an initial 

vacancy can lead to two vacancies in subshells of the same principal 

shell. For example, in calcium; 

(core)3s^3p®4s^+e(E^) -»(core)3s3p®4s^+e(£2)4-6(Eg) 

(core)3s3p®4s2 -»^(core)3s23p'^4s^+e(E4) 

This Super Coster Kronig transition is given the notation 

^1^,3^,3* 

Hence, from an initial 3s inner-shell hole we can have 

2 p 
transitions leading to 4s holes, 3p4s holes or 3p holes. These are 

Auger, Coster-Kronig, Super Coster-Kronig transitions respectively, 

the transitions are listed in order of decreasing ejected electron 

energy, 6(5^). This ordering is almost exactly true for most of atoms 

with Z<58, (McGuire, 1972). 

(18) 



CHAPTER 5 

EXPERIMENTAL 

Introduction 

Two different sets of apparatus have been used for the 

JDeasurements described in this thesis. These will be denoted Apparatus 

1, and Apparatus 2. Most of the research was carried out on Apparatus 1, 

5.1 Apparatus 1 

Apparatus 1 is shown schematically in Figures 3.11 and 3.12. The 

main parts of the apparatus are: 

Vacuum pumping system, vacuum chamber, analyser, oven, electron gun, 

Praraday cup, Helmholtz coils, and electron detector. Further details of 

each of these parts are given in this chapter. 

5.2 Vacuum System 

The vacuum pumping system in the experiment consisted of a two-stage 

rotary pump, backing two oil vapour diffusion pumps (Edwards E04 and 

Edwards E02). The diffusion pumps (which contained Santovac 5 oil) were 

each trapped by two chevron baffles. The baffle immediately above the 

diffusion pump was water cooled, and the second was cooled to approximately 

-40°C by a refrigerator unit. The vacuum system could be isolated from 

the diffusion pumps by means of butterfly valves. A magnetic valve 

(Edwards SVA25) was situated just above the rotary pump to isolate the 

vacuum sysbem from the rotary pump, and also to let air into the pump 

in the event of a povrar failure. Pressure was measured by means of an 

ionization gauge head, type IG5G, and a Pirani gauge head Model MBA; both 

gauges were controlled by a combined ionization and Pirani gauge 

controller (Vacuum Generators IGP3). Further discussion of the details 

(19) 
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of the operation of the pumping equipment may be found in vacuum 

system design books, such as Green (1968). 

Leak-detecting was performed by spraying methanol on the suspected 

place and noting whether the reading on the ionization gauge changed. 

The working pressure was of the order 10"® Torr in the electron gun and 

analyzer region. 

3.5 The Spherical Sector Slectrostatic Analyzer 

3,31 Theoretical 

For analyzing low energy electrons electrostatic analyzers are 

normally used. The possibility of using a portion of a spherical 

condenser as an analyzer was first suggested by Aston (1919), The 

focussing and deflecting properties of the spherical condenser have been 

described by Purcell (1938), Purcell demonstrated that a group of 

charged particles homogeneous in energy travel in trajectories with 

constant major axis in a given field, obeying Kepler's first law, as shown 

in Figure 3.311. a is the angular separation of the trajectories. 

m e n oc becomes infinitely small vanishes; a slightly diverging bundle 

of trajectories through P will be nearly focussed at point Q in the 

exit plane. 

Applying a voltage between the electrodes of such an analyzer 

produces the electrostatic field. Incident particles (electrons) enter 

the electrostatic field between the spherical surfaces of radii and 

Rg which differ in potential by V^-V^^V. An electrostatic field at a 

radius r, which is produced by a difference of potential betiveen two 

such concentric hemispherical surfaces of radii R^ and (R2>Ri) is 

given by g— ^ where k is a constant. 
— 

E=—- where V is the electrostatic potential. 
dr 

(20) 



Thus V = ^ +o (1) 

Applying the boundary conditions: 

_ k T. 
^2 ^ + c, and V2— —— + c (2) 

Therefore, V,-Vo=k( i - - ) 
• 1 2 R / 

Therefore, k = - l i — L (3) 

1 1 

Rl Eg 

- (V^-Vg) 
Ancl sOj css — ^ 

The eleotric force F on an electron in an electrostatic field is 

F= eE (5) 

And the centrigugal force on a particle when it moves in a circular 

orbit is; 

F= (6) 

where v is the velocity of the particle, m is the mass, and r is the 

orbit radius. The electrostatic force, (Equation 5) is equal to the 

centrigugal force (Equation 6), 

2 
Therefore , eE = ~ -

r 

a n d v ^ ® . | (7) 

The kinetic energy is: 

E (8) 

From equations (7) and (8) 

' ek 
JEISS 

2r 

From equations (3) and (9) 

E'=eV % 

If energy of an electron is eV® electron volts. 

*1*2 
oVcf oV — - , and 

(21) 

(9) 



Ro R-I 
- - ) 
Kg 

From Equation Cl) the potential of the inner hemisphere is: 

Tl = 2T.( | - - ) 

and the potential of the outer hemisphere is 

V2- V„( gj - 1 ) 

Purcell (l938)describes the resolution for the spherical sector 

analyzer $= 180° shown in Figure 3.311. Suppose the analyzer is set to 

transmit electrons of energy E^. An electron with this kinetic energy 

will travel from the source P, along PT, to the image position Q, 

passing along the centre-line of the analyzer. If another electron with 

energy E^AE, also travels along PT, normal use to the sector entrance 

plane, it reaches the image plane at point 2, a distance Yg from Q, Yg is 

given by 

+ (10) 
A g 

where Q = __ 

^ Eo 
Y 

Therefore = —__E*-

If a slit of width w is placed in the exit plane, it will restrict 

the energies of transmitted rays, and the instrumental resolution will be 

AE Y___ 

^ R(l+1) 
P 

If now an electron of energy E^ passes through the object point P at 

an angle a to the normal ray it will miss the focus by a small amount Yg, 

2 
proportional to a • 

(%^R(E, + -) 

P 

The effect of this off-axis ray is identical to that produced by an 

(22) 



electron entering the analyzer sector field along the path PT but with 

A ' / / 

an energy Eq + A E . Since Yg is known, A E can be computed from 

Equation (lO); 

Y 2 = P R ( ) 

where p « — , 
®o 

AE' Y2 
Therefore • w 

So a( 1 + 1 ) 

A E i? + § ) 
or ——— xK —————————————— 

Eq R( 1 + 1 ) 
p 

The slit w serves to separate rays of different energies, and, 

due to the imperfect focussing, electrons at different angle Ot to the 

normjil ray. 

mv « ^ E A E w 
ixiorei ore ̂  ^ s 

^O EQ R( 1 + 1 ) 
p 

2, q \ 
A E w % ( qZ ) 

AUG VilUB G ^MMM IP 

E( 1 + I ) ( 1 + I ) 

A E w . «2/ 1 p . \ 
••••• S «•-••••••»•«••»• + OT { 1 "f* j 
®o H( 1+ i ) ^ P 

P 

The minimum value of the second term is attained for q m 2p. 

If p a q, T]=y the resolution is given by: 

A ! +0(2 
E, 2R 

which is true for all sector angles $ , 

3,32 Description 

In Apparatus 1 the ejected electron spectrum was analyzed using 

(23) 
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symmetric 150° spherical sector analyzer with object and image plane at 

180®. The mean radius was 10.16cm with Ri = 9.207cm and Rg = 11.113cm. 

The hemispherical sectors were made from non-magnetic stainless-steel, 

and were sprayed with colloidal graphite solution (Dag). The solution 

was made up as one part of Dag to three parts of methanol. Dag has a poor 

reflection coefficient for electrons and was used to reduce reflection 

and secondary electron emission from surfaces. Also it was used 

because of its uniform contact potential difference characteristic, 

which is superior to that of gold. Gold was used by Wickes (1975). 

The analyzer was insulated from earth and was fixed to the underside of 

the top flange of the chamber as shown in Figure 3.321. At the entrance 

and exit of the analyzer were two pairs of slits, denoted Earthed 

slit 1 and entrance slit, and Earthed slit 2 and exit slit respectively. 

These slits restricted the angular distribution of the ejected electrons 

entering the analyzer, and provided a means of retarding or accelerating 

the electrons. To reduce edge effects, two Herzog diaphragms (Herzog, 

1935) were mounted below the entrance and exit slits, which «re denoted 

Diaphragm 1 and Diaphragm 2, as illustrated in Figure 3.321. The slit 

width of the Earthed slit 1 and Earthed slit 2, the entrance and exit 

slits and Diaphragm 1 were 0.5mm, and the width of Diaphragm 2 was 4.5mm. 

The Earthed slits were placed 2.5mm above the entrance and exit slits. 

0.05mm thick stainless steel grids were spot-welded on top of the 

entrance slit and below the Earthed slit 1, as shomi in Figure 3.321, 

to prevent field penetration through the slits, and to enable a uniform 

retarding or accelerating potentials to be applied between these plates. 

The slit assembly was made from copper with the exception of the entrance 

slit and Earthed slit 1, which were made from titanium to facilitate 

welding of the grids. Titanium is a good non-magnetic metal for use in 

electron optical systems. A coil of 15 turns of wire was mounted on the 

analyzer, as shovm in Figure 3.321, to cancel residual magnetic fields. 

(24) 
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In analyzing ejected-electron spectra, an accelerating or retarding 

voltage ramp was applied to the entrance and exit slits. The analyzer 

voltage was kept constant; in this way constant resolution spectra 

were obtained. In the equation (— + ^32^, where is the 

analyzer energy, all parameters on the right hand of the equation are 

constant. The ejected electrons spectrum was analyzed by applying a 

ramp voltage to both the centre potential of the analyzer and the 

entrance and exit slits using the circuit shown in Figure 3.322. 

3.4 Electron Gun 

Many electron impact excitation experiments require electron beams 

whose energies may be varied from a few eV to some keV. The electron 

gun can be designed to be capable of forming a beam in which the current 

is limited only by space charge. Some calculations of electron gun 

design have been given by Simpson & Kuyatt (1963), but the fields and 

electron trajectories in the vicinity of the cathode, which have been 

investigated by Soa (1959), are extremely complex. This makes the design 

of an electron gun at least partly empirical. 

A commercially-made electron gun has been used in the present 

experiment (Vacuum Generators LEG21), This electron gun is capable of 

producing a highly collimated beam at energies up to 5 keV and is 

illustrated in Figure 3.11. 

The electron gun was operated by means of the circuit shewn in Figure 

3,41* Typical voltage parameters necessary for operating the electron 

gun at energies from 30 to 400 eV are given in Table 3.41. Spectra were 

obtained for incident-electron energies between 30 to 400 eV. Due to a 

power supply limitation (500V) it was only possible to operate the gun 

up to n maximum beam energy of 400 eV. A set of deflectors were added 

to the LEG21, as shown in Figure 3.11, to compensate for any misalignment 

(25) 
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of the beam axis, end stray magnetic fields. The operating circuit 

for the deflectors is shwm in Figure 3.42, 

3,41 Cathode 

A directly-heated cathode is used in the LEG21, The beam current 

was found to be very sensitive to the position of the cathode with respect 

to the bias aperture; 0.2mm was the optimum spacing although small 

variations in this parameter could be compensated by applying different 

voltages to the bias. 

In this investigation, two types of cathode were used. Initially 

a thoriated cathode made by Vacuum Generators was used. Spectra at 

30 and 60 eV were taken using this cathode. Later a tungsten strip 

(width 0.7mm thickness 0.04mm) was spot-welded to the cathode base. 

Because the strip was too thick, the emission of electrons from the 

surface required a high current. Therefore, after welding, the tip of 

the strip was etched in a solution of 5g KOH in 200°® water using 3mA. 

at 5V d.c. 

The appearance of the laborstory-made cathode was similar to that 

of the commercially-made cathode. Spectra were tnken at 400 eV using 

this cathode. 

An attempt was made to thoriate the etched tungsten strip by 

electrolysis in a suspension of 3g of thoria (Th„0 ) in a solution of 
3 

Ig. of thoriumnitrate in 100ml. of Ethyl alcohol (95^^), 67,5V d.c. was 

applied between the filament and a tungsten snode for about 10 minutes. 

In this way some thoria was deposited on the filament, but following 

deposition the filament should have been baked; this was not done. The 

result was that when it was dried in air the deposit cracked, and when 

finally the filament was operated in the electron gun the deposit fell 

(27) 



off. As a result, pure tungsten strip was used for the cathode, 

Thorieted tungsten wire (0,008" diameter) was also used for neking 

the cathode, but it was difficult to weld, and the emission was low 

(the beam current as measured in a Faraday cup was about Zfik at 400 eV 

incident electron energy). 

The final beam current achieved was found to be sensitive to the 

base pressure in the region of the gun. In the present experiment this 

pressure was normally of the order 10"® Torr. The highest operating 

pressure possible was lO"^ Torr. 

3.5 Faraday Cup 

In electron impact experiments it is necessary to measure the 

electron beam current and to have some knowledge of the geometry of the 

beam. The Faraday cup designed for this purpose is shown in Figure 3.11. 

The central collector was placed inside an outer screen. On the outer 

screen an aperture was placed to measure the current to the front of 

the Faraday cup. The ratio of the current measured on the front plate 

to tliat measured in the central colleotor gives a rough idea of the 

divergence of the electron beam. 

The design of the Faraday cup is important because of the secondary 

electrons formed when the incident beam hits the central collector. 

These must be prevented from escaping, otherwise an erroneously small 

signal, possibly positive, is measured. Lawrence (1926) has stated that 

the collector should be at least ten times as deep as the diameter of 

the entrance aperture. The collection efficiency can be further improved 

by applying a positive potential to the inner collector. 

3.6 Oven 

The oven was similar to that described by Hertel & Ross (1968), 

(28) 



with some modifications as shown in Figure 3,61. The modifications were 

designed to minimise the magnetic field associated with the heating 

elements. To collimate the vapour beam, in addition to the collimated 

hole structure, an aperture made from copper foil was placed at the top 

of -the oven shown in Figure 3.61, 

The oven was made from stainless steel and fitted with upper and 

lower heating elements as shoira in Figure 3.61, .so that a temperature 

o 

difference of 100c could he maintained between the aperture and the 

lower part of the oven. The heating elements, which were placed in holes 

drilled in the oven wall, consisted of heating wire (Kanthal, 0.5mm 

diameter) fitted in twin-bore ceramic tubes. Two power supplies (3A, 

30V d.c.) were used for the heaters. Since the d.c. heating currents 

flow in opposite directions in the ceramic tube the net magnetic field 

is negligible. 

Two thermocouples were spot-welded to the bottom and the top of the 

oven as shwrn in Figure 3.61 to monitor the temperature. The thermocouple 

wires wgre Chrome 1 (Ni/Cr), and Alumel (Ni/Al-Wk+Si). 

The potassium sample used consisted of commercial potassium lumps, 

(99?S pure). The bottom of the oven was operated at 220°C, which 

corresponds to 10"^ Torr saturated vapour pressure. This was thought 

to be the optimum pressure and was used in the work of Ottley & Ross (1975). 

5g. of potassium lasted approximately 7 hours at this temperature, which 

Was long enough to ennble several spectra to be recorded. Many noise 

spikes were recorded in the spectra; these were attributed to the influence 

of dirt (KgO, ROH,•'•) in the sample. This was finally cured by 

increasing the top oven temperature to 360°C. 

To produce a collimated beam at the exit of the oven, an aperture 

was placed there (see Figure 3.61). This aperture was a stainless steel 

collimated hole structure, manufactured by Brunswick-Corporation, consisting 

(29) 
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of 5,500 holes each of O.lZinm diameter and 1,25mm length. The theory 

of using this type of aperture has been given by Giordmain & Wang (1960). 

Maintaining the temperature at the top of the oven higher than the 

bulk is important in order to prevent condensation and consequent 

blocking of the oven aperture. It also prevents molecular recombination 

in the beam. 

3.7 Helmholtz Coils; (Magnetic Field Neutralization) 

In an arrangement due to Helmholtz, a region of uniform magnetic 

field is obtained midway between two equal coaxial circular coils set 

parallel to one another with the separation between their centres equel 

to the radius of the coils. In the present experiment square coils of 

side, 170om were used to facilitate access to the apparatus. Two pairs 

of coils were used to neutralise the two earth's field components; the 

apparatus was alligned N-S. 

With 1.4A in horizontal coils and 0.5A in the vertical coils the 

net magnetic field was zero. However, the optimum currents required to 

obtain good resolution were 0.5 in the horizontal coils and 1.12A in the 

vertical coils with 0.08A in the coil mounted round the analyzer (see 

Figure 3.321). This indicates that there was considerable residual 

magnetisation in the system. The magnetic field was measured using a 

Newport Instruments flux meter. 

3«8 Liquid Nitrogen Trap (Trap and Collision Region) 

The construction of the liquid nitrogen trap is shown in Figure 3.12 

The bottom of the trap, a copper block welded to the stainless steel 

dewar , formed the interaction region. Holes were machined in the copper 

for the electron beam to pass through to the Faraday cup, and for the 

vapour beam to pass in. The vapour beam was condensed out after 

(30) 



crossing the interaction region. 

The surface of the interaction chamber was coated with benzene 

soot (smoke from natural gas bubbled through benzene , contained in a 

flask, and burnt at the end of a tube) to reduce electron reflections and 

the formation of the secondary electrons. 

5,9 Detection System 

A schematic diagram of the detector electronics is given in Figure 

3.91. The ejected electrons transmitted by the electrostatic energy 

analyzer were allowed to strike the inner surface of an electron 

multiplier (Mullard B419BL), The gain of the electron multiplier is 

about 10?. The front of the electron multiplier was connected to Earth, 

the same potential as the Earthed slit 2, and the other end to a 5kV 

variable supply. The charge pulse from the multiplier is converted into 

a voltage pulse by the total input circuit capacitance to earth. In 

practice this pulse is of the order of ImV, and the circuit capacitance 

C'-IO It is essential to keep the input capacitance as low as possible 

by keeping the connecting wires between the multiplier and the emitter 

follower as short as possible, in order to obtain a high amplitude 

voltage pulse. The role of the emitter follower is to match the electron 

multiplier impedance to the input impedance of the amplifier(~50i$ 

without changing the amplitude of the signal pulses. The output of the 

emitter follower was connected to an amplifier and discriminator. The 

output of the discriminator was connected to the input of the ratemeter, 

and the analogue output of the ratemeter was displayed on an XY recorder 

to record the spectra. A loudspeaker circuit was connected to the 

output of the discriminator to produce an audio signal. 

Care was necessary to ensure that the multiplier was working in its 

plateau region. It was also important to epsure that the discriminator 

(31) 
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level was not set too high, since the channel multiplier gain decreases 

with increasing count rate, and this could lead to a loss of recorded 

signal. 

3.10 Setting up the Spectrometer 

The spectrometer was operated when the pressure was in the lO'^Torr 

range. The electron gun was set up to provide a beam of 400, 60, or 

30 eV electron kinetic energy and the current in the Faraday cup measured. 

The liquid nitrogen trap was filled and the oven temperature was 

increased in 30 minutes to the operating temperatures of 360° and 220°C 

for the top and base, respectively. The high voltage power supply was 

set at the plateau region for the multiplier, typically 3.6kV. The 

analyzer was set up to transmit electrons of lOeV (4V across analyzer). 

Neglecting the incident angular spread, this analysis energy corresponds 

to a theoretical FWHM of 25 meV. In practice the FWHM at this energy 

was approximately 55 meV. This difference clearly represents a contribution 

from the angular term in the expression for the resolution (see page 25). 

The ramp voltage was then adjusted to a known strong feature in the 

spectrum (3p^4s^ ^^3/2 potassium), and the detected signal was 

maximised by adjusting the currents in the Helmholtz coils and the coil 

round the analyzer, and high voltage power supply. The ramp voltage 

generator was used to scan the voltage between earth and the entrance to 

the analyzer. The entrance slit was connected to the exit slit, and they 

were both kept at the same potential as the centre line of the 

hemispheres. The analogue output of the ratemeter was taken to the Y 

input of the XY recorder and the ramp generator output to the X input. 

Spectra were recorded when the oven temperatures, and hence the 

potassium vapour pressure, were stable. 

The system was protected with an interlock circuit which caused the 
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diffusion pumps and the electronics to be turned off in the event of a 

water or vacuum failure. 

3.11 Apparatus 2 

In the previous spectrometer the best resolution obtained was 

55 meV. This relatively poor resolution was the result of having the 

front plate of the analyzer earthed. This caused field penetration 

into the gap between the hemispheres; and thus the electrons were 

defocussed to some extent; in addition there were serious difficulties 

with stray magnetic fields, and the analysis of the ejected electrons 

at 90° with respect to the incident beam gives poor resolution, because 

the ejected electron intensity is usually a minimum at that angle, 

(see page 38 ). The second apparatus differs in having the front plate 

at the centre potential of the analyzer, which greatly reduces the field 

penetration from the front plate. Also the analyzer was made of 

aluminum and is therefore non-magnetic. The best resolution obtained 

with this instrument is approximately 20 meV. 

Apparatus 2 has been described by Ross et al (1976). The 

spectrometer is able to detect electrons ejected at angles up to 120° with 

respect to the incident electron beani. Otherwise its operation is 

identical to that of Apparatus 1. 

The electron beam was collected in a Faraday cup, whose entrance 

aperture (collector) diameter was 1.5mm and was situated 130mm from the 

final stage of the electron gun. At high energy the beam current was 

focussed into the Faraday cup, while at low energy the beam current into 

the Faraday cup was considerably reduced due to defocussing of the beam. 

Four different impact energies were used in the present work: 30, 40, 60 

and 400 eV. The incident beam electron current at 60 and 400 eV was 

20^A, focussed into the Faraday cup, and below 60 eV this current reduced 
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to ZfJLk. 

The oven to produce the atomic beam was the same in principle as 

the former oven (see page 28). There were, hovfever, some differences in 

construction. It had a removeable central tube machined from titanium 

which contained the metal being studied. This removeable tube was easy 

to take out for cleaning and loading, without removing the oven. The 

oven was positioned vertically below the interaction region. The 

vapour beam and the electron beam intersected at 90°. 

The oven was loaded with 5g,(break-seal) ampoules of 99,9% pure 

potassium. These were broken under petroleum spirit and loaded into 

the oven tube with a layer of the petroleum spirit on top of the 

potassium. 

The oven was operated with upper and lov/er temperatures of 260°C 

and 220°C respectively. Care had to be taken not to operate at too 

high a temperature. The spectra were observed to deteriorate at 

temperatures corresponding to high vapour pressures (see Chapter 4). 

The ejected electrons were analyzed using a 150° spherical sector 

electrostatic velocity analyzer with mean orbit radius of 100mm, Spectra 

were obtained by scanning the potential applied between two grids mounted 

in front of the entrance slit of the analyzer and the front plate of the 

analyzer using a voltage ramp generator. The spectra were recorded by 

keeping the analysis energy fixed (at 2.5 eV). Electrons passing through 

the analyzer were detected with a channel electron multiplier (Mallard 

419BL), Pulses from the multiplier were fed into a conventional amplifier-

ratemeter counting system, similar to that described in Section 3.9. The 

ratemeter output was displayed as a function of the voltage applied to the 

grids at the analyzer on a XY recorder, as described for Apparatus 1. 

The spectrometer was mounted in a stainless steel vacuum chamber. 

The magnetic field was reduced by lining the chamber with 1.5mm thick 
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mu-metal. The Earth's field was reduced externally by means of Helmholtz 

coils. Despite this, it was found that the performance of the 

spectrometer depended critically on the currents in the Helmholtz coils 

which surrounded the apparatus. 
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CHAPTER 4 

RESULTS & DISCUSSION 

4,1 Results from Lovr Resolution Experiment (Apparatus 1) 

In this experiment spectra were recorded at a fixed angle of 

90 with respect to the incident electron beam using 30, 60 and 400 eV 

incident electron energies. The spectrum between 13.6 and 21.1 eV 

ejected-electron energy is illustrated in Figure 4.11. In Figure 4.12 

the spectra taken at different incident energies are compared. The 

numbering of the lines refer to data presented in Table 4.1. The 

excited-state energy scale was normalized to the ultraviolet absorption 

spectrum, (Mansfield 1975a), using the transitions at excited-state 

energies 18,722 and 22.422 eV. It was otherwise impossible to establish 

an absolute energy scale, due to unknown contact potential differences 

existing in the analyser. The ejocted-olectron energy scale was 

established by subtracting 4.341 eV (first ionization potential of 

potassium, (Moore, 1949)) from the excited-state energy scale. This 

assumes that all states autoionize into the 3p® continuum (see page 33 ). 

The instrumental resolution was estimated by measuring the FFfflM of the 

narrowest lines of the spectra; this is approximately 55 meV and sets an 

upper limit to the resolution. The spectra lie on a background of 

approximately 80 counts per second; this background arises principally 

from direct (non-resonant) ionization. In Figure 4.12 the count rate 

for line 1 (3p"''4ŝ  ^^3/2^ above this background is approximately 2,000 

and 700 counts per second at 400 and 30 eV incident energy respectively. 

Table 4.1 is a list of all peaks observed consistently in the spectra. 

The energies given are the average positions taken from four spectra. 

The lines have a possible error of ±12 meV (standard deviation). 

4.2 Results from Hi{;h Resolution Experiment. (Apparatus 2) 

Using Apparatus 2 ejected electron spectra of potassium vapour 
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were obtained at 50® and 75° with respect to an incident electron team 

of energy 30, 40, 60 and 400 eV. The 3 to 15 eV ejected-olectron 

energy region of the spectrum is shown in Figure 4.21, and the 14,2 to 

20.3 eV region is shown in Figures 4.22 and 4.23. In Figure 4.24 the 

spectra taken at different incident energies are compared. Three peaks 

a, b and c as shavn in Figure 4.21 were observed using a 400 eV incident 

electron beam and are attributed to Coster-Kronig transitions; these 

peaks were not recorded by Apparatus 1. Some energy-loss structures 

were observed in the 400 eV spectrum (Figure 4.23) resulting from too 

high an atomic beam density (see page 39). The energy scales were 

normalized to the ultraviolet absorption data of Mansfield (1975a), 

using lines at 18.722, 22.422 and 22.386 eV excited states energies as 

reference points. Three points were necessary due to a slight 

instrumental non-linearity. The ejected-electron energy scale was 

again established by subtracting 4.341 eV (first ionization potential 

of potassium, (Moore, 1949)) from excited-state energies. The 

instrumental resolution was approximately 20 meV. The background noise 

level is 100 counts per second, and the intensity of line number 1 is 

1,000 and 2,000 counts per second, on Figures 4.22 and 4.23 respectively. 

Line 38 on Figure 4.23, which is cut off in the figure has a relative 

intensity of 2.58 with respect to line 43. 

Table 4.2 is a list of peaks in the ejected-electron spectrum 

which were consistently observed using Apparatus 2. The energies 

given are the average positions taken from seven spectra. The next 

four columns indicate the incident-electron energies at which the lines 

were detectable. Comparisons are made with the earlier data from 

Apparatus 1 and those of Ottley & Ross (1975). Lines a, b and c, 

because of their breadth, have an estimated uncertainty in energy of 

0.03 eV; all the other lines listed have a possible error of ±8 meV 

(standard deviation). 
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Table 4,3 compares the data obtained using Apparatus 1 and 

Apparatus 2 with those of Mansfield (1975a). Assignments for the lines, 

based on the work of Mansfield (1975a) and Martin et al (1969) are also 

given where possible. 

Spectra observed at different angles to the incident beam 

showed little variation. The study of the angular distribution of 

autoionizing transitions in cadmium vapour, (Pejcev et al 1977) and 

sodium vapour, (Breuckmann et al^ 1976 and Ross et al, 1976) reveals that 

there is an anisotropic ejected-electron intensity. These authors have 

shown that the ejected electron intensity generally has a minimum at 90° 

with respect to the incident electron beam. 

4.5 Discussion 

In comparing the present spectra with the photo-absorption 

spectrum of Mansfield, (1975a), it was assumed that the transitions, 

corresponding to the electrons from 3p inner shell, observed in the 

14.2 to 20.3 eV ejected-electron energy range autoionize into the first 

continuum of K*". This assumption is valid because the first excited-

state energy of K*" ((Core) 3p^4s) is 24.489 eV above the ground state 

of the neutral atom. Therefore if any of the observed lines 1-84 in 

the ejected-olectron spectrum correspond to autoionization into this 

continuum, the excitation threshold would be greater than 

24.489 +14.381=38.870 eV, (l4,381 being the ejected-electron 

energy of line l). However, all lines 1*84, with the exception of 9 

lines, were observed at 30 eV incident electron energy, (see Tables 4.1 

and 4.2) and, so, most of observed lines cannot be related to 

transitions autoionizing into the (core)3p^4s continuum. For the 

remaining 9 lines, with the exception of line 50, there is excellent 

agreement (to within 10 meV) with the data of llansfield (1975a), assuming 

that autoionization does occur into the 3p® continuum. Line 50 is 
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unresolved at low incident energy, probably due to the close proximity 

of lines 49 and 51, Thus autoionization into higher continue is 

energetically impossible, and lines 1-84 must therefore all result 

from excited states autoionizing to the ground state of the ion, 

A few transitions on the 400 eV high resolution spectrum in 

Figure 4,23, just below 17 eV ejected-electron energy, are attributed to 

excitation of 3p®4p(^P) at 1,61 eV above the ground state of neutral 

potassium (Moore,1949), Such features have been omitted from the 

tables. It was found that these energy-loss features were only prominent 

when the excited-states were fairly intense and the atomic beam density 

was very high. An energy-loss of 1,61 oV from line 38 coincides almost 

exactly with line 16, However, line 16 is relatively intense at low 

incident energy, and may be attributable to excitation of a quartet 

state (see below), At 400 eV incident energy, such a line should be 

weak, and thus the peak which is labelled 16 on the 400 eV spectrum 

in Figure 4,23 is mostly due to energy-loss. 

In Table 4,3 comparisons are made between the present data 

(excited state energies) with those of Mansfield (1975a), and Martin 

et al (1969), with assignments also taken from those works. The 

comparisons are made with Martin et al (1969) by matching the term 

separations, with less emphasis being placed on the actual baricentre 

of a term. Towards the high energy end of the spectrum it was impossible 

to resolve as many lines as Mansfield (l975a), and therefore it has 

sometimes been necessary to group together some of the absorption lines 

in order to make comparison with peaks in the ejected-electron spectrum. 

Assignments such as (62)68 refer to a 3p^(3dx4s) series limit 

followed by the running electron configuration. (Core)Sp^(3dx4s) 

configuration refers to a mixture of the (Core)3p^3d and (Core)3p^4s 

configurations. The energies of these series limits, which are taken 

from Mansfield (l975a), are listed separately in Table 4,4. 
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Some of the ©jected-electron lines which are strongest on spectra 

taken at low incident-electron energy, and are apparently absent on 

the 400 eV spectrum, do in fact correlate with absorption lines, for 

example, lines 3 and 4 are strongest at 30 eV incident energy; Mansfield 

(1975a) does observe these but they are weak. He assigns them as 

quartet states, which would account for their low transition probability 

from the ground state in photo-absorption. In general in electron 

excitation, one would expect such quertet states to be preferentially 

excited at low incident electron energy. 

At low incident electron energy, many lines were observed which 

do not correspond to features in ultraviolet absorption spectra. These 

are often very intense, and may be attributed to excitation of electric 

dipole forbidden transition from the ground state. In particular, 

Martin et al (1969) have calculated the energies of several non-optical 

terms of the 3p^4s3d configuration. The agreement between these 

.theoretical predictions and our experimental data in the energy range 

19,5-21,5 eV is shown in Table 4.3, in which are also presented the 

ultraviolet absorption lines in this region. 

The state is predicted to lie 71 meV above ^ feature 

was observed at this energy (19,868 eV state energy), but it does not 

appear on Table 4,2 and it was not observed in the low resolution 

spectrum, because it coincides almost exactly with 3p®4p energy loss 

from line 24, This line is denoted 4a and it seems probable that part, 

at least, of this feature is due to excitation of , Lines 8, 10, 

11 and 12 on the spectra are identified as 3p^3d4s^Fgy2 . 

The ^Pgyg state is metastable and was first reported by Feldman & Nivick 

(1967) who measured the lifetime a& 90/lS, They determined the 

threshold for excitation to be 19,9 ±0,3 eV. Slavik et al (1975) in 

a mass-spectoscopy study of metastable autoionization states found the 

threshold to be about 20 eV. From the present work, an excited-state 
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energy of 20,397 eV is deduced. The remaining three members of the 

'̂ F term appears to have a relatively larger probability for aut©ionization 

into the 3p® continuum. Lines 6 and 7 coincide with the 3p^3d(%)4s 3 

"2̂  2* 

levels reported by Mansfield (1975a). The calculated positions from 

Martin et al (1969) lie about 230 meV higher in energy and are denoted 

(^D)^P due to the use of a different coupling scheme for the core states. 

Lines 17 and 18 are correlated with the (®D)^F levels of Martin et al 

(1969) and the agreement in positions is very good, although the 

separation is slightly smaller than that predicted theoretically. The 

^^Z/2 1/2 G^^tes were observed in the ultraviolet absorption spectrum 

by Mansfield •(l975a) and agree very nearly with lines 21, 22. From 

Martin et al (1969) it is deduced that the y2 level corresponds to 

line 20; the ^^^^2 state appears to be unresolved in the present study, 

line 21 being on the side of the very strong line 22. The (]-D)^Dgy2, 

ln«l was calculated by Martin et al (1969) to be 54 meV below (^0)^0^^^, 

which would place it between lines 21 and 22. This indicates that this 

is a very crowded region of the spectrum, where higher resolution would 

provide more clarification. Line 36 is probably (^0)^05^2; the 

theoretical separation between this state and is 36 meVj the 

measured separation of lines 35 and 56 is 40 meV. 

At low incident electron energies it would be expected that 

parity-forbidden transitions from the ground state could be excited. 

Martin et al (1969) predicted that the baricentre of the 3p®4s4p 

configuration should lie about 300 meV above the 3p^4s4d^Fgyg state. 

This is in the region of line 14. In an analysis of the work of Feldman 

& Novick (1967), Sprott & Novick (1968) concluded that there should be 

two metastable levels of potassium, 3p^4s3d^Fg^2 and 3p54s4p^Dyy2 with 

a separation of not more than about 150 meV, although the excitation 

energies were found experimentally to be the same to within 0.5 eV, 

Lines 14, 15, 16, and an unresolved line in the region of line 17 are 
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attributable to excitation of the 3p^4s4p'^Dyy2 5/2 3/2 l/2 states. 

The estimated position of 3p^4s5p^D term is 22.9 eV; in this 

region there are several lines in the ejected electron spectrum (such 

as lines 47, 49, 50 and 5l) which could correspond to this term. Other 

non-optical lines observed on the spectra may be due to excitation of 

other terms of the 3p^4s4p or 3p^3d4p configurations. 

Lines a, b and c in Figure 4,21 hove high threshold energies, and 

they are ascribed to inner-shell ionization processes. Lines a and b are 

attributed to 3s3p®4s autoionizing into the continuum of 3s^3p^ ^^3/2 l/2' 

The energies of the ejected electrons have been estimated by comparison 

with CaXI terms. The difference in energy betv/een 3s^3p®, CaM and 

3s^3p^4s, Call is 11.87 eV. Thus, as a first approximation, the 3s3p®4s 

level of KII should lie 11.87 below 3s3p^ of KBI which itself is 52.35 

eV above the ground state of K. Thus the estimated position of 

3s3p®4s is 40.48 eV, and upon autoionizing to 5s^3p^ ^^3/2 l/2 

(Coster-Kronig transitions) yields ejected electrons of 4.05 and 4.32 eV 

for the two J values of the final ion state, in reasonable agreement 

vfith the measured energies. The splitting of 3s3p®4s(3s^-^Sq) was found 

to be 268 meV, in exact agreement with the splitting of the final ion 

state. This suggests that one of the two 3s3p®4s terms is excited 

preferentially. The line widths of features a end b were 170 meV. 

Line c is also above the series limit for 3s3p®nl->3s'^3p^ 

transitions, and is possibly due to excitation of 3s^3p'^4s^ autoionizing 

to 3s^3p^. This suggestion is based on the following estimate: 

3s^'3p^(^P)4s^P^^ has an energy of 62 eV (iioore, 1949), and thus 

3s^3p^4s will lie approximately 11.87 eV below this (see above),at 

50.13 eV. Upon autoionization to 3s 3p this yields an ejected 2 
JL Vii U V UP 

electron of about 13.97 eV. 
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WJBLE 4.1 

Line© Incident beam energj^ eV Ejected electron energy(eV) 
Number 30 60 400 Apparatus 1 (Law resolution) 

t + + + 14.381 
Z + + + 14.647 
4 + + + 15.454 
5 w 15.675 
6 + + w 15.836 
7 + - 15.892 
9 + - - 16.111 
10 + + - 16.145 
11 + - - 16.209 
12 + + + 16.254 

15 + + + 16.449 
16 + + 16.488 
17 + + - 16.534 
19 + + + 16.609 
20 + + + 16.994 
22 + + + 17.074 
25 + r r 17.109 
24 + + - 17.134 
25 + + 17.154 
26 + + 17.225 

27 + + - 17.279 
29 w w + 17.371 
31 + + - 17.516 
32 + + — 17.588 
33 r + + 17.695 
57 r r 18.041 
38* + + + 18.081 
39 + r 18.199 
40 + + + 18.257 
43 + r 18.395 

45 + + - 18.481 
46 — + + '18.524 
47 + — — 18.559 
48 — — + 18.613 
49 •» — — 18.681 
50 — + 18.719 
51 + + — 18.762 
52 + + — 18.814 
53 — + + 18.880 
55 + X • 18.943 
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TABLE 4.1 (Continued) 

Line© Incident beam energy eV Ejected electron energy (eV) 
Number 30 60 400 Apparatus 1 (Law resolution) 

59 + • • • X + 19.073 
63 X X + 19.341 
66 X X 19.423 
68 X X 19.499 
71 X X + 19.625 
73 X X • 19.700 
75 X X + 19.801 
81 X X + 20.002 
82 X X + 20.040 

These figures sre not consecutive due to comparison made 
with high resolution experiment - see Table 5.2. 
Calibration point - see text. 
Line presented in spectrum at this energy. 
Line absent in spectrum at this energy. 
This part of spectrum was not recorded 

Weak line. 
Unresolved line. 

* 
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TABLE 4,2 

Incident beam Ejected electron energy (eV) 
Lino energy (eV) Apparatus 2 Apparatus 1 Ottley & Ross 
Kuinber 30 40 60 400 High resolution Low resolution (1975) 

a •* 4.52 
b * 4.79 
c 13.91 
1- + + + + 14.381 14.381 14.38 
2 + + + + 14.640 . 14.647 14.64 
3 + + — 15.423 15.43 
4 + + — 15.456 15.454 
5 + + + + 15.680 15.675 
6 + + w — 15.805 15.836 
7 + + + 15.880 15.892 15.85 
8 + + — 16.056 
9 + W — — 16.117 16.111 

10 + + + 16.143 16.145 

11 + + + - 16.207 16.209 16.17 
12 + + + 16.268 16.254 16.27 
13 + + — 16.304 
14 + + * + 16.359 16.36 
15 + + + w 16.430 16 .449I 
16 + + + — 16.484 16.488j 

16 .46 

17 4k w — — 16.536 16.534 
18 + + — — 16.553 
19 + + + + 16.609 16.609 
20 + + + + 16.994 16.994 

21 + + - - 17.041 1 
17.06 

22 + + + + 

17.076 17.074 J 
17.06 

23 + + w w 17.109 17.109 
24 + + 17.133 17.134 17.13 
25 + + + + 

17.155 17.154 
26 * 

+ + -t- 17.233 17.225 
27 + 

17.272 17.279 
28 ~ 17.304 
29 •f + + + 

17.366 17.371 
30 + + 

17.458 

31 + - - 17.515 17.516 
32 + — 17.602 17.588 17.58 
33 + + — — 17.698 17.695 
34 + — — — 17.921 
35 + + + + 17.976 
36 w — — 18.016 
57 w — - 18.050 18.041 

+ + + + • 18.081 18.081 18.05 
39 + + + 18.171 18.199 
40 + + + 18.254 18.257 

41 w w 18.304 
42 + + + + 18.331 
43 + + + 18.400 18.395 18.38 
44 + w w w 18.409 
45 + + w w 18.483 18.481 
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TABLE 4.2 (Continued) 

Incident beam Ejected electron energy (eV) 
Line energy (eV) Apparatus 2 Apparatus 1 Ottley & Ross 
Number 30 40 60 400 High resolution Low resolution (1975) 

46 + + 18.526 18.524 18.51 

47 + — — 18.552 18.559 

48 + + + 18.617 18.613 

49 + + — — 18.691 18.681 

50 - - + 18.711 18.719 

51 + + w — 18.731 18.762 
52 •f + • + 18.810 18.814 
53 - - - 18.892 18.880 

54 - * • - - 18.929 
55 - - + + 18.944 18.943 18.94 
56 — - - + 18.966 
57 + + - - 19.004 
58 - + + + 19.045 
59 w w w 19.081 19.073 

60 + + + + 19.119 

61 + + + + 19.204 
62 + • w w 19.309 
63 + r + + 19.335 19.341 19.29 
64 + - - 19.361 
65 + r r + 19.388 19.34 
66 - + + + 19.422 19.423 
67 + r r + 19.451 19.45 
68* + + + + 19.495 19.499 19.52 
69^ - - - + 19.559 
70 + • fr + — 19.588 

71 + r r 19.606 19.625 19.62 
72 * + - - 19.656 
73 - - + + 19.695 19.700 19.70 
74 + + r * 19.725 
75 + + r 19.795 19.801 
76 + — — - 19.829 
77 + + - — 19.847 
78 — - — + 19.872 
79 + r + 19.930 
80 + r r + 19.955 

81 + + + + 20.013 20.002 
82 + — — — 20.054 20.040 20.04 
83 — + r + 20.073 
84 + — — — 20.096 

* Calibration point - see text 
•f Line present in spectrum at this energy 
- Line absent in spectrum at this energy 
w Weak line 
r Unresolved line 
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TABLE 4.S 

Lin* Excited-Otato onorjy 
This work Kannfirtld 

Annaratus 1 Apparntus 2 (ISTSc) 
Martin et al 

(1969) 

Aa8lgnmentg + 

1 18.722 18.722 18.722 'Ps/z 

2 18.988 18.981 18.980 3p®4s2 2=1/2 

3 19.764 19.759 19.614 3p53d4.4p,y2 

4 19.795 19.797 19.798 19.654 3p 3d4ô Pgy2 

4b 19.868 19.725 3p54.3d*Pg/2 ++ 

6 20.177 20.146 20.136 20.372 3p53d(3p)432pi/2 

7 20.233 20.221 20.210 20.450 3p®3d('P)482pjy2 

8 20.397 20.174 3 p 5 4 3 3 d 4 f g y g + + 

10 20.486 20.484 20.243 3p54s3d̂ F7/2 ++ 

11 20.550 20.548 20.306 3pS4s3d'̂ 5/2 ** 

12 20.595 20.609 20.360 3p®4s3d^3/2 ++ 

14 20.700 21.259 3p®484p̂ D̂ /2 

15 20.790 20.771 21.291 5p54s4p*Dgy2 +* 

16 20.829 20.825 21.310 3p®4s4p̂ D3/2 ** 

17 20.875 20.877 20.889 4»3d(3D)3p5 

18 20.894 20.916 4,3d(3D)3p5 

20 21.335 21.335 21.259 3p®4s3d4D7/2 ** 

21 21.382 
21.403 

r21.291 

L21.310 

3p54»3d^dgyg ++ 

3p®3d48̂ D5y2 

22 21.415 21.417 21.425 21.326 3p®3d4ŝ D̂ /2 

23 21.450 21.450 21.455 3p®3d(lD)4s2D3/2 

29 21.712 21.707 21.702 

35 22.317 
r 22.303 

22.307 

Sp53d(3D)4,2D3/2 

3p®4p2 4p 

37 22.382 22.391 22.386 3p®3d(̂ P)4s2pj/2 

58 22.422 22.422 22.422 3p®4s58̂ P3/2 

39 22.540 22.512 22.506 3p®4s5s'̂ Pl/2 

40 22.598 22.595 22.584 3pG4,(3p)5,2p2y2 

41 22.645 22.646 3p54s58'̂ Pjy2 

43 22.736 22.741 22.729 3p®3d('p)58̂ Pi/2 

44 22.750 22.755 3p̂ 3d(5p)58̂ P3/2 

46 22.865 22.867 22.856 3p®48(l?)58̂ P̂ ŷ  

48 22.954 22.958 22.956 
r:P*44*"*°l/2. ,/2 

3̂p®4s(lp) SaZp̂ yg 

52 23.155 23.151 23.142 3p®4d(lD)482djy2 

55 23.284 23.285 23.285 3p®4d(2D)482Dj/2 

d 6 23.307 23.315 3p5(4p2 lD)2p 

68 23.386 23.379 3p54d(lp)482pg/ĝ  1/2 

59 23.414 23.422 23.417 3pG(4p2 1d)2d 

+ Assî nmtmt.s t'îon from l/Rnafield (1975o) except whore morked + + 

Assicnmmnts tnkon from llnrtin «t al (1969) 
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EABLE 4 . 3 (Con t inued ) 

L ine E x o l t e d - 3 t a t e e n e r g y 
Th i s work U a n a f i e l d 

A p p a r a t u s 1 A p p a r a t u s 2 (1975y) 
Karvir . n t a l 

(196̂  

A s s i g n m e n t s * 

60 

61 

63 

65 

66 

67 

68 

69 

70 

7 1 

72 

73 

74 

n 

76 

77 

78 

79 

80 

81 

82 

85 

84 

23 .682 

2 3 . 7 6 4 

2 3 . 8 4 0 

23 .966 

2 4 . 0 4 1 

24 .142 

2 4 . 3 4 3 

2 4 . 3 8 1 

2 3 . 4 6 0 

2 3 . 5 4 5 

2 3 . 6 7 6 

2 3 . 7 2 9 

2 3 . 7 6 3 

23 .792 

2 3 . 8 3 6 

2 3 . 9 0 0 

2 3 . 9 2 9 

2 3 . 9 4 7 

23 .997 

2 4 . 0 3 6 

2 4 . 0 6 6 

2 4 . 1 3 6 

2 4 . 1 7 0 

2 4 . 1 8 8 

2 4 . 2 1 3 

2 4 . 2 7 1 

2 4 . 2 9 6 

2 4 . 3 5 4 

2 4 . 3 9 5 

2 4 . 4 1 4 

2 4 . 4 3 7 

[ 

2 3 . 4 5 9 

2 3 . 5 4 4 

23 .674 

23 .726 

2 3 . 7 6 1 

23 ,792 

2 3 . 7 9 5 

23 .836 

23 .912 

2 3 . 9 3 7 

23 .944 

•23.959 

24 .008 

24 .035 

•24.047 

2 4 . 0 6 1 

24 .087 

24 .135 

-24.143 

2 4 . 1 7 3 

2 4 . 1 8 1 

24 .206 

14.220 

24 .266 

2 4 . 2 8 0 

2 4 . 2 9 0 

2 4 . 2 9 9 

2 4 . 3 4 1 

24 .346 

2 4 . 3 8 3 

2 4 . 3 9 0 

24 .414 

24 .439 

[ 

c 

3p®(3d̂  3p)2p 

Spf̂ sSd̂ Pgyg 

3p548(3p)5d2piy2 

r3p®485d̂ D3/2 

I 

3 / 2 

(62)68 

3p®485d̂ F 

(4p5d 

(4̂ )5d 

3p®48(?P)5d̂ P3/2 

(2l)7s 

(7l)6, 

3p648(5p)6d̂ D3y2 

3p®48('p)6d̂ Pĵ 2̂ 

(3o)6d 

3pG(4p2 ls)2p 

Sp54s(lp)5d2p̂ y2 

3p®4s(lp)5d2p3/2 

3p®48('p)6d̂ Pĵ 2 

(2̂ )88 

(2i)88 

(12)98 

(2l)7d 

(52)6d 

(Sgjed 

(l2)9d 

(2l)8d 

(2j)8d 

3p*3d(3D)5»2D3y2 

( 7 ^ ) 7 s 

3p®4s(lp)6d̂ P3̂ 2 

(82)74 

3p®48(̂ P)6d̂ ? 

(60)7d 

(4l)8d 

1/2 

+ Assicnmonts taken from Mansfield (1975a) except where marked *+ 

++ Assignmmnta taken from Martin et a l (1969) 

( 4 8 ) 



TABLE 4.4 

Limit state energy (eV) 

24.489 

24.580 

•̂ 0 24.604 

24.736 

24.790 

% 24.817 

24.979 
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Excited- state energy eV 

jZiT 

— <M m m SE2 % vot^ oo 

«0 
c « 

75 16 17 16 19 

Ejected-electron energy eV 



Excited-state energy eV 

412 

60 eV 

30 eV 

O vo vn Q0«*̂  <Nl 
^ ^ lO <oN % 

^0 eV 

IS 16 17 18 19 20 

Ejected- electron energy eV 



4 21 
Excited-state energy eV 

JO 12 H 16 

7 9 11 

Ejected- electron energy eV 



A}/suaiuj 



423 

Alisuaju] 



19 

Excited-state energy eV |4*24 

^0 21 22 23 24 

WO eV 

60 eV 

COeV 

30 tV 

15 16 17 18 19 

Ejected-electron energy eV 



Concltision 

The subject of this thesis has been the determination of 

energies of autoionizing levels by analyzing the electrons ejected 

in their decay. This, hov7ever, is only a first step and a complete 

investigation of these levels, using electron spectroscopy can only 

be carried out by observing the scattered electron in coincidence 

with the ejected electron. This technique is being developed in 

several places and results are beginning to emerge. 

Autoionization has also other interesting aspects. Post-collision 

interaction between the ejected and scattered electrons at near-

threshold excitation has been of great interest recently, and many 

workers have studied this effect, (Hicks et al, 1974 and Van der Wiel 

et al, 1976)• Excitation function measurements can also be very 

useful to determine the type of transition involved. 

Another possible direction for future work is angular distribution 

measureJTients. Some such measurements had been carried out with 

Apparatus 2 (Ross et al, 1976 and Pejcev et al, 1977) but an attempt 

to measure angular distributions of some potassium lines failed, 

mainly due to the change in the magnetic field and other conditions as 

the analyzer is rotated. This problem could be overcome by keeping 

the position of the analyzer fixed and varying the electron beam 

direction. Another reason for this failure could have been the 

unstable metal vapour beam which caused the line intensities to change 

drastically before a set of measurements could be completed. These 

angular distributions can potentially, be very important in 

studying angular momenta and other properties of the atom. However, 

at present the theory is not sufficiently developed to make such 

deductions possible. 
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