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Abstract

An apparatus has been built, tested and characterised with greatly increased

precision and accuracy to enable spin-polarised electron impact explorations

of angular momentum effects in atoms. A combination of experimental,

computational and interpretative studies has revealed new phenomena. In zinc

the polarisation of the radiated photons from excited and ionised-with-excited

atoms was measured in terms of integrated Stokes parameters (P1, P2 and P3)

and related to electron exchange and spin-orbit interaction using normalised

state multipoles. For the 6 1S0 state, zero values of the Stokes parameters

were measured and are in agreement with predicted values. Also, excitation

of the 5 3S1 state shows P1 is zero and P3 is proportional to the polarisation

of the incident electron beam, as expected. These observations validated the

experimental approach and interpretative method. However for the 5 3S1 state

non-zero values of P2 indicated strong spin-orbit interaction and disagreed with

the zero values predicted by RDW (A. Stauffer) and R-matrix (K. Bartschat)

theories. Using a multi-configuration Hartree-Fock (MCHF) method, structure

calculations indicated strong core-valence electron correlation and thus supported

this interpretation of the observations. For the 4 1D2 state, zero values of P2 and

P3 have been measured with a precision and accuracy better than 0.0007, which

is an order of magnitude better than reported elsewhere. Values of P1 agree with

previous measurements for the two-electron atoms of helium and magnesium.

The 3d9 4s2 4p2 2D5/2,3/2 negative ion resonance states were observed in the three

Stokes parameters for the decay radiation from the 4 1D2 state which indicated

that only one of the resonant states was well LS-coupled.

The ionisation-with-excitation measurements of the open and closed 3d-core
2D3/2 states showed similar values for P1 and P3. However, the non-zero values

of P2 for the open-core state indicated a breakdown in LS-coupling due to

the core-valence correlation. No spin-orbit interaction was measured for the
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closed-core state. Moreover, the analysis of the normalised state multipoles has

shown negative angular momentum transfer to the residual ion of the closed-core

state due to a combination of fine structure coupling and electron exchange. No

similar analysis was possible for the open-core state due to the influence of the

spin-orbit interaction.

A spin up/down asymmetry for the 4s2 4p5 (2P1/2) 5p 2[3/2]2 state in krypton

has been measured by a photon-electron coincidence technique and calculated by

the RDW method (A. Stauffer). A large asymmetry was observed and calculated.

However, the studied collision process is difficult to model as shown by the limited

accuracy of the theoretical data compared with the experimental data.

The studies have shown that significant new information on electron spin

interactions can be obtained and that this information, not obtainable by other

methods, is of great precision and accuracy (0.0007).
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Chapter 1

Introduction

1.1 The Approach to Electron Impact

Excitation

This thesis is a report of experimental studies, with some supplementary

calculations, of electron impact scattering, primarily from zinc atoms and with

selected coincidence measurements in krypton. Spin-polarised incident electrons

have provided the significant competitive experimental advantage to enhance the

understanding of atomic structure and scattering processes. In particular, control

of the electron spin has enabled the study of different interactions, such as the

attractive Coulomb interaction with the nucleus, the repulsive electron-electron

interaction, as well as the electron exchange and the spin-orbit interactions.

An excited atomic level can be formed through a variety of processes. For

example direct excitation to a higher level due to Coulomb interaction, cascade

from the excited level to lower levels, doubly excited auto-ionising states e.g.

above ionisation potential as well as capture of an incident electron to form

resonant states. Close to threshold a direct excitation may be the only possible

inelastic scattering process. Higher states may cascade, as allowed by the dipole

selection rules, which is usually evident as broader features in the cross-sections.

In contrast, localised peaks may be caused by resonance decay. The width of

such peaks is inversely proportional to the lifetime of the resonant state while

the contribution to the cross section by cascades or resonances is determined by

branching ratios of a particular state.

The collision processes of interest here are excitation and

2



Chapter 1. Introduction

ionisation-with-excitation of an atom from its ground state to a higher

state using polarised electron impact. The basic characterisation of the

experimental method is determined by the following features. The excited states

of atoms may have lifetimes as short as 10−15 s if decaying by auto-ionisation,

or usually about 10−8 s if decaying to a lower level through the emission of

optically allowed dipole radiation (or as long as many seconds if metastable).

The electron is scattered/ejected at some angle θ and loses energy equal to the

excitation and/or ionisation energy of the excited and/or ionised state of the

atom. The polarisation of the emitted photon carries information about the

collision process and can be quantified in terms of integrated Stokes parameters

P1,2,3 (integrated as scattered/ejected electrons are not observed), which are

proportional to the orientation and alignment of the electron charge cloud

distribution, i.e. proportional to expectation values of components of angular

momentum (Andersen and Bartschat 2001).

The experiments with unpolarised electrons have cylindrical symmetry around

the incident electron beam axis which gives rise to P1 being the only non-zero

polarisation parameter. However, the symmetry can be broken using spin

polarised electrons and both, P2 and P3 can have non-zero values if transversally

polarised electrons are used (Bartschat et al. 1981, Bartschat and Blum 1982).

This is readily seen since an unpolarised electron beam is characterised only

by its momentum vector whereas a transversally spin-polarised electron beam

has an additional polarisation vector so that its momentum and spin vectors

define a plane. Therefore, using spin polarised electrons enables extraction of

additional information on the scattering dynamics previously obtainable only

from relatively complicated electron-photon coincidence experiments. Detailed

analysis of the integrated Stokes parameters, using normalised state multipoles,

can give information about spin-dependent interactions. For example, if the

integrated Stokes parameter P2 is non-zero near the threshold of the excitation,

it indicates, in the simplest cases (Bartschat and Blum 1982), the effects of

spin-orbit interaction, either within the atom or with the continuum electron.

However, a non-zero P3 can be caused either by spin-orbit interaction or by

electron exchange. This method allows the disentanglement of the spin-orbit

interaction and electron exchange, which are usually masked by the much stronger

Coulomb interaction.

In this thesis, this approach has been applied to three excited states (4d 1D2,
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5s 3S1 and 6s 1S0) and two ionised-and-excited states (3d9 4s2 2D3/2 and 3d10

5d 2D3/2) in zinc. The 5s 3S1 state is supposed to be well LS -coupled and it

can be used for optical polarimetry, i.e. the measured polarisation P3 should

be directly proportional to the polarisation of the electron beam. Moreover, the

6s 1S0 state is a singlet (no spin) S state with a spherical electron charge cloud

distribution, which means that all three integrated Stokes parameters should be

zero. This experiment has been used to test the correct functionality of the

apparatus. On the other hand, the two ionised and excited states have the same

angular momentum properties (2D3/2). However, the first one has an open, and

the latter a closed, 3d-core. Hence, any difference in results must be caused by

the effect of the core on the valence electrons.

Apart from the direct excitation or ionisation, an incoming electron may be

temporarily bound to an atom forming a doubly-excited negative ion resonant

state. These negative ions are usually long-lived resulting in a small energy

width of the resonance. The resonance is usually manifested in rapid variations

in the measured cross-section or polarisation, caused by the interference due to

electron correlation between simultaneous excitation of a doubly excited state

and its nearby continuum. Such resonant effects have been studied for the 4d 1D

state in zinc.

In contrast to the integrated measurements, coincidence experiments observe

scattered/ejected electrons and emitted photons coming from the same scattering

process for the same quantum ensemble. These types of angle-differentiated

experiments can yield more information than the integrated experiments,

however, their main limitation is a very long measurement time. Several

measurement types are possible, as described in Chapter 3. In this thesis the

spin up/down asymmetry for krypton has been measured for the transition from

the 4s2 4p5 (2P1/2) 5p 2[3/2]2 state.

Where available, the experiments have been accompanied by calculations. For

example, the relativistic distorted wave method by Stauffer (2004) was used to

model the excitation of the 5s 3S1 state in zinc, as well to describe the spin

asymmetry measurements on krypton. Moreover, the excitation of the 5s 3S1

state in zinc was also modelled by Bartschat (2003) using the R-matrix method.

The structure of the zinc states has been investigated using Charlotte

Froese-Fischer’s multiconfiguration Hartree-Fock structure code with the

Breit-Pauli relativistic extensions. Although these calculations do not directly
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describe the results of the scattering experiments, they give additional

information about the importance of the 3d-core effects in zinc and thus help

in the interpretation of the observations.

1.2 The Importance of the Zinc Atom

Zinc is a very interesting atom from the experimental as well as from the

theoretical point of view. However, the number of studies is limited, as

experimentally zinc is not easy as an atomic beam, due to its high sticking

coefficient and its requirement of a high temperature (450◦ C) oven to change from

solid to gaseous form. For example, zinc can quickly coat optical components and

short electrical contacts. On the theoretical side, a limiting factor is the difficulty

of determining appropriate wave functions.

Nevertheless, zinc is a perfect target to test the state of the current atomic

structure and scattering theories. At first sight, zinc seems to be a relatively

simple helium-like atom, with a closed 3d10-core and closed 4s2 outer-shell. An

energy level diagram is shown in Figure 1.1. Previous studies have shown strong

correlation between the core and the valence electrons; for example the excitation

energy calculations of the 4s2 1S→4s 4p 3P transition in zinc (Froese Fischer and

Jönsson 1994) show that the polarisation of the 3d10-core constitutes 40% of

the total correlation contribution. Furthermore, there is evidence of spin-orbit

interaction (Sommer et al. 1987, O’Reilly and Dunne 1998, Wang et al. 1999),

which is characteristic of heavy atoms, again due to the open 3d-core. This

thesis presents further study of the effects of the 3d-core on the spin-dependent

interactions, i.e. electron exchange and spin-orbit interaction) in zinc.

From an industrial point of view, zinc is a very important element. For

example, zinc can replace mercury in currently used mercury-based fluorescence

lamps and this may lead to a reduced impact on the environment as mercury has

toxic properties on life. However, this development is strongly dependent on good

theoretical models of discharges and the guidance provided by experiments. For

this particular application, low-energy electron collisions, as in this thesis, play a

crucial role.
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Figure 1.1: Energy level diagram of zinc below the first ionisation potential.

1.3 Outline of the Thesis

In this thesis the literature review is followed by an overview of the theoretical

approaches used to analyse the experimental data. A theoretical description of

integrated Stokes parameters and their relation to the state multipoles is given.

The multipoles are also related to physical properties of the atom, such as electron

exchange and spin-orbit interaction.

Then a detailed description of the two apparatuses, used to make the zinc

and krypton measurements, is given. Emphasis is given to the polarised electron

source, photon detectors and the zinc oven for the integrated studies of zinc and

to the electron analyser for the coincidence studies of krypton.

A description of the multiconfiguration Hartree-Fock theory and structure

program follows. The program was used to characterise several states of zinc and

to assist with the explanation of the experimental results.

A very thorough testing and characterisation of the apparatus is presented.

The components have been tested individually, in sections and as a whole

apparatus. In this way, the accuracy and optimum operation of the apparatus,

and of the measurement techniques was established.

From that basis many novel, interesting and internationally leading

measurements were made. Integrated polarisation measurements of zinc are
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presented and followed by the coincidence experiments on krypton. A discussion

and summary of the results is given after each section.

The results section is followed by a conclusion and appendices which describe

the equipment and the mass spectrometer analysis of the vacuum system.
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Chapter 2

Review of Literature

2.1 Introduction

The study of excitation and ionisation-with-excitation processes gives information

about atomic structure and dynamics, i.e. atomic levels, excitation functions,

lifetimes, resonances, differential and total cross sections and polarisations.

Since the pioneering polarisation measurements (Skinner 1926, Skinner and

Appleyard 1927), the theoretical treatment by Oppenheimer (Oppenheimer 1928)

and the first calculations (Penny 1932), the field made significant advances, closely

following the progress of the technological development.

The first modern developments of the theoretical background, directly related

to the current work, started when it was realised that the investigation of

Stokes parameters can be used for studying various spin-dependent phenomena in

collisions of polarised electrons with atoms (Pearcival and Seaton 1958, Bederson

1970, Fano and Macek 1973). That work built upon the fundamental and

well-established principles of symmetry and conservation of angular momentum.

The measurement of the polarisation of the emitted photons (without detection of

scattered electrons) for the near threshold region of the 63P1 →61S0 transition in

mercury confirmed the influence of the initial polarisation (angular momentum)

vector on the angular distribution and polarisation of the emitted photons

(Bartschat et al. 1981). The non-zero P2 parameter indicated strong spin-orbit

effects, especially in the vicinity of resonances. Subsequently, the theory was

developed (Bartschat and Blum 1982), describing the physical importance of

integrated state multipoles and their relationships to the integrated Stokes

parameters, and the information on the spin-dependent forces (electron exchange
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and spin-orbit) that can be obtained from the integrated Stokes parameter

measurements.

Since this work, many experimental studies of the integrated polarisations of

metal atoms and noble gases followed and several different theoretical scattering

approaches were developed. The details of such studies and of negative ion

resonances have been given in several review papers (Hanne 1983, Andersen

et al. 1988, Andersen et al. 1997, Buckman and Clark 1994).

2.2 Zinc Studies

The electron configuration of the ground state of zinc (1s2 2s2 2p6 3s2 3p6 3d10

4s2) has two s-electrons in the outer shell, which is similar to helium. However,

zinc is a more complex atom with a large number of electrons (30) and a complex

shell structure. The energy levels of the inner 3d-shell electrons are close to the

energy levels of the outer 4s electrons. This may suggest a strong correlation

between the core and the valence electrons. For example, spin-orbit interaction

and relativistic effects are characteristic of heavy elements - how strong are they

in zinc which lies somewhere between light and heavy atoms? How strong is the

correlation between the 3d-core and the valence electrons and how large are its

effects on the spin-dependent interactions?

The answers to these and other questions about zinc atoms have been explored

using a variety of experiments and theoretical approaches. For example, the

shape of optical excitation functions can be used, in some cases, to deduce

different mechanisms for the formation of the excited ionic states: the shape

of excitation function of 3d9 4s2 2D state (peaks far from threshold) is quite

different from 3d10 4p 2P state (peaks near threshold). The first state has been

formed by ionisation of a single inner-shell electron as opposed to ionisation

of one electron and excitation of another electron, both from outer shells

(Inaba et al. 1986). Furthermore, the excitation cross section (for example by

calibrated optical excitation function) can give an indication of energy levels of

cascading states and resonances: the observation of optical excitation functions

for 4p 3P1 and 5s 3S1 states in zinc using photon impact (Zapesochny̆i and

Shpenik 1966, Shpenik et al. 1974, Kontrosh et al. 2001, Shpenik et al. 2003)

indicated several broad increases in the cross section. These features were caused

by cascading from 5s 3S1 and 4d 3D1,2,3 to 4p 3P1 and 6s 3S1 and 5p 3P0,1,2 to
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5s 3S1 levels and by several resonances, which were not identified due to the

insufficient resolution of the electron beam. Additionally, excitation functions

can also be a good guide for testing different theoretical models. For example, a

detailed study of the excitation function of 4p 1P1 →4s 1S1 transition (Shpenik

et al. 2003) showed major disagreement with two different calculations (Fursa

et al. 2005, Zatsarinny and Bartschat 2005) based on convergent close-coupling

and R-matrix approaches. Interestingly, the two theories agree with each other,

indicating either experimental problems or that both theories are missing some

important aspect. This may be, for example, the effect of the 3d-shell (i.e. the

core-valence correlation), which is quite significant in zinc and hard to model

theoretically.

The importance of the subvalence 3d10-shell in zinc was shown experimentally

by observation of a significant increase of the relative resonant contribution to

the excitation cross sections of 4p 2P1/2,3/2 states (Imre et al. 2000). A distinct

structure, resulting from the contribution of unresolved overlapping resonances

associated mainly with autoionising states formed in the excitation of the 3d10

shell, was observed above the ionisation level. A similar enhancement in the

energy loss spectrum by electron impact (Predojević et al. 2003) and in the

ionisation cross sections by autoionisation was observed for the region between

one and two times the threshold for zinc (factor of about 2.5) and for gallium ions

(Rogers et al. 1982). While the plane wave Born calculations agreed substantially

with the experiment at large energies, near threshold the discrepancy was rather

large, up to 70%. Much of the disagreement was removed by adding inner-shell

excitation cross sections to the calculations, again indicating the importance of

the inner-shell in zinc near threshold.

The repetition of the experiment by Rogers et al. (1982) with the improved

incident electron energy resolution of 0.1 eV (Peart et al. 1991) enabled

observation and identification of some of the previously unresolved structures, e.g.

3d9 4s np, mf (n=5-8, m=4-5) and 3d8 4s2 4p. The final confirmation that they

were caused by excitation and decay of autoionising states of zinc, and not by some

other effects, was done by 180◦ elastic electron scattering experiment (Kontrosh

et al. 2001). The effect of the Coulomb potential should be very small at

backwards angles as it decreases with increasing scattering angle (Drukarev 1986).

Hence, the presence of the structures under those special experimental conditions

indicated that the resonance scattering of autoionising states was the dominant
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contributor to the cross section.

The importance of the inner 3d10-shell was also visible in the photoionisation

cross sections of gallium and zinc ions (Peart et al. 1987) where resonances from

several autoionising states were the dominant features. The comparison of the

photoionisation spectrum with the earlier electron impact measurements (Rogers

et al. 1982) showed that some of the strongest electron impact induced transitions

were missing. This was explained by different selection rules for electron and

photon impact, i.e. that some of the electron impact transitions are optically

forbidden. The identification of auto-ionisation resonances was done with the help

of calculations (Mansfield 1981, Cowan and Wilson 1988) using pseudorelativistic

Hartree-Fock wavefunctions together with the corresponding configuration

interaction integrals and electric dipole radial integrals to calculate positions of

the core-excited level structures. Further classifications of autoionising levels

excited by low energy electrons (Back et al. 1981) showed 83 lines in the spectra

of zinc auto-ionising states between 1.5 and 7.9 eV ejected electron energy.

Similarly to previous findings (Rogers et al. 1982), most of the optically forbidden

transitions from the inner-shells could not be identified by the theory, indicating

their importance and the need for inclusion in the theory.

Additional evidence of the importance of the core-valence correlations

has, for example, been shown in the agreement between the electron impact

absolute emission cross-section measurements (Rogers et al. 1983) with the

two-state and five-state close-coupling approximations (Msezane and Henry

1982). For good agreement between the experiment and the theory, it was

necessary to include correlations between the valence electron and the 3d-core.

This was also confirmed by the agreement of the lifetime and oscillator

strength measurements (Shaw et al. 1978, Osherivich et al. 1979, Blagoev

et al. 2004) and the multi-configuration Hartree-Fock calculations (Froese

Fischer 1979, Curtis 1992, Blagoev et al. 2004). Only after inclusion of the

core-polarisation in the calculations, have the experimental lifetimes shown

agreement with the theory. Furthermore, the multichannel delayed-coincidence

lifetime measurements (Osherivich et al. 1979) show correlation between the

lifetimes τ and effective orbital parameter for the spectral series n 1S, n 3S, n
3P and n 3D. A power-law dependence of the type τ = Cn∗α has been observed,

where n∗ is the effective principal quantum number and C and the exponent of

the power law α are constants.
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Further studies of the effects caused by the first subvalence 3d10-shell were

measurements of the absorption spectrum of zinc due to transitions from 3d-shell

using synchrotron radiation (Sommer et al. 1987), i.e. 3d9 4s2 np 2D3/2,5/2

(n=4-9). Two different approaches were used to analyse the data. Multi-channel

Quantum Defect Theory (MQTD) with six channels and two limits (2D3/2,5/2) was

used to check the overall consistency of the calculations and to point out series

perturbations due to the overlap in energy of the series converging to the two

limits. Slater-Condon type calculations were used to improve the understanding

of the low to medium high n members in the 3d9 4s2 np (n=4-9) configurations.

For highly excited states, the Coulomb interaction between the excited electron

and the core is usually small in comparison with the spin-orbit interaction

(Sobelman 1992). Furthermore, the spin-orbit interaction is smaller than all the

other interactions, being roughly proportional to (n*l)−3. Thus both interactions

can be neglected (except for the leading term in Coulomb interaction) leading

to the prediction that all levels should be double, i.e. two levels of different J

with the same energy which is best described by jcK-coupling which is true for

n≥5 states. Thus for higher n-values the MQDT analysis yielded better results

while, for low n, Slater-Condon type calculations gave good agreement, e.g. the

3d9 4s2 4p state is best described by LS -coupling. Moreover, series perturbations

due to the overlap in energy of the series converging towards the two limits were

observed.

Similar studies in zinc II using dual laser plasma technique and

multi-configuration Hartree-Fock calculations (O’Reilly and Dunne 1998) showed

how jj -coupling can successfully describe the 3d9 4s np, nf (n=4-11) series

where the accuracy of this coupling scheme increased rapidly along the sequence.

Similarly to previous results, LS -coupling showed better agreement for n=4.

Strong state mixing was shown by the theory (averaging at 63%) while for n≥7

the mixing with the double core-excited 3d8 4s2 4p state was required to get

good agreement with the experiment. Similarly, strong spin-orbit interaction and

core-shielding effects have been predicted by the multiconfiguration relativistic

random-phase approximation theory (Wang et al. 1999).

However, while spin-orbit interaction is characteristic of heavy atoms, zinc

(Z=30) is a transition atom between light and heavy atoms. Consequently some

of its structural and dynamical properties can be described by a simple helium-like

model while sometimes more complicated effects, characteristic of heavy atoms,

12



Chapter 2. Review of Literature

must be taken into account. For example, the electron exchange was found to

be the dominant process for the triplet excitation in measurement of generalised

oscillator strengths for 4s 1S→4p 3P and 4s 1S→4p 1P transitions at kinetic

energies between 50 and 150 eV, over an angular range between 1.5◦ and 11◦

using high electron resolution of 3 meV (Newell and Ross 1972). The ratios

of triplet to singlet transitions were decreasing with increasing incident electron

energy for zinc and cadmium (indicating exchange) as opposed to much heavier

mercury, where spin-orbit interaction dominates.

Further details about structure and dynamics of the open-core states can be

extracted if polarisation of light or electrons emitted after collision is analysed.

For example, synchrotron radiation studies (Kronast et al. 1986) have shown how

incoming photon impact in general leads to an unequal population of magnetic

quantum states (i.e. in the alignment of the atoms) during the de-excitation of

the ionic 3d9 4s2 2D3/2 state to 3d10 4p 2P1/2 state, whereby linear polarisation of

the emitted photons was measured. The degree of linear polarisation P1 (or

the proportional alignment parameter A20) decreased with increasing energy

of the incoming photons with a maximum at the threshold. Electron impact

measurements of the same transition (Hipp et al. 1991) showed that at the

threshold, the partial waves with at least L >2 contribute to the cross section.

Only 17% polarisation was measured instead of expected 60% if contribution was

only by L=0 partial waves. The polarisation after electron impact was lower than

the polarisation after photon impact due to different selection rules for photon

and electron excitations. The extension of the experiment, to incident polarised

electrons, has, for the first time, shown negative angular momentum transfer

through the combination of the electron exchange and the fine-structure coupling

through measurements of the integrated Stokes parameters (Yu et al. 2001). The

residual ion was found to be aligned and oriented by the electron exchange effects.

No breakdown in LS -coupling was measured, i.e. P2 was zero. The measurement

of P1 was in excellent agreement with previous unpolarised electron measurements

(Hipp et al. 1991).

As polarised electrons can cause unequal distribution of the population of

magnetic sublevels (which is manifested in the polarisation of the emitted light),

the measurement of the integrated Stokes parameter P3 for the 5s 3S1 →4p 3S2

transition in zinc allowed indirect determination of the polarisation of the electron

beam (Eminyan and Lampel 1980). Any optical effect related to the spin appears
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only through the spin-orbit interaction which must be strong enough to allow the

fine-splitting of the atomic 3PJ levels and not so large to lead to a breakdown of

LS -coupling. For the measured final J=2, the theory predicts that the circular

polarisation should be half of the incident electron polarisation at the cascade

free region near threshold which was also observed experimentally. Additional

measurements of the linear polarisation from the decay of the same state to 4p
3PJ (J=0,1,2) states, using unpolarised electron impact, found different fractional

polarisation degrees at a single energy corresponding to the maximum of the

excitation cross section (0.5 eV above threshold) (Suzuki et al. 1998). This

unexpected value was explained by assuming unequal populations (p−1, p0, p1)

for the sublevels MS = −1, 0, 1 in the excited 3S state, i.e. the deviation from

the equal mean value of 1/3 for each sublevel.

The spin-dependent interactions are also dependent on the initial atomic

configuration. This was studied by observing the spin asymmetry function using

different atomic targets with closed and open shells (zinc, cadmium and indium)

(Bartsch et al. 1992). It was shown that for elastic scattering of electrons from

atoms with closed shells, the spin asymmetry was caused by the spin-orbit

interaction of the scattered electrons in the screened nuclear field while for

open-shell atoms it was caused by a combination of the fine-structure effect and

spin-orbit interaction. However, for inelastic scattering the main cause of the spin

asymmetry was the exchange interaction between scattered and atomic electrons.

The experimental results were supported by the semi-relativistic calculations

using Dirac equations for the scattered electrons (McEachran and Stauffer 1992):

the motion of a continuum electron in an atomic field and static part of the

scattering potential were done relativistically while the polarisation part of the

scattering potential was done in a non-relativistic manner. The electron exchange

was treated exactly. Satisfactory agreement was found in the elastic region for

zinc (below 3.73 eV where the first inelastic threshold occurs), while discrepancies

were found for cadmium and for the inelastic region of zinc, especially at energies

below 10 eV. The suspected reason for this is a neglect of all inelastic channels

due to a large number of resonances at low energies. Further support came

from a similar model with modified interaction potentials (Kumar et al. 1994).

The Dirac equations were solved with real and complex interaction potentials

representing projectile-target interaction whereby inelastic scattering channels

were taken into account. Only moderate improvement of the calculated data
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was achieved, especially at high energies. A full relativistic polarised orbital

approximation (Szmytkowski and Sienkiewicz 1994) gave different results from

previous calculations (McEachran and Stauffer 1992, Kumar et al. 1994), however,

still having a moderate agreement with the experiment.

Further studies of the spin-dependent interactions have shown properties

characteristic of high-Z elements in a similar impact energy region near 40 eV

where zinc has two minima in the elastic differential cross-section at 40◦ and 100◦

(Williams and Bozinis 1975, Panajotović et al. 1999). To explain these results, a

theoretical model was developed using static, polarisation and exchange potentials

to describe the optical potential used in the radial wave equation. The phase shifts

(McGarrah et al. 1991) generally reproduced the shape but disagreed with the

position and depths of the two minima. A satisfactory agreement was finally

reached when a full relativistic treatment was applied (Sienkiewicz et al. 2002),

i.e. relativistic Dirac-Fock calculations with a full treatment of the exchange

interaction between the incident and target electrons, including the polarisation

of the core.

Moreover, additional calculations (Kaur et al. 1997) have also shown these

characteristic angular distributions with very small values of the differential

cross-section near 0◦ and 90◦ and a small maximum near 90◦ scattering

angle for closed-subshell atoms using relativistic distorted wave calculations of

differential excitation cross sections, coherence and correlation parameters and

spin polarisation parameters at 10, 20 and 40 eV for zinc and magnesium. Fair

agreement with experiments was observed for magnesium with an expectation

of a better agreement for zinc because it is a heavier atom and the relativistic

effects should play a more important role. However, later measurements of the

4p 1P1 excitation at low (Panajotović et al. 2004) and high (Fursa et al. 2005)

angles have shown a poor agreement with this theory and also with other

previous measurements (Williams and Bozinis 1975). Differential cross-sections

calculated using a momentum-space formalism of the convergent close-coupling

method (Fursa et al. 2005) have shown improved agreement with the low angle

experiments. However significant disagreement still exists at higher angles. If

any guidance can be obtained from these calculations, it is probably that spin

(relativistic) effects, better ground and excited state wave functions and an

accurate energy-dependent interaction potential are required before a predictive

model can be developed.
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Not only can the presence of the 3d-shell give rise to polarisation, spin-orbit

interaction and autoionising states, but it can also also create negative ion

states in zinc. Similarly to the other group IIB metals, zinc has a closed ns2

outer-shell which prevents formation of stable negative ions (like in noble gases).

However, unlike noble gases, the lowest unfilled orbital is np and it has the same

principal quantum number as the highest filled ns orbital. Thus the additional

electron has relatively low energy and experiences a sizable contribution from the

polarisation potential. Furthermore, the electron is in an orbital with l > 0 and

it sees a centrifugal p-wave barrier, through which it must tunnel to autodetach.

Lower resonance energy means that an electron must tunnel through a greater

portion of the barrier, hence having a longer negative ion lifetime and a sharper

observed peak. In zinc, the few studies of the negative ion resonances have

been mainly concerned with classification of the resonant states. The excitation

function measurements (Shpenik et al. 1974) show several structures caused by

open-core 3d9 4s2 4p nl negative ion resonances, while the electron transmission

studies (Burrow et al. 1976, Sullivan et al. 2003) allowed classification of some

of the resonant states below ionisation potential for several group II elements

(zinc, magnesium, cadmium and mercury). Increasing spin-orbit interaction

was manifested in a larger separation of the three states in the 4s 4p 3P

manifold for an increasing atomic number. The two independent theoretical

models, using core potential and B-spline R-matrix approaches (Zatsarinny and

Bartschat 2005), lack coupling to the target continuum, which is particularly

important for the description of optically forbidden transitions. This limits them

to the near-threshold regime, where they show good agreement with each other

and with the experiment (Sullivan et al. 2003).

2.3 Krypton Studies

Krypton and other noble gases have been studied thoroughly in the past, as they

are inert gases which are relatively easy to create in atomic form (via a gas jet),

compared to, for example, metal vapours which have to be created using specially

designed metal vapour ovens. Only a short overview of the most relevant studies

of the spin-dependent processes is given here, as the study of krypton represents

only a minor section of this thesis. The experimental work was confined to spin

up/down and left/right asymmetries which required a completely separate and
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different apparatus from that used for the ‘integral photon’ studies in zinc.

The observation of the spin-dependent interactions allows disentanglement of

roles of the various spin-dependent forces that were involved in a collision, such

as the electron exchange and the spin-orbit interaction. However, the number

of such studies on krypton is very limited. For example, left/right or up/down

asymmetries created by a polarised electron impact for the inelastic scattering

from lighter atoms (argon and krypton), have shown that the electron exchange

in conjunction with the spin-orbit coupling was the dominant mechanism for

scattering asymmetries (Dummler et al. 1995), while for the heavier xenon

atom, the scattering asymmetries were predominantly caused by the spin-orbit

interaction. While measurements agreed with calculations for heavy xenon

(McEachran and Stauffer 1986, Szmytkowski and Sienkiewicz 1994), significant

discrepancies between the experiment and theory have been shown for inelastic

scattering of krypton and argon (Bartschat 1987, Zuo et al. 1992). For these,

moderately sized atoms, the spin polarisation effects are expected to be small

and to present a significant challenge to the theory due to the increasing role of

the polarisation and distortion of the electron charge cloud.

However, small asymmetries (<0.25) have been measured in the elastic

scattering measurements (Went et al. 2002) on krypton and calculated by

solving the Dirac-Fock equations, including polarisation and dynamic distortion

potentials and an absorption potential to model inelastic processes, such as

excitation and ionisation. A strong dependence of the results on the theoretical

model was observed. For example, the addition of the absorption potential

produced very different results than without it, and a much better agreement with

the experiment. A similar approach, using relativistic Dirac-Fock calculations

with dipole and quadrupole polarisation corrections (Sienkiewicz and Baylis

1991), gave good agreement with previous measurements of the spin-polarisation

parameter S (Schackert 1968, Beerlage et al. 1981).
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Figure 3.1: Schematic diagram of a typical scattering geometry used in this thesis.

A typical experimental geometry used in this thesis is shown in Figure 3.1.

Electrons propagating along z axis with initial momentum k0 and polarisation

P are scattered from atoms in their ground or carefully prepared excited state.

Atoms can be treated as stationary as their velocities (105 cm/s) are much smaller

than the electron velocities (108 cm/s). During a collision, quantum mechanically

many processes are possible while usually only one is observed. The possible

collision processes of interest here are elastic scattering of the incident electron,

inelastic scattering where the atom is excited into a higher state and then can

decay to a lower state through emission of a photon (as determined by dipole

18



Chapter 3. Theory of Electron Impact Excitation and Ionisation

selection rules), and ionisation where an electron is ejected from the atom or a

combination of ionisation and excitation.

A typical detection arrangement used in this thesis is where scattered or

ejected electrons are observed at some angle in the xz plane, while photon detector

is placed along the y axis. A particular collision geometry is selected as only

emitted photons and/or scattered/ejected electrons, in a direction given by a

detector, are observed. Photons and electrons can be detected separately or in

coincidence, i.e. originating from the same atom and the same collision process,

while an atomic state can be selected by filtering the energy of photons and

electrons.

The observation of scattered and ejected particles, and analysis of their

properties such as angular momentum and polarisation, can give information

about structure and dynamics of the atom. The measurements of the photon

polarisation can be described in terms of Stokes parameters which can be

parameterised and related to the angular momentum properties of atoms by state

multipoles. This chapter gives an overview of Stokes parameters and describes

their relation to state multipoles. Stokes parameters are described in their general

form as well as in special form (integrated over all angles), which is used to

describe most of the experiments studied in this thesis. Further discussion

includes reduction of the number of non-zero parameters due to symmetry

properties of a particular experimental geometry and the effects of spin-orbit

interaction and electron exchange on state multipoles and Stokes parameters.

3.1 Stokes Parameters

The polarisation of photons emitted after an electron-atom collision, in the

direction defined by polar angles (θγ , φγ) to the incident electron beam axis, can

be described by Stokes parameters which are defined, for example in Bartschat

et al. (1981), as

P1 =
I(0◦) − I(90◦)

I(0◦) + I(90◦)
, (3.1)

P2 =
I(45◦) − I(135◦)

I(35◦) + I(135◦)
(3.2)

and

P3 =
I(σ+) − I(σ−)

I(σ+) + I(σ−)
, (3.3)
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Figure 3.2: Generalised Stokes parameters. ±Px, ±Py and ±Pz are components
of the incident electron spin polarisation, n̂ = x, y, z is the light detection direction
with the linear polariser at angle β = 0◦, 90◦, 45◦ and 135◦. Adapted from
Andersen and Bartschat (2001).

where I(β) is the intensity of photons polarised along an axis at an angle β

with the direction defined by the polar angles (θγ + 90, φγ) and I(σ+) [I(σ−)] are

intensities of photons of the positive [negative] helicity.

P1 and P2 are two linear polarisations and P3 is the degree of circular

polarisation while the total intensity is given by

I = I(0◦) + I(90◦) = I(35◦) + I(135◦) = I(σ+) + I(σ−). (3.4)

If scattered electrons are not observed, Stokes parameters are integrated over

all scattering angles and are called the integrated Stokes parameters. In this

thesis they are used to describe most of the experiments on zinc.

3.1.1 Generalised Stokes Parameters

The general equations for the Stokes parameters extend and unify the concept

of the Stokes parameters for all four possible combinations of light detection

direction n̂, as shown in Figure 3.2, and initial electron polarisations ±Px,y,z.

The light intensities I n̂±Px,y,z (β) observed in the direction n̂ polarised at an
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angle β for incident electron polarisations in the x, y or z direction, are combined

in a Stokes matrix, with the elements Qn̂,pol
i,Px,y,z

, (pol = ±, i=1,2,3 corresponding

to the subscript of P1, P2 and P3 in Equations 3.1, 3.2 and 3.3) defined as the

independent (except for the sign) linear combination of the four intensities:

Qn̂,++−−
1,Px,y,z

=
I n̂
+Px,y,z

(0◦) + I n̂
−Px,y,z

(0◦) − I n̂
+Px,y,z

(90◦) − I n̂
−Px,y,z

(90◦)

I n̂
+Px,y,z

(0◦) + I n̂
−Px,y,z

(0◦) + I n̂
+Px,y,z

(90◦) + I n̂
−Px,y,z

(90◦)
(3.5a)

Qn̂,+−−+
1,Px,y,z

=
I n̂
+Px,y,z

(0◦) − I n̂
−Px,y,z

(0◦) − I n̂
+Px,y,z

(90◦) + I n̂
−Px,y,z

(90◦)

I n̂
+Px,y,z

(0◦) + I n̂
−Px,y,z

(0◦) + I n̂
+Px,y,z

(90◦) + I n̂
−Px,y,z

(90◦)
(3.5b)

Qn̂,+−+−
1,Px,y,z

=
I n̂
+Px,y,z

(0◦) − I n̂
−Px,y,z

(0◦) + I n̂
+Px,y,z

(90◦) − I n̂
−Px,y,z

(90◦)

I n̂
+Px,y,z

(0◦) + I n̂
−Px,y,z

(0◦) + I n̂
+Px,y,z

(90◦) + I n̂
−Px,y,z

(90◦)
(3.5c)

Qn̂,++−−
2,Px,y,z

=
I n̂
+Px,y,z

(45◦) + I n̂
−Px,y,z

(45◦) − I n̂
+Px,y,z

(135◦) − I n̂
−Px,y,z

(135◦)

I n̂
+Px,y,z

(45◦) + I n̂
−Px,y,z

(45◦) + I n̂
+Px,y,z

(135◦) + I n̂
−Px,y,z

(135◦)
(3.6a)

Qn̂,+−−+
2,Px,y,z

=
I n̂
+Px,y,z

(45◦) − I n̂
−Px,y,z

(45◦) − I n̂
+Px,y,z

(135◦) + I n̂
−Px,y,z

(135◦)

I n̂
+Px,y,z

(45◦) + I n̂
−Px,y,z

(45◦) + I n̂
+Px,y,z

(135◦) + I n̂
−Px,y,z

(135◦)
(3.6b)

Qn̂,+−+−
2,Px,y,z

=
I n̂
+Px,y,z

(45◦) − I n̂
−Px,y,z

(45◦) + I n̂
+Px,y,z

(135◦) − I n̂
−Px,y,z

(135◦)

I n̂
+Px,y,z

(45◦) + I n̂
−Px,y,z

(45◦) + I n̂
+Px,y,z

(135◦) + I n̂
−Px,y,z

(135◦)
(3.6c)

Qn̂,++−−
3,Px,y,z

=
I n̂
+Px,y,z

(σ+) + I n̂
−Px,y,z

(σ+) − I n̂
+Px,y,z

(σ−) − I n̂
−Px,y,z

(σ−)

I n̂
+Px,y,z

(σ+) + I n̂
−Px,y,z

(σ+) + I n̂
+Px,y,z

(σ−) + I n̂
−Px,y,z

(σ−)
(3.7a)

Qn̂,+−−+
3,Px,y,z

=
I n̂
+Px,y,z

(σ+) − I n̂
−Px,y,z

(σ+) − I n̂
+Px,y,z

(σ−) + I n̂
−Px,y,z

(σ−)

I n̂
+Px,y,z

(σ+) + I n̂
−Px,y,z

(σ+) + I n̂
+Px,y,z

(σ−) + I n̂
−Px,y,z

(σ−)
(3.7b)

Qn̂,+−+−
3,Px,y,z

=
I n̂
+Px,y,z

(σ+) − I n̂
−Px,y,z

(σ+) + I n̂
+Px,y,z

(σ−) − I n̂
−Px,y,z

(σ−)

I n̂
+Px,y,z

(σ+) + I n̂
−Px,y,z

(σ+) + I n̂
+Px,y,z

(σ−) + I n̂
−Px,y,z

(σ−)
(3.7c)

The first three components with Q++−− (Equations 3.5a, 3.6a and 3.7a) form

the usual Stokes vector (P1, P2, P3) for unpolarised incident electrons. These

parameters were not used in this work but are given here for completeness.

The components with Q+−−+ (Equations 3.5b, 3.6b and 3.7b) correspond

to observables that require spin-polarised incident electrons and analysis of the

photon polarisation. These parameters are particularly important for this thesis

where different atomic states in zinc were studied by measuring the Stokes

parameters (P1, P2 and P3) integrated over all electron scattering angles (electrons
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were not observed), as described in Section 7.3.

Finally, the components with Q+−+− (Equations 3.5c, 3.6c and 3.7c) form the

“optical asymmetry” that compares the light intensities measured with spin-up

and spin-down electrons. The measurements are independent of the light analyser

settings. These parameters were used in this thesis in the measurements of the

spin-up/down asymmetry of krypton, as described in Section 8.

3.2 State Multipoles

State multipoles are linear combinations of the excited state density matrix

elements and are used to relate measured Stokes parameters to angular

momentum properties of the studied atom. They are defined in Blum (1981)

as

〈TKQ(J)〉 =
∑

M ′M

(−1)J−M ′

(2K + 1)1/2

(

J J K

M ′ −M −Q

)

〈F (M ′)F (M)∗〉 .

(3.8)

F (M) are the scattering amplitudes while the (. . . ) is a 3−j symbol representing

the angular momentum coupling rules. It is defined in Blum (1981) as

(

J1 J2 J

M1 M2 M

)

=
1√

2J + 1
(−1)J1−J2−M(J1M1, J2M2|J −M) , (3.9)

where (J1M1, J2M2|J −M) denotes the Clebsch-Gordan coefficient. The rank K

and component Q are restricted by the angular momentum coupling rules so that

K ≤ 2J and −K ≤ Q ≤ K. Since we are observing single dipole transitions, the

rank is further restricted to K ≤ 2.

The monopole 〈T +
00 (J)〉 is proportional to the differential cross section σ,

〈T +
00 (J)〉 =

σ

(2J + 1)1/2
. (3.10)

The components of the orientation vector are given by the three parameters

〈T +
1Q(J)〉 while the five parameters 〈T +

2Q(J)〉 determine the components of the

alignment tensor.
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The hermicity conditions of the state multipoles require that

〈T +
KQ(J)〉 = (−1)Q〈T +

K−Q(J)〉∗ (3.11)

meaning that the multipoles with Q = 0 are real parameters.

If scattered electrons are not observed, the equation 3.8 has to be integrated

over all scattering angles. Then

〈TKQ(J)〉 =
∑

M ′M

(−1)J−M ′

(2K + 1)1/2

(

J J K

M ′ −M −Q

)

〈F (M ′)F (M)∗〉 ,

(3.12)

where symbol T is used to distinguish integrated from non-integrated state

multipoles.

The integration results in 〈T +
22 (J)〉 = 0 (Bartschat and Blum 1982).

The number of non-zero state multipoles can be further reduced when

symmetry properties of a particular experimental geometry are considered, as

discussed in Section 3.4.

3.3 Relation between Stokes Parameters and

State Multipoles

The polarisation of light emitted in an atomic decay can be described by Stokes

parameters which can be related to the physical properties of atoms using state

multipoles. The photon intensity emitted in the direction ~n = (θγ , φγ) for the

electric dipole transition from a state with angular momentum J to Jf is given

in Andersen and Bartschat (2001) as

s0(θγ , φγ) = C

(

2

3
√

2J + 1
〈T †00(J)〉

+ (−1)J−Jf+1

{

1 1 2

J J Jf

}[

√

1

6
〈T †20(J)〉(3 cos2 θγ − 1)

− Re{〈T †21(J)〉} sin 2θγ cos φγ +Re{〈T †22(J)〉} sin2 θγ cosφγ

+ Im{〈T †21(J)〉} sin 2θγ cosφγ − Re{〈T †22(J)〉} sin2 θγ cosφγ

])

,

(3.13)
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where

C =
e2ω4

2πc3
| 〈Jf‖~r‖J〉 |2 (3.14)

is a constant containing reduced radial dipole matrix element originating from

the Wigner-Eckart theorem and the frequency of the transition ω.

Similarly, we can define

s1(θγ , φγ) = C(−1)J−Jf

{

1 1 2

J J Jf

}[

√

3

2
〈T †20(J)〉 sin2 θγ

+Re{〈T †21(J)〉} sin 2θγ cosφγ +Re{〈T †22(J)〉}(1 + cos2 θγ) cos 2φγ

− Im{〈T †21(J)〉} sin 2θγ sin φγ − Im{〈T †22(J)〉}(1 + cos2 θγ) sin 2φγ

]

,

(3.15)

s2(θγ , φγ) = C(−1)J−Jf

{

1 1 2

J J Jf

}

×
[

+Re{〈T †21(J)〉} sin 2θγ sinφγ +Re{〈T †22(J)〉}2 cos θγ sin 2φγ

+ Im{〈T †21(J)〉} sin 2θγ cosφγ + Im{〈T †22(J)〉}2 cos θγ cos 2φγ

]

(3.16)

and

s3(θγ , φγ) = C(−1)J−Jf+1

{

1 1 1

J J Jf

}[

√
2〈T †10(J)〉 cos θγ

− Re{〈T †11(J)〉}2 sin θγ cos φγ + Im{〈T †11(J)〉}2 sin θγ) sinφγ

]

,

(3.17)

from which the Stokes parameters then can be calculated as

P1(θγ , φγ) =
s1(θγ , φγ)

s0(θγ , φγ)
,

P2(θγ , φγ) =
s2(θγ , φγ)

s0(θγ , φγ)
(3.18)

24



Chapter 3. Theory of Electron Impact Excitation and Ionisation

and

P3(θγ , φγ) =
s3(θγ , φγ)

s0(θγ , φγ)
.

After integration over all scattering angles only four parameters are necessary

to parameterise the integrated Stokes parameters (Bartschat et al. 1981). They

are given by the following equations from Kaur et al. (1999):

P1 =

{

1 1 2

J J Jf

}

√

3

2
〈T +

20 (J)〉GI
2(J)/Ω ,

P2 = −
{

1 1 2

J J Jf

}

2Re〈T +
21 (J)〉GI

2(J)/Ω

and

P3 = −
{

1 1 1

J J Jf

}

2Im〈T +
11 (J)〉GI

1(J)/Ω , (3.19)

with

Ω =
2(−1)J+Jf

3(2J + 1)1/2
〈T +

00 (J)〉GI
0(J) +

√

1

6

{

1 1 2

J J Jf

}

〈T +
20 (J)〉GI

2(J) . (3.20)

J and Jf denote the angular momentum quantum numbers of the atomic states

excited by electron impact, and GI
K is the perturbation coefficient which accounts

for hyperfine depolarisation of the various isotopes of the element,

GI
k(J) =

1

γ

1

2I + 1

∑

F

(2F + 1)2

{

J F I

F J K

}2

, and K = 0, 1, 2 . (3.21)

Here γ is the decay constant of the excited state, I is the nuclear spin quantum

number, and F is the total angular momentum quantum number. The brackets

{. . .} denote the 6-j symbol and represent the angular momentum coupling rule

as defined in Rotenburg et al. (1959),

{

J1 J2 J3

j1 j2 j3

}

=
∑

Mi,mi

(−1)
P

Ji+
P

mi

(

J1 J2 J3

M1 M2 M3

)

(

J1 j2 j3

M1 m2 −m3

)

×
(

j1 J2 j3

−m1 M2 m3

)(

j1 j2 J3

m1 −m2 M3

)

. (3.22)
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The Equation 3.19 gives a direct relation of the Stokes parameters to the state

multipoles, i.e. it links the measurements with the physical properties of atoms.

3.4 Symmetry Considerations of the

Measurements

Three basic cases of incident electron polarisation can be distinguished, namely no

polarisation, longitudinal polarisation and transverse polarisation. If the incident

electron beam propagates along the z axis, the polarisation vector points in the

direction of the y axis (the detection axis) for transverse, and in z direction for

longitudinal, electron polarisation.

If the incident electrons are unpolarised or transversely polarised, the

experimental geometry of the non-integrated measurements possesses reflection

invariance in the scattering plane, hence following Fano and Macek (1973)

〈T +
KQ(J)〉 = (−1)K〈T +

KQ(J)〉∗ . (3.23)

In particular

〈T +
10 (J)〉 = 0 (3.24)

and

〈T +
11 (J)〉 = 〈T +

1−1(J)〉 , (3.25)

where 〈T +
11 (J)〉 is imaginary and the components of

〈T +
2Q(J)〉 = (−1)Q〈T +

2−Q(J)〉 (3.26)

are real. Hence five independent parameters are required to characterise the

excited atomic state: the cross section

〈T +
00 (J)〉 , (3.27)

one component of the orientation parameter and the three components of the

alignment tensor,

Im〈T +
11 (J)〉 Re〈T +

20 (J)〉 Re〈T +
21 (J)〉 Re〈T +

22 (J)〉 , (3.28a)
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Figure 3.3: Excitation of atoms by electrons and symmetry consequences for
the polarisation of emitted radiation, a) unpolarised electrons, b) longitudinally
polarised electrons and c) transverse polarised electrons.

where Re and Im are real and imaginary parts of the parameters respectively.

If longitudinally polarised electrons are used the reflection symmetry is broken

and equation 3.23 is no longer satisfied. The orientation and alignment become

complex quantities and are specified by eight real parameters, for example the

four parameters given in Equation 3.28a together with new parameters

Im〈T +
21 (J)〉 Im〈T +

22 (J)〉 Re〈T +
11 (J)〉 〈T +

10 (J)〉 . (3.28b)

In the case of reflection invariance the new parameters (Equation 3.28b)

vanish, i.e. they depend only on Px and Pz components of the polarisation

vector P while the parameters from Equation 3.28a do not depend on Px and Pz

(Bartschat et al. 1981).

For integrated measurements, the excitation process with unpolarised

electrons has axial symmetry around the z axis, hence all multipoles with Q 6= 0

vanish. Furthermore, the excitation process is invariant under reflection of planes

through the z axis, i.e.〈T +
10 (J)〉 = 0 (Bartschat et al. 1981). The angular

distribution and polarisation of photons depends only on the monopole 〈T +
00 (J)〉

(proportional to the total cross section) and the alignment parameter 〈T +
20 (J)〉.

Hence only P1 can be non-zero. This can be seen in Figure 3.3a whereby the lines

at 45◦ and 135◦ are interchanged under a rotation of 180◦ around the z axis and

therefore equivalent, thus P2 is zero. Furthermore, there is no sense of rotation

in the xy plane, which gives zero P3 as well.

If longitudinally polarised electrons are used the excitation process is

symmetric around the z axis but not invariant under reflection of planes through
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the z axis, as in Figure 3.3b. Consequently all multipoles with Q 6= 0 vanish,

however 〈T +
10 (J)〉 may be different from zero. The polarisation of the emitted

radiation can be described by three independent parameters, the monopole

〈T +
00 (J)〉, one alignment parameter 〈T +

20 (J)〉 and one orientation parameter

〈T +
10 (J)〉 which is proportional to the electron polarisation Pz (Bartschat

et al. 1981). Using the same arguments as for unpolarised electrons, P2 = 0.

On the other hand the polarisation of the electrons now gives a sense of rotation

in the xy plane, therefore P3 can be non-zero and it is proportional to the initial

electron polarisation as it is related to 〈T +
10 (J)〉.

Transversely polarised electrons, as in Figure 3.3c, result in an excitation

process with planar symmetry with respect to reflection on the xz plane. The

polarisation of the emitted light can be described by four parameters given in

Bartschat et al. (1981):

〈T +
00 (J)〉 〈T +

20 (J)〉 , (3.29)

obtainable by unpolarised electrons and

〈T +
11 (J)〉 〈T +

21 (J)〉 , (3.30)

which can be obtained only from experiments with transversely polarised

electrons. P1 and P3 can, similarly to longitudinally polarised electrons, be

non-zero. Furthermore, symmetry for rotation of 180◦ around the z axis is now

broken and hence, P2 can be non-zero as well.

3.5 Spin-Orbit Interaction and Electron

Exchange

The transfer of polarisation between an electron and a target atom can be

caused by electron exchange and/or by spin-orbit interaction. The spin-orbit

interaction can be caused by internal coupling between the spin and orbital

angular momenta and/or by spin-orbit interaction with the continuum electron.

The electron exchange and the spin-orbit interaction are usually masked by the

stronger Coulomb interaction, however, they can be disentangled from it, for

example, by using spin polarised electrons with appropriate scattering dynamics.

If the LS -coupling scheme holds, i.e. the spin and orbital angular momenta

28



Chapter 3. Theory of Electron Impact Excitation and Ionisation

are completely decoupled, the polarisation can be transfered only by electron

exchange. Immediately after excitation, the spin polarisation 〈Sy〉 will be

transfered to the atom. It is proportional to the parameter 〈T +
11 (S)〉. The atomic

spin S and the orbital angular momentum L will couple to the total angular

momentum J of the atom,

〈T +
KQ(J)〉 = 〈T +

KQ(L) × T +
KQ(S)〉 . (3.31)

Because of LS -coupling, the J multipole can be factored into L and S multipoles,

〈T +
KQ(L) × T +

KQ(S)〉 = 〈T +
KQ(L)〉 × 〈T +

KQ(S)〉 . (3.32)

Following Blum (1981), the general expression for the integrated state multipoles

reduces to:

〈T +
KQ(J)〉 =

∑

K1, Q1, k, q

√

(2k + 1)(2K1 + 1)(2J + 1)

×(K1Q1, kq|KQ)











K1 k K

L S L

L S J











〈T +
K1Q1

(L)〉〈T+
kq(S)〉 , (3.33)

where the {. . .} term is a 9 − j symbol representing the angular momentum

coupling rules,











j1 j2 j3

j4 j5 j6

j7 j8 j9











=
∑

d

(−1)2d(2d+ 1)

{

j1 j4 j7

j8 j9 d
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. (3.34)

For the integrated measurements, the conservation of angular momentum and

its projection along a given axis require that Q1 = 0 (Bartschat et al. 1981), so

that only 〈T +
K0(L)〉 terms contribute to 〈T +

KQ(J)〉. Thus for a well LS -coupled

state only an axial alignment along the z axis 〈T +
20 (L)〉 is created. Furthermore,

circular polarisation is created only by exchange contributions. Since Q1 = 0

results in 〈T +
11 (J)〉=0, only a non-zero 〈T +

11 (S)〉 contributes to give a non-zero

〈T +
11 (J)〉 term immediately after the excitation.
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On the other hand, strong spin-orbit forces violate the assumptions on which

Equation 3.33 is based and 〈T +
KQ(J)〉 can no longer be considered in terms of

factored L and S multipoles. The requirement Q1 = 0 is no longer valid and

components equivalent to 〈T +
K1(L)〉 may exist and contribute to 〈TKQ(J)〉.

In terms of the integrated Stokes parameters, P2 can be caused only by a

spin-orbit interaction while P3 can be caused by a spin-orbit interaction and by

an electron exchange. For a well LS -coupled state P2 is always zero, hence a

non-zero P3 value is caused only by electron exchange. In this case the two

effects can be distinguished from each other.

3.6 Normalised State Multipoles

The state multipoles can be normalised to the corresponding zero-rank

multipoles (cross-sections) which then enable derivation of the normalised electric

quadrupole moments T20(J) and T21(J) and the normalised magnetic dipole

moment T11(J) for the total angular momentum J as a function of energy through

the measured integrated Stokes parameters. In case of good LS -coupling, i.e.

when L and S can be separated, normalised electric quadrupole moment T20(L)

for the orbital angular momentum and normalised magnetic dipole moment

T11(S) for the spin angular momentum can also be derived. The expressions

for T20(J), T21(J), T11(J), T20(L) and T11(S) are given by

T20(J) =
〈T +

20 (J)〉
〈T +

00 (J)〉 , (3.35)

T21(J) =
〈T +

21 (J)〉
〈T +

00 (J)〉 , (3.36)

T11(J) =
〈T +

11 (J)〉
〈T +

00 (J)〉 , (3.37)

T20(L) =
〈T +

20 (L)〉
〈T +

00 (L)〉 (3.38)

and

T11(S) =
〈T +

11 (S)〉
〈T +

00 (S)〉 (3.39)

The angular momentum transfer along the y-direction is related to the
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normalised state multipole T11(J) and is given in Blum (1981) by

〈Jy(J)〉 =

√

2J(J + 1)

3
T11(J) . (3.40)

In this thesis, the integrated Stokes parameters P1, P2 and P3 are used

to describe the polarisation of the light emitted from an atomic decay

after transversally polarised electron impact. In some cases, the symmetry

considerations described in Section 3.4 may allow disentanglement of the

spin-dependent effects. For example, P2 can be caused only by the spin-orbit

interaction while P3 can be caused through both, spin-orbit interaction and

electron exchange. Furthermore, the analysis using normalised state multipoles

allows separation of the normalised electric quadrupole moments (for the orbital

and the total angular momentum) and normalised magnetic dipole moments

(for the spin and the total angular momentum), which are related to angular

momentum transfer between incident electron and the atom.

3.7 Integrated Stokes Parameters at

Threshold

The polarisation of the light emitted from atomic transitions is related directly to

the integral cross-sections QM for electron impact excitation of the Mth sublevel

of the studied state (Pearcival and Seaton 1958). However, measurements of the

polarisation cannot be related directly to the values of the QM since the upper

state also can be populated by cascade transitions from higher excited states,

except at the cascade-free region near threshold. There, assuming that only

partial waves with L = 0 contribute to the excitation, Q1 = Q2 = 0 and Q0 = 1,

and hence the polarisation can be calculated.

The 1,3S states have a spherical shape of the electron charge cloud and the

emitted light is not linearly polarised. However, for 3S1 →3PJf
(J = 0, 1, 2)

transitions, it has been shown (Wykes 1971) that circular polarisation is equal

to +KPe, +KPe/2 and −KPe/2 for J=0, 1 and 2 respectively, where Pe is the

polarisation of the electron beam and K is a hyperfine depolarisation coefficient

due to the natural occurring isotopes of the atom, as described in Section 6.3.4.

This is valid for both, longitudinally and transversely polarised electrons with P3
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proportional to Pz or Py respectively. The method gives an easy way to measure

the polarisation of the electron beam by a simple measurement of P3.

The only excited non-S state, that was studied in this thesis, is the 1D2 state

for which

P1 =
3(Q0 +Q1 − 2Q2)

5Q0 + 9Q1 + 6Q2
= 0.6 (3.41)

at the excitation threshold.

For ionised-and-excited states, the degree of polarisation relates directly to

the alignment parameter A20 and the coefficient α, defined by Berezhko and

Kabachnik (1977) as

P1 =
3αA20

αA20 − 2
. (3.42)

The coefficient α depends only on the total angular momenta of the initial and

final states of the ion. For the studied 2D3/2 →2P1/2 transition, α = 0.5 (Berezhko

and Kabachnik 1977).

According to the Wannier threshold law of ionisation (Wannier 1953), two

outgoing electrons form a ’coupled two-electron S partial wave’ in the threshold

region, i.e. only a partial wave L = 0 is involved in the process. Then the

conservation of angular momentum component ML along the beam axis during

the collision results in zero population probabilities for ML > 1, and hence A20 =

−1. Using values of α from above, the expected polarisation at the threshold is

0.44 for J = 3/2 → 1/2 transitions. However, if higher partial waves with L = 1

and 2 contribute, |A20| < 1 and hence lower polarisation can be expected.
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Atomic Structure Calculations

Structure calculations play an important role in the spectroscopy of atoms. They

are the fundamental calculations from which atomic properties can be modelled

and then used to interpret the experimental data. Furthermore, their results

play a crucial role for all other types of calculations, for example the choice

of configuration state functions (CSF) in calculations of cross-section or Stokes

parameters for electron-atom collisions.

In this thesis the experimental studies of zinc were complemented by

calculations of atomic structure. In particular the importance of core and valence

electrons correlation effects in determining energies, wavelengths, lifetimes and

oscillator strengths were investigated using a multiconfiguration Hartree-Fock

(MCHF) package (Froese Fischer and Jönsson 1994, Froese Fischer et al.

1997). The underlying theoretical background of the Hartree-Fock method,

non-relativistic and relativistic corrections and multiconfiguration Hartree-Fock

method is presented with a summary of the main parts of the software package.

The results of the calculations and their interpretation is presented in Section

7.2. The code is available on request.

4.1 MCHF Method

The MCHF method is a multiple electron configuration extension of the

Hartree-Fock method with the relativistic corrections included through the

Breit-Pauli corrections (Froese Fischer et al. 1997). It has been proven to

be an effective tool for the study of many-electron systems, ranging from

relatively simple systems with two electrons outside a closed-core such as alkaline
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earths (Fischer 1970, Vaeck et al. 1992, Tachiev and Fischer 1999, Jönsson

et al. 1999, Bieron et al. 2004) to more difficult cases where state mixing

depends critically on correlation and possibly relativistic effects (Irimia and

Fischer 2004, Froese Fischer and He 1999, Kohstall et al. 1998).

The MCHF software package allows the selective inclusion of electron

configurations, which, for example, can be used to “switch on/off” various

effects. Furthermore, relativistic corrections are included through a separate

program, and, by comparing the values before and after applying relativistic

corrections, can give an indication on the magnitude of the relativistic effects.

These properties of this atomic package have been used in this thesis. The

importance of the 3d-shell in zinc was studied by looking at the difference between

calculations including a valence correlation only (3d was part of the closed core)

and calculations including core-valence correlation (one 3d-electron was allowed

to contribute to CSF).

4.1.1 Hartree-Fock Method

D.R. Hartree postulated a model (Hartree 1927a, Hartree 1927b) which showed

each electron in an atom moving in the same central field which was determined

from the charge distribution of the other electrons in the system, averaged over

the sphere for each radius. The Hartree coupled radial equations describe how

the charge of one electron depended on the other and vice versa. The solution of

these equations is found by an iterative procedure called the self-consistent field

method. Fock noted that the solutions of Hartree equations failed to satisfy the

Pauli exclusion principle (Fock 1930). So he pointed out the connection between

the Schrödinger equation and the variational principle and, starting with a wave

function satisfying the Pauli principle, derived equations similar to the Hartree

equations. An extra term, the exchange term, arising from antisymmetry was

present. Hartree’s numerical procedures were adapted to the new Fock equations

using estimates of radial functions rather than estimates of the field and the

method was named the Hartree-Fock method.

While this Hartree-Fock method predicts many atomic properties well, it is

only an approximation to the exact solution of the Schrödinger’s equation. Each

electron is assumed to move independently in a field determined by all other

electrons, i.e. there is no correlation in the motion of the electrons. Furthermore,
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relativistic effects, finite mass and volume of the nucleus are ignored. As the

importance of these effects increases with increasing atomic number, the method

gave good agreement with experiments only for light atoms. However the method

provided a solid base and a number of improvements/extensions followed, with

dramatic advances due to advent of electronic computers and the more recent

increase in computation power. For example the correlation between electrons

was first included in a multiconfiguration Hartree-Fock program by Froese

Fischer (1969). Further development of the program soon enabled investigation

of a number of atomic properties, such as transition probabilities, lifetimes,

autoionisation rates, isotope shifts and hyperfine effects with the relativistic

effects directly embedded in the theory using Dirac formalism (Grant 1988) or,

to simplify calculations, applied as corrections using, for example, Breit-Pauli

theory (Glass and Hibbert 1978).

The MCHF package written by Froese Fischer was used in this thesis. It is a

multiconfiguration extension of the Hartree-Fock method, whereby relativistic

corrections are applied as corrections to the wave function using Breit-Pauli

theory. The following two sections give a short summary of the non-relativistic

and relativistic corrections followed by a description of the multiconfiguration

method. As previously mentioned, the software package allows selective inclusion

of these effects which was used to study the core-valence correlations in zinc.

4.1.2 Non-relativistic and Breit-Pauli Contributions to

the Wave Function

This section provides a short summary of the relativistic and non-relativistic

corrections to the wave function.

A stationary state of an electron in an atom can be described by a wave

function ψ which is a solution to the wave equation

(H− E)ψ = 0 , (4.1)

where H is the Hamiltonian operator for the system with total energy E. This is

an eigenvalue problem with solutions only for certain values of E. The operator

H depends on atomic system as well as on the underlying quantum mechanical

formalism, e.g. for non-relativistic calculations with point charge nucleus using
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atomic units

HNR = −1

2

N
∑

i=1

(

∇2
i +

2Z

ri

)

+
∑

i<j

1

rij

, (4.2)

where Z is the nuclear charge of the atom, ri is the distance of the electron i from

the nucleus and rij is the distance between electron i and electron j.

The importance of relativistic effects, defined as the difference between Dirac

and Schrödinger equations, increases quickly for heavier atoms or ions. Instead

of full, time-consuming Dirac treatment, the Hamiltonian can be extended to

include relativistic corrections, for example in the Breit-Pauli approximation.

The corrections up to an order of α2 are included (α = 1/c, where c is the

speed of light) and consist of correction to kinetic energy (mass-velocity term),

correction to nuclear and interelectronic potentials (Darwin term) and correction

to magnetic interactions between each pair of magnetic moments corresponding

to spin and orbital angular momenta (orbit-orbit, spin-orbit, spin-spin and

spin-other-orbit).

The Breit-Pauli Hamiltonian is then given by

HBP = HNR + HR , (4.3)

where HNR is the ordinary non-relativistic Hamiltonian, given in Equation

4.2. The relativistic contribution HR can be subdivided into fine structure and

non-fine structure contributions

HR = HFS + HNFS . (4.4)

The non-fine structure shifts non-relativistic energy levels and consists of

mass-velocity term,

Hmass = −α
2

8

∑

i

∇4
i , (4.5)

which corrects for the variation of mass with velocity, the one- and two-body

Darwin terms,

HDarwin = −α
2Z

8

∑

i

∇2
i

(

1

ri

)

+
α2Z

4

∑

i<j

∇2
i

(

1

rij

)

, (4.6)

which correct the one electron Dirac equation due to the retardation of the
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electromagnetic field produced by an electron, the spin-spin contact term,

HSSC = −8πα2

3

∑

i<j

(si · sj) δ (ri · rj) , (4.7)

which accounts for the interaction of the spin magnetic moments of two electrons

occupying the same space and the orbit-orbit interaction between two orbital

moments,

HOO = −α
2

2

∑

i<j

[

pi · pj

rij
+

rij (rij · pi) · pj

r3
ij

]

. (4.8)

The fine structure splits the non-relativistic energy levels into a number of

closely-spaced levels. The most important contribution comes from the nuclear

spin-orbit interaction,

HSO =
α2Z

2

∑

i<j

1

r3
i

(li · si) , (4.9)

which represents the interaction of the spin and angular magnetic moments of

an electron in the field of the nucleus. Further contribution comes from the

spin-other-orbit term,

HSOO = −α
2

2

∑

i6=j

(

rij

r3
ij

× pi

)

· (si + 2sj) , (4.10)

and spin-spin term,

HSS = α2
∑

i<j

1

r3
ij

[

si · sj −
3

r2
ij

(si · rij) (sj · rij)

]

, (4.11)

which can be viewed as corrections to the nuclear spin-orbit interaction due to

the presence of other electrons in the system.

Although these corrections are small, their effect is significant and can improve

the results of the calculations. This is especially evident for atoms with high

atomic numbers where spin-orbit interaction plays an important role.

4.1.3 Multiconfiguration Hartree-Fock Method

In the Hartree-Fock Method each electron is assumed to move independently in a

field of all other electrons in an atom. The correlation between electrons can be
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included and the method improved if, instead of a single configuration, a linear

combination of configuration state functions (CSF) is used in the variational

function,

Ψ(γLS) =

m
∑

i=1

ciΦ (γiLS) ,where

m
∑

i=1

c2i = 1 . (4.12)

Here γi represents any quantum numbers other than L and S required for

complete specification of the state. Each CSF represents a coupled state of

one-electron orbitals

φ(r, θ, ϕ, σ) =
1

r
Pnl(r)Ylml

(θ, φ)χms
(σ) , (4.13)

where the spherical harmonics Ylml
(θ, φ) and spinors (spin functions) χms

(σ)

are known eigenfunctions of the orbital and spin angular momentum operators

respectively,

l2Ylml
(θ, ϕ) = l(l + 1)Ylml

(θ, ϕ), lzYlml
(θ, ϕ) = mlYlml

(θ, ϕ) (4.14)

s2χMs
(σ) =

1

2

(

1

2
+ 1

)

χms
(σ), szχMs

(σ) = msχms
(σ) . (4.15)

The radial functions Pnl(r) are determined using the non-relativistic

approximation. From Equation 4.1 the total energy of the atom is given by

E = 〈Ψ(γLS)|HNR|Ψ(γLS)〉 , (4.16)

whereby the variational function Ψ is normalised, i.e. 〈ψ(γLS)|ψ(γLS)〉 = 1.

The term 1/rij from Equation 4.2 can be expanded using multipoles,

1

rij

=
∑

k

rk
<

rk+1
>

P k cos θ , (4.17)

where r< and r> are defined as the lesser or greater of ri and rj respectively.

P k cos θ is a Legandre polynomial where θ is the angle between vectors ri and rj.

38



Chapter 4. Atomic Structure Calculations

The energy expression becomes

E =
∑

αα′

cαcα′Hαα′ (4.18)

=
∑

αα′

cαcα′

(

∑

iji′j′k

Aαα′

iji′j′kR
k(i, j; i′j′) − 1

2

∑

ii′

Cαα′

ii′ Lii′

)

. (4.19)

Rk is a so-called Slater integral given by

Rk(i, j; i′, j′) =

∫ ∞

0

∫ ∞

0

Pnili(r)Pnjlj (r
′)
rk
<

rk+1
>

Pni′ li′
(r)Pnj′ lj′

(r′)drdr′ , (4.20)

and Lii′ are the one-body integrals,

Lii′ =

∫ ∞

0

Pnili(r)

[

d2

dr2
+

2Z

r
− l(l + 1)

r2

]

Pni′ li′
(r)dr . (4.21)

The Aαα′

iji′j′ and Cαα′

ii′ are the angular coefficients which can be computed using

Racah algebra (Fano and Racah 1959). Slater integrals are evaluated by solving

a pair of first order differential equations followed by a one-dimensional integral

(Froese Fischer 1986).

The interaction matrix H is defined as a M × M symmetric matrix with

elements

Hαα′ = 〈Φ(γαLS)|H|Φ(γα′LS)〉 , (4.22)

where size M depends on the number of CSFs.

If energy is stationary with respect to perturbations in the solution we can

apply the variational condition (Froese Fischer 1977) leading to the matrix

eigenvalue problem

(H − E)c = 0 , (4.23)

where H = (Hαα′). Thus the total energy is an eigenvalue of the interaction

matrix while corresponding eigenvectors are the expansion coefficients of the wave

function.

An additional requirement for MCHF is that energy is stationary with respect
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to variations in radial functions. The MCHF equation for Pnl has the form

(

d2

dr2
+

2

r
[Z − Ynl(r)] −

l(l + 1)

r2
− ǫnl,nl

)

Pnl(r) = Gnl(r) +
∑

n′ 6=n

ǫnl,n′l′Pn′l(r) ,

(4.24)

with boundary conditions Pnl(0) = 0 and limr→∞ Pnl(r) = 0. Orthonormality

of the radial functions is assured by the diagonal energy parameters ǫnl,nl and

the off-diagonal parameters ǫnl,n′l′ which are related to Lagrange multipliers.

Ynl(r) represents the screening of the nuclear charge Z and Gnl(r) represents

the effect of exchange and interactions between configurations. Both depend

on the the expansion coefficients meaning that the eigenvalue problem and the

system of non-linear, integro-differential equations (one for each radial function)

are coupled.

For the relativistic case of the Breit-Pauli Hamiltonian, orbital and

spin angular momenta couple to form total angular momentum J and the

corresponding wave functions are eigenfunctions of J2 and Jz. The wave function

has the form

Ψ(γLSJ) =

M
∑

α=1

cαΦ(γαLαSαJ) . (4.25)

It is a sum of configuration states for possibly different LS terms.

The MCHF package uses radial functions for the CSF from the non-relativistic

calculations, and only the expansion coefficients are optimised. This leads

to a matrix eigenvalue problem and the determination of the eigenvalues and

eigenfunctions of the Breit-Pauli Hamiltonian reduces to a calculation of matrix

elements between LSJ coupled CSFs and a matrix diagonalisation for each J

value.

4.2 MCHF Structure Calculation Package

The MCHF package is a complete suite of Fortran programs used to study atomic

structure and correlation effects. The package is designed to be modular, efficient

and portable. Each module is a self contained program performing a specific

atomic structure calculation. It can accept input parameters from a file and from

user and outputs results into another file, which then can be used as input for

next module.
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A summary of the modules is given below. A more detailed description, is

given in Froese Fischer (1999):

• hf solves Hartree-Fock equations and computes radial functions. This is a

single configuration solution of the wave function.

• lsgen generates configurations and their couplings given some general

rules, for example atomic number, closed and open electronic shells and

a configuration to be generated.

• nonh uses previously generated configurations to perform angular

integrations for the non-relativistic Hamiltonian with the possibility of

non-orthogonal orbitals. The sorted list of integrals defines the interaction

matrix and is written to a file.

• mchf solves the MCHF equations to compute radial functions and

expansion coefficients. It uses previously calculated configurations and list

of integrals and can also use previously calculated radial functions as a

starting point, for example, from HF module.

• bp ang computes and saves angular data.

• bp mat computes all possible radial integrals and combined with the angular

data to determine all requested contributions to the Hamiltonian.

• bp eiv computes a set of eigenvalues using the interaction matrix data from

previous calculations.

Furthermore, a set of utilities is provided to assist in processing and evaluation

of results. For example, levels displays the energy levels, biotr computes

the transitions (energy levels, wavelength, length and velocity forms of matrix

elements and lifetimes) and plotw plots the wave functions.

Different physical effects can be “switched on/off” either by running different

parts of the programs or by a selective choice of CSFs. Hence their importance

can be estimated by comparing their magnitude in the final results. For example,

the MCHF calculations were used in this thesis to study zinc, which has closed

1s-3d-shells and two electrons outside. It was possible to set 1s-3d-shells as closed,

i.e. only effects of correlation between valence electrons were allowed to contribute

to the calculation. However, when one 3d-electron was removed from the core into
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CSF, this additionally allowed for correlation between core electrons and valence

electrons. A further 3d-electron allowed for additional core-core correlation to

contribute to the calculation. Furthermore, MCHF package allows determination

of the magnitude of the relativistic effects by comparing results before and after

running bp ang, bp mat and bp eiv programs. Detailed studies of particular states

and transitions are described in Section 7.
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Description of the Apparatus

The crossed-beam type experiments have been done on two different apparatuses,

both featuring polarised electrons, from a GaAs crystal based source, colliding

with free atoms (gas or metal vapour) and exciting and/or ionising them. The

main difference between the two experiments was in the detection of particles

after the collision. In the ‘integrated’ measurements polarisation and intensity

of the photons were measured in terms of Integrated Stokes Parameters, that is

electrons were not observed. In the angle differential coincidence measurements

the intensities of scattered/ejected electrons at different angles were detected in

coincidence with the photons.

Integrated measurements allow disentanglement of the spin-orbit interaction

and the exchange effects from the usually much stronger Coulomb effects due

to the breakdown of the symmetry enabled by polarised electron impact, as

described in Section 3.1. In addition, coincidence measurements in principle

enable extraction of the maximum information about the angular momentum

properties of the atomic state (with both preparation and analysis of electron

polarisation) as described in Section 3.1.1. However due to the extremely slow

nature of the coincidence experiments, the measurements were limited to studies

of left-right asymmetries in this thesis.

The apparatus for the integrated measurements is shown schematically in

Figure 5.1. The two main parts were the spin-polarised electron source and the

interaction region, kept in two vacuum chambers connected via a 1 mm circular

aperture. The latter chamber contained the atom source and the detection

systems.
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Figure 5.1: The schematic diagram of the apparatus.
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Polarised electrons were emitted from a specially prepared GaAs crystal

surface (Pierce et al. 1980) after photo excitation by circularly polarised laser

light with a wavelength of 830 nm. The angular momentum of the photons

was transferred to the spin-orbit split 2P3/2 and 2P1/2 states of the solid which

were selectively populated, as guided by the selection rules. The preparation

of the crystal by cesium and oxygen impact gave the crystal surface negative

electron affinity and enabled the extraction of the electrons with polarisation

perpendicular to the surface.

Electric fields were used to extract, accelerate and deflect the electron beam

by 90◦ while maintaining the spin direction, thus longitudinal polarisation was

converted into transverse polarisation. Then the electrons were focused and

transported to a collision chamber where they collided with free atoms in their

ground state, which were produced by a resistively-heated metal vapour oven or,

in case of gaseous targets, from a gas bottle via a gas jet. The focusing of the

electron beam was achieved by measuring and maximising the ratio of electron

currents on a Faraday cup and a splash plate.

Depending on the cross-section, the electron beam current and the energy, a

small number of target atoms was excited and/or ionised by electrons and, in their

decay to a lower state, photons were emitted. The polarisation of the photons

carries information about the collision mechanism and it was analysed by a linear

polariser and a liquid crystal variable retarder (LCVR). The particular atomic

state was selected by filtering the wavelength of photons by an interference filter

or by an Acousto-Optic-Tunable-Filter (AOTF). Finally the intensity of photons

was detected by a counting system consisting of photo-multiplier tube (PMT),

followed by preamplifier, discriminator, NIM-to-TTL pulse converter and counter

and was finally recorded via data acquisition (DAQ) card on a computer.

For coincidence measurements, an additional 180◦ hemispherical electron

analyser was used to energetically disperse scattered/ejected electrons (with

selectable energy resolution and about 2◦ angular resolution) which were

then detected using a position-sensitive detector consisting of a set of

microchannel-plates (MCP) followed by a resistive anode. The pulses from

resistive anode were converted to xy coordinates by an xy-encoder and were

digitised and recorded using a DAQ card on a computer. The timing of pulses

and coincidence analysis of photon and electron signals was done by a time to

amplitude converter (TAC) which converted arrival times of the two pulses to a
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proportional voltage and also provided triggering signals for the DAQ card, in

the case of a coincidence of the two pulses within a set time window.

Due to similarities between the two apparatuses, a full description is given

for the apparatus for integrated measurements. For the apparatus used for angle

differential measurements only the differences are described. A list of equipment

and its specifications is given in the Appendix A. The detailed description of the

custom developed data acquisition and analysis software is given in the Appendix

C.

5.1 Vacuum System

The vacuum system consisted of two vacuum chambers, the source chamber

with the spin-polarised electron source and the electron gun, and the scattering

chamber with the atom source, the cold trap, the Faraday cup/splash plate and

the electron analyser (only in the coincidence apparatus). The chambers were

separated by a custom-designed valve.

The source chamber was a 150 mm 6-way cross, pumped by a water-cooled

turbomolecular pump (Balzers-Pfeiffer TMU 520). The pressure was monitored

with an ionisation gauge (AML PGC1). A stainless steel plate was inserted

in front of the gauge head to reduce contamination of the GaAs crystal with

hydrocarbons, created when an ion gauge filament was running hot. The

operation of the source required an ultra-high vacuum (UHV) environment which

was achieved after several days of baking out at about 180◦. The base pressure

was 2 × 10−11 torr. All components were made from UHV compatible materials.

The detailed analysis of the UHV system using a mass-spectrometer is given in

Appendix B.

In the integrated apparatus, the scattering chamber consisted of a 150 mm

(outer diameter) 6-way cross connected to a 150 mm 4-way cross. The large cross

contained the metal vapour source and the cold trap to capture metal atoms,

and the Faraday cup/splash plate to collect electrons. The turbomolecular pump

(Balzers-Pfeiffer TPH 240) was mounted on the smaller cross to increase distance

to the metal vapour source and hence reduce contamination of the pump. An ion

gauge head was connected via 500 mm long, 20 mm wide tube with a 90◦ elbow

to prevent contamination of the head by metal atoms and shorting of electrical

contacts. The base pressure at the end of the tube was 7×10−8 torr and probably
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less in the chamber due to lower pumping speed close to the gauge head (because

of the long tube). This pressure was reached after a two-day pumping period

without baking out.

For the coincidence experiments, the vacuum chamber was an 600 mm

diameter, 400 mm deep cylinder fixed in height, whereby the base plate could

be lowered to give access to the components inside (an electron analyser and

a Faraday cup/splash plate mounted on a turntable, and a gas source). The

pumping was achieved by a KyKy F250 turbomolecular pump with the chamber

base pressure of 5 × 10−8 torr.

All turbomolecular pumps were backed by Edwards E2M12 foreline pumps.

The typical foreline pressure was less than 0.02 torr, measured by pirani gauges

(PVG5KF). An activated-alumina sorption trap in the foreline reduced back

streaming of oil to the turbo pumps.

5.1.1 Valve Between the Chambers

Polarised electrons were transported between the chambers via a 1 mm circular

aperture which kept a differential pressure of about three orders of magnitude.

When the main chamber was opened to air, the aperture was closed by a custom

designed bakable inline valve. 10−11 torr could be maintained in the source

chamber.

The schematic diagram of the valve mounted between the source and

interaction chambers is shown in Figure 5.2. This ingenious valve also enabled

two very significant experimental features of the measurements. It was designed

so it protruded into the interaction chamber to bring the electron gun closer to the

interaction point. This way electron optics were not required in the interaction

region. The distance between the last electron lens and the interaction region

was about 25 mm.

47



C
h
ap

ter
5.

D
escrip

tion
of

th
e

A
p
p
aratu

s

Scattering chamberSource chamber

Electron gun
mount

GaAs
crystal

Electron gun

Linear
feedthrough

drive

Lever

Stainless
steel strip

Aperture Viton
seal
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The vacuum seal was made by a flat, non-magnetic stainless steel strip (10 mm

wide, 1 mm thick) which was moved up/down by a lever connected to a linear

feedthrough drive. When in a low position, it was pressed on a Viton seal with

8 mm inner diameter (valve was closed) and in a high position it was above the

seal (valve was open). The metal strip had rounded edges so it would not cut

into the Viton seal.

The continuous rubbing of the strip on the Viton eventually damaged the seal

(after several months) and a small leak, when the interaction chamber was open

to air, increased the source chamber pressure up to 10−8 torr . The crystal surface

was contaminated within several minutes, i.e. whenever the interaction chamber

was opened, the crystal had to be heat-cleaned and reactivated. Alternatively

the source chamber had to be opened and the Viton seal replaced which required

several days of bakeout. As the crystal surface was mainly affected by water and

oxygen from the small air-leak into the source, the problem was overcome by

blowing nitrogen gas over the valve, when the interaction chamber was opened.

This increased the partial pressure of nitrogen in the leak and reduced the partial

pressures of water and oxygen and hence, reduced the contamination of the

crystal. The pressure in the source was still 10−8 torr but this was mainly nitrogen

which does not affect the crystal. The effect of the nitrogen blowing on the valve

on the activation of the crystal is shown schematically in Figure 5.3. This restored

and increased emission was the third, but unexpected, significant outcome of this

thin metal valve.

5.2 Magnetic Field Shielding and

Demagnetisation

Magnetic fields not only affect the polarisation and direction of the electron beam

but also depolarise light from an excited atom due to the Hanle effect, i.e. a phase

shift between the coherently excited magnetic sub-levels caused by a magnetic

field. It results in the rotation of the polarisation vector of the radiation and a

subsequent reduction of the polarisation of the emitted radiation, as discussed in

Section 6.3.5.

The internal magnetic fields in the chamber were eliminated during the

construction, i.e. the whole chamber and everything inside was made from
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Figure 5.3: The change in the current emitted from the GaAs crystal as a function
of nitrogen gas leaking into the source. Nitrogen flow “on” at points 0,2,4,6,10 and
“off” at points 1,3,5,9. Point 7 shows reduced nitrogen concentration relative to
“on” where steady state was reached, while at point 8 the nitrogen concentration
was restored to “on”.

vacuum compatible, non-magnetic materials (copper, aluminium, tantalum,

non-magnetic stainless steal and ceramics). The main external field contribution

was the Earth’s magnetic field, which is about 600 mG with the direction close to

the vertical. To reduce this relatively large field to about 30 mG, the whole system

was enclosed in a 1.5 mm thick mu-metal shield while a number of openings (for

flanges, feedthroughs etc.) was kept to a minimum. In the coincidence apparatus

the mu-metal shield was inside the scattering chamber. Further reduction of

the field was achieved by demagnetising the mu-metal by a procedure described

below, with the final field of about 5 mG.

Mu-metal is a high permeability material and its provides excellent reduction

in the magnetic field inside an enclosed box. It draws magnetic field lines through

the body of the shield and hence reduces the field inside. On the other hand,

high permeability also means that it can be easily magnetised, for example a small

impact on it could induce orientation of the magnetic moments and hence reduce

the shielding factor. After construction, the mu-metal shields were demagnetised

and annealed by heating to above the mu-metal Curie temperature (1200◦ C) in a

hydrogen atmosphere. After annealing, the shields had a highly reflective finish.
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However, in the transport and when mounting onto the chamber, the impact on

the shields could not be avoided, hence they had to be demagnetised regularly to

keep the magnetisation minimal and shielding properties optimal.

The demagnetisation of the mu-metal was done using two different methods.

One method was to pass 40 A alternating current (AC) though the shield and

reduce it down to zero within a few seconds. In every cycle of the current, less

magnetic moment was oriented in a particular direction than in the previous cycle

due to the reduction in the current. By the time the current reached zero almost

all magnetic moments were randomly oriented. A similar effect was achieved by

using a coil (78 windings, 1 m diameter) and passing AC current of 7 A through it

while slowly reducing the amplitude of the current using a variable transformer.

Both methods gave comparable results for the final field inside the mu-metal

and the second method was selected as it was much easier, quicker and safer

to implement. The magnetic field in the interaction region was measured

with a fluxgate magnetometer (Applied Physics System 520A). To achieve good

demagnetisation in all directions, the current was passed through the coil several

times while the coil was moved around the mu-metal shield in all three dimensions.

The full demagnetisation was reached after several applications and the minimum

field in the interaction region was steady at about 6 mG.

Further reduction of the field by about 1 mG was achieved by demagnetising

the nearby magnetic objects (e.g. instrument racks with instruments) using

the same procedure. The demagnetisation procedure was repeated whenever

mu-metal was removed from the chamber, for example when cleaning of the

scattering chamber was required.

5.3 Source of Polarised Electrons

The source of polarised electrons consisted of an optical system which produced

circularly polarised light (laser, linear polariser and LCVR), GaAs crystal which

produced polarised electrons and electron gun which was used to accelerate,

rotate, focus and transport electrons to the interaction region. To keep the

GaAs surface contamination free, the system was kept at UHV (2 × 10−11 torr).

Furthermore, all parts were made from non-magnetic materials to minimise

unwanted magnetic effects on the spin and the trajectory of the electrons.

51



Chapter 5. Description of the Apparatus

Figure 5.4: Mounting of the laser optics. Adapted from Yu (1997).

5.3.1 Laser Optics

The emission current, the energy resolution and the stability of the electron beam

was determined mainly by good alignment of the circularly polarised light source

with the crystal surface. For this reason the laser optics was mounted on a

specially designed assembly, which enabled movement of the optical components

along three mutually perpendicular axes, as shown in Figure 5.4.

A partially linearly polarised light from a laser diode (controlled by

Schäfter-Kirchoff SK 9733C) with a wavelength of 830 nm, was passed through

the linear polariser and then through the computer-controlled LCVR (described

below) which converted it into circularly polarised light with helicity selectable

by a computer controlled voltage. The circularly polarised light then impacted a
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Figure 5.5: Liquid crystal orientation in a tunable NLC retarder. a) without
applied field, b) with applied field. Adapted from Gilman et al. (1990).

specially prepared (by cesium and oxygen) surface of the GaAs crystal. As the

photon energy was greater than the band gap of GaAs (1.52 eV), electrons in the

crystal were excited to just above the emission threshold of the prepared surface

and were extracted by a relatively positive potential.

5.3.2 Liquid Crystal Variable Retarder

An LCVR was used in two places, in the spin source where it was creating

circularly polarised light from linearly polarised laser light (LCVR-1), and in the

detector where it was rotating the polarisation of emitted photons for analysis

(LCVR-2).

The LCVR is made of anisotropic nematic liquid crystal (NLC) molecules

which form uniaxial birefringent layers in the liquid crystal cell as shown in Figure

5.5. When no voltage is applied, the molecules are aligned with their long axes

parallel to the glass substrates and maximum retardation is achieved. When a

voltage is applied, the liquid crystal molecules begin to rotate perpendicular to

the fused silica windows. A further increase in voltage forces the molecules to tip

further causing a reduction in the effective birefringence and hence, retardance.

However the molecules at the alignment layer are pinned and cannot rotate

freely, causing residual retardance even at high voltage (for example at 20 V).

The retardance can be reduced to zero by a subtractive fixed polymer retarder

(compensator) attached to the liquid crystal cell.

The fused silica windows are coated by transparent conductive indium tin

oxide giving a large wavelength range (400 to 1800 nm). The birefringence of the
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LCVR depends on the operating wavelength, drive voltage and temperature while

the response time depends on several parameters, including the layer thickness,

viscosity, temperature, variations in drive voltage and surface treatment. It is

proportional to the square of the layer thickness and therefore, the square of

the total retardance. It also depends on the direction of the retardance change,

for example for increasing retardance, the response time is determined solely by

mechanical relaxation of the molecules while if the retardance decreases in value,

the response time is much faster due to the increased electric field across the

liquid crystal layer. The response time can be improved by using materials with

a high birefringence and a thinner liquid crystal layer. Further improvement can

be achieved using transient nematic effect (TNE), where a high voltage spike

is applied to accelerate the molecular alignment parallel to the applied field.

Liquid crystal devices are electrically driven with an AC waveform with no DC

component to prevent ionic buildup which can damage the liquid crystal layer.

LCVRs have a range of properties suitable for this type of experiments.

The main advantage over quarter-wave-plates is that no mechanical rotation is

necessary, i.e. the geometry used in the calibration was identical with that used

in the experiment. Hence no changes were necessary to do the experiment and

possibly perturb the calibration. Furthermore, the retardance can be tuned by

changing the applied voltage and is variable over a large wavelength range while

fast response times of less than 20 ms can be achieved easily. Although the

response time of a LCVR is slower than the response time of a Pockel cell, the

LCVR does not require high voltage for operation.

The main disadvantage of an LCVR is that it is highly sensitive to temperature

changes. A change of 1◦ C can change the retardance and hence affect the

calibration. Ambient room temperature was kept stable using reverse cycle

air conditioning, but a several degrees variation in room temperature was

observed between hot summer and cold winter days. During the experiments the

instrumental asymmetry was always recorded and the LCVR was recalibrated

when the asymmetry became non-zero.

Calibration of the two LCVRs

On the LCVR-1, quarter and three-quarters wave retardances were required

to convert linearly polarised light into circularly polarised light. For a laser

wavelength of 830 nm, the voltages corresponding to the two retardances were
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determined experimentally. First the fast axis of the LCVR-1 was rotated so it

was at 45◦ to the linear polariser and then a rotating polariser was introduced

behind the LCVR-1. The voltages (hence the retardance) on the LCVR-1 were

changed via a Meadowlark B1020 Liquid Crystal Digital Interface, and the

variations in the intensity of light passing the rotating polariser were detected by a

photo-diode which was connected to an oscilloscope. The voltages corresponding

to one quarter and three quarters wave retardances were obtained when there was

no apparent variation in the intensity. These two voltages were then stored on the

B1020 interface, which was controlled by a computer. Room lighting had a very

small effect on the polarisation as its intensity was almost negligible compared to

the intensity of the laser light. The usual circular polarisation was about 99.9%.

As the retardance of the LCVR is wavelength dependent, LCVR-2 had to

be calibrated for each wavelength/transition that was studied. Its retardance

was regulated by a Meadowlark D2040 Liquid Crystal Digital Interface which

was controlled by a computer. The calibration was done using an external

polarised light source (a stable light source described below with a linear polariser)

with an interference filter instead of looking directly at light from an atomic

transition with the interference filter. The advantages of this method are, for

example, higher count-rate which shortens the calibration time to achieve the

same statistical uncertainties and nearly 100% polarisation of the light as opposed

to usually much smaller linear polarisation (P1) from an atomic transition. This

means that peaks/dips representing required retardances are more pronounced

and the values easier to read from the graph.

As fixed wavelength filters are usually broader than the light from an atomic

transition, care must be taken because the light from an atomic transition passing

the filter are more monochromatic than the light from a white lamp. The effect

on the calibration was tested by comparing calibrations using broad interference

filter (10 nm) with a lamp and with an atomic transition as the source. No

difference was detected within our accuracy of ±0.01 V applied to the LCVR.

The calibration of the LCVR-2 was done by scanning the voltage (retardance)

by a computer while keeping the fast axis of the LCVR-2 at 45◦ to the linear

polariser. At the same time the intensity of the light passing the LCVR-2 and

the linear polariser was measured by a photo multiplier tube and recorded on

a computer. A typical calibration curve is shown in Figure 5.6. The voltages

corresponding to the desired retardances are marked.
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Figure 5.6: The calibration of the LCVR-2 for zinc 4s5s 3S1 → 4s4p 3P2 at
481.1 nm. Retardances are indicated on the graph.

The stability of the light source played a crucial role for the accuracy of the

calibration. For example the light intensity scans of lamps (neon or filament),

which were powered by the mains power, showed large variations in the intensity,

as shown in Figure 5.7. This was caused by an instability of the mains voltage

which ranged from 230 V to 255 V (nominal voltage is 240 V) over a 30 minutes

measurement period.

Hence the calibration was done with a 15 W halogen lamp powered by a very

stable power supply (GW GPS-3030 running at 3 A, 5 V with less than 3 mV

measured fluctuations in voltage) while all other light sources in the room were

switched off and doors and windows were completely covered.

5.3.3 Production of Spin-Polarised Electrons from a GaAs

Crystal

The source of polarised electrons is based on photoemission from a GaAs crystal

(Subashiev et al. 1999). The most important characteristics of the source are

easy reversal of the electron polarisation, high emission current (several µA),

reasonable polarisation (25-75%), fair energy resolution (180 to 300 meV) and a

reasonably long life-time (several months to over a year) (Kessler 1976). All of

these characteristics depend significantly on the preparation of the crystal surface
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Figure 5.7: Stability of the light sources. Top: halogen light with very stable
power supply. Bottom: neon lights powered by the mains voltage. The statistical
uncertainty is shown in the spread of the points.

and quality of the ultra high vacuum.

Spin polarised electrons result from an electronic transition from the valence

band to the conduction band after the incidence of the circularly polarised

light. If the incident photon energy is equal to the band gap energy Eg, the

transitions must satisfy ∆mj = +1 and −1 for circularly polarised light σ+ and

σ− respectively, as indicated in Figure 5.8.

For an unstrained crystal, photons with energies in the range between 1.52 eV

(the band gap energy of the GaAs crystal) and 1.86 eV can excite only electrons

from the P3/2 band into the conduction band. The possible transitions are:

(P3/2,mj = −3/2) → (S1/2,mj = −1/2)

(P3/2,mj = −1/2) → (S1/2,mj = +1/2)

The relative transitions probabilities are in the ratio of 3 to 1 (Yu 1997). The

degree of the spin polarisation P is then (3-1)/(3+1)=0.5, where 3 and 1 are

proportional to the number of electrons with spins parallel- and anti-parallel to

the helicity (angular momentum) of the light.

If a thin strained overlayer of GaAs is grown on a crystal, a biaxial compression

in the (100) plane increases the mean band gap by moving up the heavy hole band
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Figure 5.8: The energy bands of GaAs near the centre of the Brillouin zone
showing a) energy gap Eg and the spin-orbit splitting ∆ of the valence bands and
b) possible transitions from σ+ (solid lines) and σ− (dashed lines) photons. The
relative transition probabilities are circled. Adapted from Pierce et al. (1980).

and pushing down the light hole band, as shown in Figure 5.8b. The splitting

of the P3/2 valence band multiplet allows single band excitations leading to an

increase in the polarisation. The band gap of the substrate must be larger than

the gap of the overlayer so only electrons from the strained layer are emitted at

the threshold.

Experimentally, about 30% polarisation was measured from an unstrained

crystal with emission current of over 10 µA/mW as opposed to 50% theoretical

value. Lower values are due to depolarisation effects caused by scattering with

defects or impurities and spin exchange scattering in the cesium-oxygen layer.

If a strained GaAs crystal is used, the polarisation is increased to about 75%

with the theoretical predictions of up to 90%. The maximum quantum efficiency

achieved was 3 µA/mW.

In order to be an efficient polarised electron source, a GaAs crystal requires

activation to a negative electron affinity χ. This is the energy difference between

the bottom of the conduction band and the vacuum level. In a clean GaAs

crystal the electron affinity is about 4 eV. To achieve photo-emission of electrons,

photons of energy hν > χ+Eg can be used. But in semiconductors such as GaAs,
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Figure 5.9: The band structure near the surface of p-type GaAs with different
surface treatments. a) GaAs. b) GaAs with a layer of cesium. c) GaAs with a
layer of CsO2. Adapted from Pierce and Meier (1976).

the photoexcited electron can scatter inelastically from an electron with energy

below the Fermi energy to produce an electron-hole pair. In this process it can

lose sufficient energy so that it is not photoemitted, thus the average number

of electrons photoemitted per incident photon (quantum efficiency) is reduced.

This can be overcome if the electron affinity is reduced until it reaches zero or

even negative values by applying cesium and oxygen to the GaAs surface. The

band-bending is induced on the surface, and this reduces the ’effective’ electron

affinity, as indicated in Figure 5.9.

Activation of the crystal was achieved through the application of cesium

and ultra-high purity oxygen to the surface. Cesium was applied from a

resistively-heated cesium dispenser which was placed near the crystal surface.

Heating currents required were typically around 2.4 A to 3.5 A. Oxygen was

admitted into the chamber via a leak needle valve which enables only small

amounts to be admitted. The amount of oxygen was controlled by monitoring

the increase of the pressure in the source chamber by an ion gauge, which was

kept below 8×10−10 torr with oxygen on. The manual activation procedure is as

follows. Firstly cesium was evaporated onto the crystal. When the emission

current reached a peak value and started to drop, oxygen was applied until
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Figure 5.10: Characteristic curve for activation of the GaAs crystal as a function
of the elapsed time. Full line is the emission current (nA) from the crystal, dashed
line is the oxygen pressure in the source chamber.

the emission current reached a second peak. This process was repeated a few

times until no further increase in the emission was achieved and the emission

was constant. The cesium level was then adjusted to maintain a stable emission

current, usually to about 2.3 A. The activation procedure is shown in Figure 5.10.

Cesium was applied for the first 14 minutes, followed by a combined cesium and

oxygen treatment for additional 14 minutes. Finally, cesium and oxygen were

adjusted to achieve maximum and stable emission.

As emission is highly dependent on the cleanliness of the surface of the

crystal, the source must be operated in ultra-high vacuum UHV (2× 10−11 torr)

environment to minimise contaminations. Then long activation lifetimes with a

half-life of over 12 months can be expected. The source chamber contained UHV

compatible components only and it was baked at about 180◦ C for several days to

eliminate all water vapour. Furthermore, the cesium dispenser was outgassed by

running it at 5 A for about 10 minutes. Then the crystal was heat-cleaned to give a

contamination-free surface. The current through a resistively heated filament was

increased steadily over 30 minutes to reach a maximum 3.3 A. The temperature

of the crystal was about 600◦ C, measured by an n-type thermocouple. After

leaving the crystal at this temperature for 1 to 2 hours, the filament current was

turned down to zero in a few steps over 5 minutes to reduce the strain on the
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ceramic components due to the quick temperature change. The crystal took 45

minutes typically to reach room temperature again. A new GaAs crystal in a

freshly-baked chamber needed several activations before giving a stable and high

emission current. This may be because it needed several out-gassing cycles to

produce a sufficiently contaminant-free surface.

For a typical crystal activation, an emission current of about 10 µA was

obtained with a laser power of 1 mW. This corresponds to a photoemission

quantum efficiency of about 2%. The resultant electron current had a slow,

exponential-like decay with a half-life of over a year. The half-life could be

increased by switching off the ion gauge to stop the emission of contaminants from

a burning tungsten filament. Furthermore, the valve on the aperture separating

the source from the scattering chamber was kept closed when the experiment was

not running. This reduced the exposure time of the crystal to a small, continuous

leak of hydrocarbons and water vapour through the aperture, as the scattering

chamber, which was not baked out, had three orders of magnitude higher pressure

than source chamber. The remaining gases in the source chamber, with a low

2 × 10−11 torr pressure, are oxygen and nitrogen with concentrations similar to

the composition of air (depending on the pumping speed). As nitrogen has a

much smaller sticking coefficient to the GaAs surface than oxygen, its effect on

the lifetime can be ignored. To compensate for the small amount of oxygen in

the chamber, cesium was running at a low level (2.3 A) all the time.

5.3.4 Electron Optics

The electron optics was used to accelerate, deflect, transport and focus polarised

electrons from the GaAs crystal to the interaction region. It consists of an

extraction anode, a 90◦ hemispherical deflector, four electrostatic deflector sets

and ten focusing elements.

Longitudinally polarised electrons were extracted and accelerated from the

GaAs crystal and then passed through a 90◦ hemispherical electrostatic deflector

which changed the direction of the electron beam, but did not alter the alignment

of the electron spin (which requires a magnetic field). Thus longitudinally

polarised electrons were converted to transverse polarised electrons. Then

electrons were focused and transported through a 1 mm aperture to the collision

chamber. The focusing was done by a series of cylindrical electrostatic lenses.
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Figure 5.11: Negative ion resonances from 2s2 2p 2P (57.22 eV) and 2s 2p2 2P
(58.33 eV) states measured in 3d 3D→2p 3P transition at 587.5 nm in helium
used to measure the resolution of the polarised electrons.

They allowed alignment, collimation and acceleration of the electrons. They

were made of copper and were gold plated to minimise electron charging effects

which could defocus the electron beam. The steering of the electrons through

the aperture to intersect the atomic beam was facilitated by four sets of

two-dimensional deflector plates. The electron optics accelerated the electron

beam to energies selected on the computer controlled external power supply (GW

GPS-3030).

Typical beam energies ranged from 5 eV to 30 eV, however a few high

energy measurements were made, up to 200 eV. The energy resolution of the

electron beam ranged from 180 to 350 meV. This was measured by looking at the

resonances in the optical excitation function for 3d 3D→2p 3P decay at 587.5 nm

in helium, coming from 2s2 2p 2P and 2s 2p2 2D negative ion resonances at

57.22 eV and 58.30 eV respectively. These two resonances have narrow natural

line widths of 0.45 and 0.25 meV, (Defrance 1980) compared to the electron beam

so that electron beam resolution of about 300 meV can be directly observed by

looking at the widths of the peaks, as shown in Figure 5.11.

The SIMION simulation of the focusing of the electron beam at 25 eV is

shown in Figure 5.12. The main features are the 90◦ hemispherical deflector, four

deflector plates S1 - S4 and ten focusing elements L1 - L10.
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Figure 5.12: SIMION simulation of the electron optics. L1-L10 are the electrostatic lenses, while S1-S4 shows the deflector
plates.
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5.4 Interaction Region

Electrons arriving at the interaction region collided with metal vapour atoms

(zinc) produced by a metal vapour oven or with gas atoms coming from a gas

bottle via a gas jet. The focusing of the electron beam was optimised by collecting

electrons on a positively charged Faraday cup and a splash plate, and measuring

the collected electron currents. The collection of electrons also reduced the

number of stray electrons in the chamber and thus reduced the background signal.

Zinc was collected on a Peltier-cooled cold trap to reduce the contamination of

the chamber. The light from excited or ionised-and-excited atoms was converted

from a nearly point source (1-2 mm3) to a parallel light beam by an optical lens

placed so that the interaction point was at the focal point of the lens. LCVR-2

and a linear polariser analysed the polarisation of the light and the wavelength

was selected by an interference filter or by an AOTF. The intensity was finally

measured by a PMT and recorded on the computer.

The zinc oven and the inside walls of the vacuum chamber were coated with

graphite, which has a large absorption coefficient for electrons and it is a good

absorber of visible light, thus further reducing stray electrons and background

radiation. Moreover, zinc was easily wiped off the coated surfaces as opposed to

uncoated surfaces where it had to be removed using solvents or acids, probably

due to a chemical reaction with other metals. For these reasons much of the

empty space within the chamber was filled with graphite-coated aluminium foil.

This improved trapping of zinc and the foil was easily replaced when it became

coated with zinc.

5.4.1 Faraday Cup and Splash Plate

To avoid depolarisation effects, the light from atomic collisions in the interaction

region was collected only from a small volume, hence the focusing of the electron

beam was crucial for good efficiency of the system. Electrons were collected by

two positively charged collectors, consisting of a disc (11 mm diameter, 1 mm

hole in the centre) (splash plate), maintained at +9 V potential to the ground

and a 5 mm diameter, 36 mm long gold coated copper hollow cylinder (Faraday

cup) maintained at +27 V potential to ground. The current passing through the

1 mm hole in the splash plate was collected in the Faraday cup. This setup would

attract electrons by a high, relatively positive potential on the Faraday cup. The
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potentials were maintained by 9 V batteries. Due to the low collected electron

currents (nA range) the batteries lasted for years and they provided a very stable

voltage source. The currents on the Faraday cup and on the splash plate were

monitored with pico-ammeters.

The Faraday cup was positioned 25 mm from the interaction region thus

giving a good indication of the focusing of the electron beam. When the beam

was maximised on the Faraday cup, the well-focused beam was passed through the

collision region. At 20 eV beam energy, 200 nA were collected on both, Faraday

cup and the splash plate, with ratio 1:1. This ratio reduced to 1:5 at 10 eV and to

about 1:10 at 6 eV, with the defocusing consistent with the Helmholtz-Lagrange

law.

5.4.2 Cold Trap

A cold trap was used to collect zinc and hence reduce the contamination of the

chamber and components. For example, zinc deposited on insulators can short

electrical contacts and coat optical components, which would slowly decrease the

efficiency of the system and can also depolarise the light from atomic transitions.

The cold trap was a graphite coated copper plate (100 x 100 mm) with

aluminium honeycomb grid attached to it. The large surface area of the

honeycomb grid improves trapping of the zinc. The copper plate was cooled

to about -5◦ C by a recirculated ethylene glycol in a closed-circuit cooled by a

250 W Peltier cooler.

5.4.3 Zinc Oven

The zinc oven was used to produce zinc in a vapour form. The main considerations

when constructing the oven were high flux, high stability of the atomic beam,

minimal maintenance (refilling with metal, unclogging and cleaning of vacuum

chamber and optical components) and minimised magnetic fields, heat and light

radiation. This ruled out electron bombardment and inductively/capacitively

heated sources since they cause scattered electrons, high magnetic or electric

fields and/or the formation of ionised-and-excited states. Hence resistive heating

was used.

The oven is shown schematically in Figure 5.13. The basic resistively-heated

source consisted of a molybdenum crucible, a ceramic tube surrounded by a
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Figure 5.13: Schematic drawing of the zinc oven. Main parts starting from the
inside: molybdenum crucible with zinc (grey), ceramic tube with a heating wire
wrapped around it (yellow), second ceramic tube for shielding (white) and copper
case (orange).

system of heating wires, insulated and located by another ceramic tube with

a water cooled copper case to reduce heat radiation.

The molybdenum crucible (100 mm long, 10.3 mm diameter) contained about

10 gram of 99.9998% pure zinc pellets and was surrounded by the main bifilar

molybdenum heating wire contained within ceramic insulation. The vapourised

atoms were emitted through a 2 mm opening at the top of the subsidiary small

heater (30 mm long, 2 mm diameter) which was of a design similar to the main

heater. The complete insulated structure slid inside a water-cooled copper block

to reduce light radiation and heat losses. The distance from the oven exit to the

interaction region was about 5 mm to obtain optimal flux density.

The temperatures in both parts of the oven were measured independently by

an n-type thermocouple. All wiring was contained within ceramic tubes inside

the oven, between the copper case and ceramic body. Molybdenum heating wire

was used because it could be bent after heating as opposed to tungsten wire

which became too brittle. This enabled refilling and cleaning of the oven without

rewiring the heaters. During the experiments the subsidiary heater was kept

about 20◦ C hotter than the main heater (at approximately 410◦ C) to minimise

the deposition of metal near the exit of the oven. The oven, including the heating

and thermocouple wires, was attached to a movable water cooled copper block

and then to a 150 mm vacuum flange. Once aligned, the whole oven and all
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wiring could be removed and reinstalled without affecting the alignment.

After crossing the polarised electron beam, metal atoms were collected on the

Peltier-cooled cold trap approximately 40 mm away from the exit of the oven. The

cold trap was attached to a separate flange for easy removal and cleaning of zinc

deposits. The visible deposit covered a circular region of about 40 mm diameter

which was consistent with a beam diameter of about 4 mm at the interaction

region.

The heating powers, required for the two sections of the oven to achieve about

410◦ C, were 8.5 V, 1.2 A for the small heater and 22.5 V, 1.25 A for the large

heater. The melting point of zinc is 407◦ C. At 410◦ C temperature the vapour

pressure was about 0.1 torr inside the large tube. The zinc was emitted from

the oven through the small tube which maintained a pressure at the opening of

the oven of about 10−3 torr. The pressure measured by an ion gauge inside the

chamber during the experiment was in the range of low 10−7 to high 10−8 torr

and did not increase when zinc oven was running because zinc adhered to the

chamber walls and cold trap before reaching the ion gauge. The only increase in

pressure became evident when the zinc oven was heated for the first time after

the chamber was opened. Then the oven was outgased for 3 hours at 550◦ C while

keeping the valve between the chambers closed to prevent contamination of the

polarised electron source.

Magnetic field intensities below 5 mG were needed to restrict the rotation

of the polarisation vector of the electrons in order that the collision conditions

was well-defined. The whole oven was made from non-magnetic materials

(molybdenum, copper and ceramics). Furthermore, bifilar wiring was used to

cancel magnetic fields from the current flow in the heater wires. The change of

magnetic field inside the chamber around the oven was measured using a fluxgate

magnetometer with the oven switched on then off. The change in the field was

less than 1 mG, which was small compared to the residual earth’s magnetic field

of 5 mG inside a mu-metal shield surrounding the vacuum chamber.

For low intensity transitions, reasonable count-rates were achieved by heating

the zinc oven to a higher temperature in order to increase the atom beam

density. Carefull consideration was given to pressure dependent depolarisation

effects, described in Section 6.3.3. However, higher temperatures increased the

background light emission from the oven and required more frequent cleaning

of the optical components. The background radiation was minimised to about
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3 counts per second at 636.2 nm using a water-cooled radiation shield and

by lowering the small heater temperature. The background was polarised due

to reflections from metallic surfaces, however the effect was notable only at

very low signal count-rates near threshold. All measured data were corrected

appropriately.

The operating time of the oven was approximately one week after which zinc

coated the lens within the chamber reducing the count-rate considerably. All

optical components were initially cleaned with acetone and ethanol and later

just wiped off without using solvents. It appears that the sticking coefficient of

zinc was higher for glass with solvent residues on it than glass just wiped with

paper tissues. The explanation may be that solvent residues on the glass contain

hydrogen and zinc reacts with it creating zinc hydrides. The cross-section for

this reaction is very large and hence zinc sticks to the surface. On the other

hand, wiping off zinc residues from the lens leaves, probably, only a very thin

layer of zinc without much hydrogen, hence the lower sticking coefficient. In any

case, wiping considerably prolonged the running time of the oven. There was

no measurable difference in the transmission of the lens for any of the cleaning

methods.

A typical photon signal of the electron impact on zinc for the 5s 3S1 →4p 3P0

transition at 468.1 nm while heating the zinc oven is shown in Figure 5.14. The

electron current was kept stable and other settings were unchanged. The final

temperature of the oven was adjusted to below 400◦ C so that the measurements

were not affected by radiation trapping (see Section 6.3.3) and the photon signal

was linear with zinc pressure. Initially there is only the background counts while

the last part of the curve has an exponential shape corresponding to the oven

temperature approaching a stable value set by the power to the heaters.

5.4.4 Photon Detection and Polarisation Analysis

The light from atomic transitions was collected by a lens (f=30 mm, d=30 mm)

whose focal point was located at the collision region. If the collision region is

assumed to be a point source, parallel light was created which emerged from

vacuum chamber through a window. Normal glass was used as it gives a good

transmission (>90%) over a large wavelength range (300-2500 nm) and it is not

polarisation active. The finite extent of the collision region and the acceptance
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Figure 5.14: 468.1 nm photon signal while heating the zinc oven from room
temperature to about 410◦ C. The statistical uncertainty is given by the spread
of the points.

solid angle of the photon detection system was defined by the two concentric

apertures as indicated in Figure 5.15. A system of a LCVR and a linear polariser

transmitted only light with selected polarisation properties as described in Section

5.3.2. The wavelength was filtered by an interference filter or by an AOTF. Finally

photons were detected in a pulse counting mode PMT. The whole setup is shown

in Figure 5.15.

Acousto-Optic-Tunable-Filter

AOTF is a solid state electro-optical device with no moving parts which acts as an

electronically tunable spectral bandpass filter. A single wavelength is separated

from a broadband light source by applying an acoustic (vibrational) wave at radio

frequencies (RF) to a crystal. By varying the frequency of the RF, the wavelength

of the filtered light can be varied.

When an acoustic wave is passed through an optical medium, the crystal

lattice is alternately compressed and relaxed, i.e. a refractive index wave is

generated that behaves like a sinusoidal grating. However, unlike a classical

diffraction grating, only one specific wavelength of light is diffracted as the

diffraction takes place over an extended volume, not just at a surface or plane,

and that the diffraction pattern is moving in real time. An incident light beam
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Figure 5.15: Schematic diagram of the photon collection system. Adapted from
Yu (1997).
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of the right wavelength passing through this grating diffracts into several orders,

with first order having the highest efficiency. Its angular position is linearly

proportional to the acoustic frequency. The angle between incident and diffracted

beam is given by (Brimrose Corporation 2004)

Θ =
λfa

Va
, (5.1)

where λ is the optical wavelength in air, fa is the acoustic frequency and Va is the

acoustic velocity. Thus the higher the applied frequency the larger the diffracted

angle. The wavelength of diffracted light is determined by the “phase matching”

condition (Brimrose Corporation 2004)

λ = ∆nα
va

fa

, (5.2)

where ∆n is the birefringence of the crystal, va and fa are the velocity and

the frequency of the acoustic wave and α is a complex parameter depending on

the design of the AOTF. Thus the wavelength can be selected by changing the

frequency of the applied RF. The polarisation of the incident light splits into

two first order, orthogonally polarised, diffracted beams with separation angle

of several degrees. To use the AOTF as a tunable filter all undiffracted light is

blocked and the two polarised beams are directed to the experiment. The most

common types of AOTF operate in the visible region where a crystal of Tellurium

Dioxide (TeO2) is used in non-collinear configuration, i.e. the acoustic and optical

waves propagate at different angles through the crystal.

The benefits of AOTF are numerous, for example the transmission efficiency

can be as high as 98% with out of band transmissions as low as 10−5. Its resolution

is comparable to fixed interference filters, ranging from 0.5 nm to several nm

depending on the selected wavelength. Furthermore, it has quick switching time

in the order of about 20 ms. The AOTF is factory calibrated and the wavelength

repeatability error is less than ±0.05 nm.

Two AOTF by Brimrose corporation were used, TEAF5-0.36-0.52-H/TE and

TEAF5-0.5-1.0-H/TE. Both had 5x5 mm optical aperture and the efficiency of

about 70% with the resolution ranging from 0.5 nm to 2.5 nm, depending on

the filtered wavelength. The wavelength ranges were 360 to 520 nm and 500

to 1000 nm respectively. The filters were selected to cover the whole range in
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which other optical components (glass, LCVR, PMT) can be operated. The

temperature of the AOTF was kept stable using LFI-3751 temperature controller

by Wavelength Electronics.

The filter was mounted as shown in Figure 5.16. After passing through the

LCVR and the linear polariser, a system of two lenses (f=30.0 mm, d=18.5 mm

and f=150 mm, d=30.0 mm with distance between lenses=180 mm) was used to

reduce the size of the parallel light beam onto the AOTF. One lens was movable,

thus the best focusing conditions could be found by observing count-rates. The

PMT was mounted at 5.7◦ or 7.4◦ which were the separation angles at which

filtered wavelength exits the two filters. As a linear polariser was used before

the AOTF, i.e. linearly polarised light entered the AOTF, the filtered light from

the AOTF was emitted only in one direction. Thus the PMT was tilted in that

direction.

To test the AOTF, the wavelength was scanned using a white light source

(lamp) filtered by a fixed wavelength filter. The transmitted light and a fitted

Gaussian peak are shown in Figure 5.17. The resolution of 1 nm corresponds to

the convoluted resolution of the interference filter (0.44 nm) and the AOTF.

A wavelength scan for zinc at 8 eV is shown in Figure 5.18. Three peaks

at 468.1 nm, 472.2 nm and 481.1 nm are visible corresponding to transitions

5s 3S1 →4p 3PJ where J = 0, 1, 2. A small fourth peak is also visible and is

attributed to the 5d 1D2 →4p 1P1 transition at 463.0 nm. The peak height is

small because the electron beam energy is just above the threshold energy of this

excitation where the cross-section is relatively low. The cross-section of the peak

increased as the beam energy was increased to 9 eV as shown in Figure 5.19. The

relative peak heights for the three triplet peaks did not change as their relative

cross-sections are the same.

5.4.5 Detection Electronics

The schematic diagram of the detection electronics is given in Figure 5.20. The

PMT (EMI 9863/350QB) was usually operated at a voltage of 2.0 kV obtained

from an Ortec 459 Bias Supply 0-5 kV. The negative signals from the PMT

had approximately a Poisson distribution of amplitudes with a mean value of

about 50 mV and FWHM of about 10 ns. They were amplified 200 times by an

Ortec VT120 fast preamplifier which is a high performance linear wide bandwidth
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Photo-multiplier
tube

Linear polariser

Liquid crystal
variable retarder

Lens

Light stop for
unfiltered light

Lens

Lens

Interaction region

AOTF

Figure 5.16: Schematic diagram of the detection system with AOTF. Selected
wavelength is transmitted at an angle into PMT.
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Figure 5.17: AOTF scan of white light filtered by a fixed interference filter
at 587.19 nm, FWHM=0.44 nm. The line is a fitted Gaussian peak and the
resolution of the convoluted peak is 1 nm.
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Figure 5.18: AOTF scan of zinc at 8 eV beam energy. The line indicates the
fitted Gaussian peaks.
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Figure 5.19: AOTF scan of zinc at 9 eV beam energy. The line indicates the
fitted Gaussian peaks.

preamplifier. The signal was then passed through an Ortec 934 Quad Constant

Fraction Discriminator. It accepts negative input signals and generates negative

logic signals (0.75 V amplitude, 50 ns width) for each input signal exceeding

an adjusted lower level threshold. This technique allows optimum timing with

signals from photomultiplier tubes. The next step was a NIM-to-TTL converter

(LeCroy 688AL) which inverted and amplified the pulses to give TTL pulses

(+5 V amplitude, 150 ns width). Finally the TTL pulses were recorded on a

computer using a PowerDAQ PD2MFS8-500/14 card. A visual monitor of the

counted data was given on a counter (type Ortec 994 Dual Counter/Timer) and a

ratemeter (type Nuclear Instruments 4607) which were also connected to the TTL

output of the NIM-to-TTL converter. Faraday cup and splash plate currents were

recorded on two GW GDM-8055 digital multimeters which were interfaced to an

Axiom AX5488 General Purpose Interface Bus (GPIB) card in the computer via

GPIB output of the multimeters.

The fast timing pulses (50 ns width) are important for coincidence electronics

(as described in Section 5.5.3 but are not essential for singles counting (where only

number counts is recorded), hence the conversion to slower TTL pulses (150 ns

width) which are widely accepted by the counting cards. If the dead-time of this

counting system is given by the length of the TTL pulse, τ=150 ns, the real
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Figure 5.20: Diagram of the electronics for integrated measurements. Pulse
shapes after each step are shown on the bottom. The negative pulses have a
width of approximately 10 ns and the positive pulse of about 0.5 µs.

number of counts r is given by

r =
R

1 +Rτ
, (5.3)

where R is the measured number of counts. For the maximum count-rate used in

these experiments (R=10,000 counts/s) we get r=9998 counts/s, i.e. only 0.02%

of true counts are lost due to dead time. This is much smaller than the statistical

error of
√

10, 000=100 counts/s.

5.5 Apparatus for Angle Differentiated

Coincidence Measurements

A two-particle coincidence experiment involves identification of a correlated pair

of particles which emerge from one scattering event. In this thesis this involves

detection of a photon and an electron after polarised electron impact on a noble

gas atom. The experiments were done on an apparatus different from that used for

integrated measurements but which had similar designs of the polarised electron

source and the photon detector. To avoid repetition, only new parts are described.

This includes a 180◦ hemispherical electron analyser and detection electronics

designed to do position-sensitive photon-electron coincidence measurements.

5.5.1 Electron Analyser

The electron analyser was used to select scattered/ejected electrons in angle and

energy. A schematic diagram is shown in Figure 5.21. Scattered electrons entered

the analyser through a grounded aperture (2 mm diameter) which reduced the

field penetration from the analyser into the interaction region and also restricted

the angular range of electrons entering the analyser. The importance of a small

76



Chapter 5. Description of the Apparatus

electrons

Electrostatic decelerating lenses

Microchannel-plate
detector assembly

Hemispherical electrostatic
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Figure 5.21: A schematic diagram of the electron analyser.

entrance angular range is discussed later.

The electrons then passed through a four elements lens (L1 - L4) which further

reduced the divergence and focused electrons through a 2 mm aperture at the

entrance to the hemispheres. The lens also accelerated or decelerated electrons

to a required energy. The electrons were then dispersed in energy between

two concentric half-spheres with inner R1 and outer R2 radii (R1=40 mm and

R2=60 mm) followed by a 2 x 14 mm radial exit slit (14 mm in the direction of

dispersion of the electrons). The slit restricted the angular range of the electrons

to about 2◦. The electrons passing through the slit finally passed through another

lens element (L5) and were then detected by a set of two 25 mm MCPs followed

by a resistive anode which recorded the energy spectrum as position (x, y)

coordinates. The lens elements L4 and L5 were kept at the voltage V0 which

corresponds to the pass energy of the analyser eV0.

The 180◦ electrostatic hemispherical analyser exhibits point-to-point focusing

properties, i.e. the electron energies are directly mapped into position of the

impact on the detector. The electric field between the hemispheres is central

with an inverse-square-of-distance dependence. The potentials between the inner
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and outer hemispheres (V1 and V2 respectively) are given by

V1

V2
=

(

R2

R1

)2

. (5.4)

If electrons travel mid-way between the hemispheres with the pass energy

E0 = eV0 and radius R0, the hemisphere potentials are adjusted so that

V1 = V0

(

2R0

R1
− 1

)

=
3

2
V0 (5.5)

and

V2 = V0

(

2R0

R2

− 1

)

=
2

3
V0 . (5.6)

A floating voltage divider was used to maintain voltages V1 and V2 at the required

levels. The voltages are dependent on the dimensions of the hemispheres and were

determined using Equations 5.5 and 5.6 giving V1 = 2.25V2 and ∆V = V1 − V2 =

0.833V0 for the 40 mm and 60 mm inner and outer hemispheres respectively.

The electron trajectories through the hemispherical analyser have the

following properties (Hayes et al. 1988). The radial entrance position is mapped

linearly to the exit radius as indicated by Equation 5.7, where d is the diameter

of the entrance aperture. The negative sign means that the image is inverted.

δRfinal

δd
= −1 (5.7)

If an electron enters the analyser at a non-zero angle α, asymmetries on

the inner-hemisphere side of the image are developed and affect the final radial

position through Equation 5.8.

Rfinal =
R0

2 tan2 α + 1
(5.8)

The asymmetries may arise, for example, by poor alignment of the components

or by inappropriate selection of the lens potentials, i.e. high divergence of the

incident beam passing the entrance of the hemispheres. Similar effects can be

also observed if the electron beam is not focused well into the interaction region,

i.e. if the interaction takes place in an extended volume.

The energy dispersion in a hemispherical analyser is linear with electron

arrival position in the exit plane and directly related to its energy as indicated
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Figure 5.22: The elastic scattering peak in krypton at 80◦ for 28.4 eV incident
electrons.

by Equation 5.9.
δRfinal

δEincident
=

2R0

E0
(5.9)

The estimate to 1% accuracy for the full width at half maximum (FWHM) energy

resolution for an analyser with two circular apertures of diameter W is given by

(Imhof et al. 1976):
∆EFWHM

E0
≈ 0.43

W

R0
+ 0.25α2

max. (5.10)

Hence the energy resolution is determined by the analyser’s central-pass energy

and by the physical size of the hemisphere and divergence of the electron beam.

Data from within about 1 mm of each end of the slit was usually ignored, to

avoid the larger energy dispersion non-linearities near the ends.

A typical electron elastic scattering peak in krypton with analyser at 80◦,

15 eV pass energy and 28.4 eV incident electron energy is shown in Figure 5.22.

The FWHM of the peak is about 0.35 eV and it is a convolution of the resolutions

of the electron gun (about 0.3 eV) and the electron analyser (about 0.18 eV),

∆E =
√

∆E2
GUN + ∆E2

ANALYSER. (5.11)

An electron energy loss spectrum for excitation of the 4s2 4p5 (2P1/2) 5p 2[3/2]2

level at 12.14 eV in krypton (with the same settings of the analyser as above) is
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Figure 5.23: Energy loss spectra for krypton. The central peak corresponds to 4s2

4p5 (2P1/2) 5p 2[3/2]2 level at 12.14 eV and also includes unresolved states with
similar energy which are cut off at the end of the MCP. The incident electron
energy was 28.4 eV.

shown in Figure 5.23. Nearby levels are also visible, the left peak includes the

unresolved 4s2 4p5 (2P3/2) 5p 2[1/2, 3/2, 5/2] levels, the central peak includes

the unresolved 4s2 4p5 (2P1/2) 5p 2[1/2, 3/2, 5/2], 4s2 4p5 (2P3/2) 4d 2[1/2, 3/2,

5/2, 7/2] and 4s2 4p5 (2P3/2) 6s 2[3/2] levels while the right peak includes the

unresolved 4s2 4p5 (2P3/2) 6p 2[1/2, 3/2, 5/2], 4s2 4p5 (2P1/2) 4d 2[3/2, 5/2] levels.

The left and the right peaks are partly cut off since they were located near the ends

of the channelplate. For the present coincidence measurements, it is sufficient to

resolve the studied state in one channel, either photons or electrons. The chosen

state (the central peak in Figure 5.23) was resolved with an interference filter

for the 826.3 nm photons. Hence using a scattered electron energy resolution of

0.35 eV adequately resolved the electron channel.

5.5.2 Position-Sensitive Electron Detector

The position-sensitive detection was achieved using an MCP chevron pair in

front of a Quantar resistive anode. The system was capable of real-time two

dimensional imaging that was useful when optimising the spectrometer. A

standard MCP’s inter-electrode resistance was about 108Ω and a recharge-time

limited flux was about 14,000 events/s mm−2. The MCPs are held in place by a
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spring-loaded washer that had three point contacts with the MCPs. The plate

separations were about 150 µm and the length-to-diameter ratio of the channels

was about 40:1.

An incoming electron was amplified by the MCPs and the position of the

charge cloud arriving at the resistive anode was determined by comparing the

relative amounts of charge (I) collected at the corners of the resistive anode

(Lampton and Carlson 1979)

X =
IB + IC

IA + IB + IC + ID
(5.12)

and

Y =
IA + IB

IA + IB + IC + ID
, (5.13)

where A, B, C, D are the sequential corners of the anode in a clockwise direction

when viewed along the direction of an incoming electron.

The charge cloud is centred about the arrival position of a single incident

electron (Edgar et al. 1989) and is independent of the electron charge cloud size.

Hence the method determines the coordinates of the centre of the arrival position.

The analog system restricted incident particle rates to below 104 events/sec, but

had a uniform response function that did not require post-acquisition corrections.

The pulse-height distribution of detected events is primarily a function of

the MCP gain which is determined by the potential applied across each plate.

Potentials used here were about 1 kV across each MCP and 200 V between the

bottom MCP and the resistive anode. The potential at the front was set to

accelerate incident electrons to about 400 eV before hitting the front MCP.

The MCP is very sensitive to dust and the effects of micro-discharges can

be seen as localised variations in detection efficiency. Figure 5.24 shows a small

section of an MCP where a high-voltage breakdown has occurred and enough heat

was generated to melt a portion of the lead-glass plate. This can be observed as

a localised ’hot spot’ with a high dark count, reducing the true signal detection

efficiency due to a dead-time of the detectors and the electronics decoding false

data. This event occurred only once.

The rise-time of signals from the resistive anode (about 0.2 µs) was too long

to use in coincidence determination procedures. Hence the timing information

was obtained from the bottom plate via a decoupling capacitor and a resistor.

This fast timing signal had a rise time of less than 0.5 ns due to the short transit
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Figure 5.24: Magnified electron microscope image showing a section of an MCP
after high-voltage breakdown.

time of electrons travelling through the plate. The observed time was probably

limited by the observing oscilloscope (Tektronix TDS 320). The fast timing signal

was particularly susceptible to electrical interference and noise pickup and good

grounding and shielding was essential.

5.5.3 Detection Electronics

The data acquisition system was designed to detect, independently, PMT and

electron channelplate signals as singles and in coincidence.

Pulses from the PMT or bottom MCP were amplified (Ortec VT120) and then

discriminated (Ortec 934 Quad Constant Fraction Discriminator). One of the

discriminator outputs was used for counting photons by passing the output signal

through an NIM-to-TTL converter (LeCroy 688AL) to the counter/computer.

The coincidence measurement electronics is shown schematically in Figure

5.25. The electron and photon outputs from the discriminator were connected to

a Time-to-Amplitude Converter (TAC, Canberra 2145). The photon signal was

used to start TAC conversions while the electron signal was delayed about 50 ns

by coaxial cable before stopping the TAC. A valid coincidence was registered if

the two pulses arrived within a time window set on the TAC. This window was

usually set to allow several lifetimes of the transition under study so that the
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Figure 5.25: The coincidence electronics.

true and random signals were measured at the same time, as described in the last

paragraph of Section 6.2.2.

An additional condition for a valid TAC conversion was a valid conversion

of the coordinates by the XY -encoder. For example, in the rare case when two

electrons hit the resistive anode within a time interval shorter than the conversion

time of the encoder, the encoder would not be able to complete the conversion and

it would give invalid position information. In the case of a successful conversion,

the XY -encoder would send out a strobe pulse which was connected to the TAC,

thus enabling the operation of the TAC. This further reduced the number of

random counts.

When both conditions of a valid XY -encoding and start-stop pulses within a

set time window were met, two signals were generated by the TAC. One signal

was a TAC pulse, which has a pulse height proportional to the time difference

between the start and the stop pulses, and was 2.5 µs long and connected to the

input of the PowerDAQ card for the ADC conversion. At the same time, the X

and Y position pulses from the XY -encoder were connected to the DAQ inputs.

All three pulse heights were measured simultaneously. The second pulse from the

TAC (Single Channel Analyser SCA pulse) was delayed 50 ns and it triggered

the conversion. The DAQ card was triggered on the rising edge of the SCA pulse
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and the delay was necessary to make sure that the TAC, X and Y pulses have

reached their maximum value when the trigger pulse arrived.
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Performance of the Apparatus

This section describes the testing and optimisation of the performance of the

individual parts and of the complete apparatus. A detailed error analysis for the

integrated, and the angle differential measurements is given. The effects, which

can lead to the depolarisation of the Stokes parameters, are discussed.

6.1 Optimisation and Validation Checks of the

Apparatus

One of the most important criteria, determining the stability of the electron gun

and the electron analyser, is the stability of the power supplies. Their thorough

testing was followed by testing of the stability of the whole electron gun, the

counting system and the coincidence detection system as well as the optimisation

of the PMT voltage using a home-made, computer based pulse-height analyser.

The calibration procedure for the LCVRs was described in Section 5.3.2 while

the stability testing of the PMT tube was described in Section 5.3.2.

6.1.1 Stability of the Power Supplies

The stability of the home-made power supplies for the electron gun and the

electron analyser is very important as any fluctuations can cause an instability in

the electron beam and hence reduce the electron energy resolution. The voltage

output of the power supplies was measured over a long time period using the

analog inputs of the DAQ card. First, the voltage (400 V) from the power
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Figure 6.1: Voltage stability for two electron gun power supplies. Note the
displaced zero on the voltage axis.

supplies was reduced by a potential divider consisting of 1 kΩ and 100 kΩ resistors

giving 4 V output, and then the reduced voltage output of 16 power supplies

was recorded simultaneously on the computer. As shown in Figure 6.1 for two

different power supplies, both voltages were very stable apart from the small

regular spikes. They reappear periodically about every 5 minutes. This time

interval does not match the periodicity from any apparatus in the lab, including

DC-to-DC converter power supplies, hence their origin is unknown. However

their amplitude was less than 0.2% of the total voltage (note displaced zero on

the graph) and the effect on the beam energy and the beam energy resolution was

presumably less than ±1 meV on the total electron beam resolution of 300 meV.

6.1.2 Stability of the Electron Gun

Figure 6.2 shows the emission current from the crystal and the electron current

in the Faraday cup at 20 V electron beam energy. Both graphs are relatively

smooth with the overall stability better than 0.3%. Note the displaced zero of

electron current axis). The horizontal divisions in the Faraday cup current show

the 1 nA resolution of the GW GDM-8055 multi-meter. The emission from the

crystal is slowly decreasing because of the small leak of contaminants into the
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Figure 6.2: Stability of the electron current and the electron gun. Top: electron
current in the Faraday cup, bottom: emission current from the crystal. The
horizontal divisions on the top show the 1 nA resolution of the multi-meter. Note
the displaced zero on the current axis.

source chamber through the open valve between the chambers. Furthermore, the

variations are slow, of the order of minutes or more, while the Stokes parameters

are accumulated in 10 s intervals. The effect of these small instabilities in the

electron gun is negligible.

6.1.3 Stability of the Counting System

The stability of the counting system plays a crucial role for the accuracy of the

experiment. The counting system was tested using constant rate NIM pulses from

a pulse generator. The recorded number of counts is shown in Figure 6.3. The

big drop below 2000 seconds is caused by warming up of the electronics in the

pulse generator. The slow drift in the number of counts above 4000 seconds was

a function of the pulse generator. The enlarged section of the Figure 6.3 shows

the stability in the measured count-rate of about 1 to 2 counts in 30,000 which is

better than 0.01%. The horizontal divisions show the resolution of the counter,

which is one count/s.
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Figure 6.3: Stability of the counting system tested by a pulse generator. The
big drop below 2000 s is caused by warming up of the electronics in the pulse
generator. Note the displaced zero on the counts axis. The insert is an enlarged
proportion of the data.

6.1.4 Stability of the Coincidence Detection System

The stability of the coincidence detection system was tested using uncorrelated

photon and electron signals and recording a time spectrum on a computer using

the custom pulse height distribution measurement software described in Section

6.1.5. Figure 6.4 shows a flat spectrum with the spread of points given by the

statistical variations. Note the displaced zero on the graph. The spectrum

was accumulated over a period of two weeks, which is longer than the usual

measurement times. No instabilities in the coincidence detection system have

been observed within the statistical uncertainties, that is instabilities which might

arise, for example, in the variations in input voltage supplies or non-linearity of

TAC.

6.1.5 Pulse-Height Analysis System

The most important feature of a good PMT is a good separation of the signal

and the noise as only then can the discriminator level be adjusted to minimise

noise efficiently while keeping the signal to a maximum. A pulse-height analyser

was built using locally available electronic equipment. It was used to find the
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Figure 6.4: Stability of the coincidence system using random signals. Note the
displaced zero on the counts axis.

optimum operating voltage for the PMT and to check its performance. This was

necessary as PMTs deteriorate over time, for example by permeation of helium

through glass, and therefore changing the optimum operating conditions.

Pulse height analysis was done using custom-made software which acquired

pulses and recorded their amplitudes using an analog to digital converter (ADC)

in the PowerDAQ card. The pulses from the PMT were amplified by the

preamplifier and then split in two. One pulse was fed into the discriminator

and then to the NIM-to-TTL converter and was used to trigger the ADC. The

discriminator level and the triggering of the ADC could be adjusted and the

corresponding pulse height distribution directly monitored on the computer. The

NIM-to-TTL converter was necessary as the ADC triggering required positive

TTL pulses instead of short and negative NIM pulses. The other signal from the

preamplifier was delayed and the overlap of the two pulses adjusted by changing

the delay and observing the pulses on the oscilloscope. The peak of the pulse

corresponded to the leading edge of the trigger pulse for the ADC.

The noise level was reduced to about 1 to 2 counts/s by cooling the PMT to

−20◦ C as shown in Figure 6.5. The statistical uncertainty of the noise is given

by the spread of the points and equals the square root of the number of counts.

A pulse height distribution of the output pulses from the EMI 9863-350QB

PMT is shown in Figure 6.6. A large noise signal is present at low voltages. It
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Figure 6.5: PMT noise while cooling down the tube from room temperature to
about -20◦ C. The statistical uncertainty is given by the spread of the points.

corresponds to low pulse heights and it rises very rapidly at low voltages, hence,

for better visibility of the graph, it was partially cut off by the discriminator.

At higher voltages the signal peak is visible. The optimum operating voltage for

the PMT for this particular tube was 2 kV to obtain a satisfactory separation

between the noise and the signal. The constant fraction discriminator was set to

1.2 V.

6.2 Efficiency and Statistics of the

Measurements

The counting measurements are subject to statistical variations, with an

uncertainty proportional to the square root of the number of counts. All detectors

have background noise. For example, for a PMT this is usually several counts/s,

caused mainly by thermal oscillations in the photo-sensitive cathode. This

noise can be reduced by cooling the PMT to low temperatures. In the case of

position-sensitive electron analysers, noise can be caused, for example, by stray

electrons which are not collected by a Faraday cup/splash plate. Apart from a

good design of the analyser, further reduction in the number of stray electrons can

be achieved by coating all surfaces with a material with high electron absorption
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Figure 6.6: Pulse height distribution of the PMT at 2 kV. The peak on the left is
a noise peak, and is partially cut off by the discriminator. The peak on the right
is the signal peak.

coefficient, such as graphite.

6.2.1 Statistics of the Integrated Measurements

Integrated Stokes parameters P are calculated using

P =
I1 −B1 − I2 +B2

I1 + I2 − B1 − B2
, (6.1)

where I1/B1 and I2/B2 are the light intensities/backgrounds measured with

polariser at angles 1 and 2. The statistical uncertainty in P is given by

∆P =

√

(

∆I1
∂P

∂I1

)2

+

(

∆I2
∂P

∂I2

)2

+

(

∆B1
∂P

∂B1

)2

+

(

∆B2
∂P

∂B2

)2

, (6.2)

if there is no correlation between the statistical uncertainties of I1, I2, B1 and

B2.

The statistical uncertainty depends on the count-rate and on the data

acquisition time. The count-rate depends on the cross-section of the studied state,

the electron density (limited by the electron gun efficiency and the emission from

the GaAs crystal), the gas pressure and the solid angle of the detector. The latter
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two are limited by various depolarisation effects which are described in Section

6.3.

Near threshold the excitation cross-sections are low and generally increase

when the electron impact energy is increased, at least for a short energy range.

This means that the count-rates are low and hence the statistical uncertainties

large near threshold. Apart from the threshold region, most of the measurements

have statistical uncertainties between 0.1% and 1%, however some very accurate

measurements have uncertainties as low as 0.07%.

6.2.2 Efficiency and Statistics of the Coincidence

Measurements

The electron-photon coincidence experiments involve the detection of two

particles coming from the same scattering event. Their identification relies upon

time information in the detection process.

Due to low coincidence count-rates, it is very important to try to optimise the

experimental conditions to minimise data acquisition times. For experiments

where the shape of the coincidence signal is used to extract the lifetime of

the excited state (for example in Figure 6.7) it is important to have a high

signal-to-noise ratio ( S
N

). On the other hand for experiments where excited atomic

state parameters are extracted, the minimisation of the fractional error ∆Itrue

Itrue

is

the most important factor.

The rate of coincidences between electrons and photons is given, for example,

by Slevin (1984)

Itrue = PePγI, (6.3)

where Pe and Pγ are the probabilities of atomic excitation in the electron and

photon channels and I is the production rate of excited atoms. In the time interval

∆t, to which true coincidences are restricted, the rate of random coincidences is

given by

Irand = IeIγ∆t = PePγI
2∆t, (6.4)

where Ie and Iγ are the electron and the photon count-rates. The total numbers

of true and random events are

Nrand = IrandT,
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and

Ntrue = ItrueT , (6.5)

where T is the time for which the experimental data are acquired.

Comparison of the random and true coincidence rate equations shows that

true coincidence rate Itrue rises proportionally with the production rate of excited

atoms I while the random coincidence rate rises as the square of this product. If

the production rate is increased, at some limiting point the signal-to-noise ratio

will start to decrease rapidly.

If Poisson statistics is assumed within the time interval ∆t of the true

coincidences, the standard deviation of the true coincidence signal is given by

Slevin (1984)

σ =
√

σ2Ntotal + σ2Nrand =
√

σ2Ntrue + 2σ2Nrand =
√

PePγIT + 2PePγI2T∆t,

(6.6)

with the resulting signal-to-noise ratio

S

N
=

PePγIT
√

PePγIT + 2PePγI2T∆t
=

√

PePγIT

1 + 2I∆t
. (6.7)

One implication of this equation is that the signal-to-noise ratio, and hence

statistical uncertainty, improves as the square root of the total acquisition time.

Furthermore, for small values of I, the signal-to-noise ratio can be improved by

increasing I, and hence the statistical uncertainties can be reduced by increasing

the electron beam current and/or the density of the target atoms. At higher

values of I, the signal-to-noise ratio becomes independent of I with the random

coincidence rate dominant. Then the statistical errors are proportional to the

experimental variables which affect the time resolution during the processing

stages of the signal, for example the time width of the coincidence window ∆t.

For experiments where the excited state parameters are extracted, a more

relevant factor than high signal-to-noise ratios (Volker and Sandner 1983) is the

fractional error

β =
∆Itrue

Itrue

. (6.8)

For a given accuracy β, the minimum data accumulation time is obtained by

maximising the rate of production of excited atoms rather than decreasing it.

93



Chapter 6. Performance of the Apparatus

The error ∆Ntrue is given by

∆Ntrue =
√

Ntrue =
√

Ntotal +Nrand =

√

Ntrue

(

1 +
2

r

)

, (6.9)

where

r =
Ntrue

Nrand
=
Itrue

Irand
. (6.10)

Inserting 6.8 and 6.5 into 6.9 and squaring gives the expression for the total

data collecting time required to determine Itrue with a given accuracy β:

T =
1 + 2

r

β2Itrue
. (6.11)

Since Itrue ∝ I and Irand ∝ I2 and hence r ∝ I−1, there are two limiting cases,

T =
1

β2Itrue
∝ 1

β2P
(if 2/r ≪ 1) (6.12)

and

T =
2

β2Itruer
∝ 2∆t

β2
(if 2/r ≫ 1) . (6.13)

If the signal-to-noise ratio is high, as described by Equation 6.12, an increase

in the production rate of target atoms and/or electrons will decrease the data

integration time T even though the signal-to-noise ratio will decrease. Further

increase, if experimentally possible, will eventually end up in the region described

by Equation 6.13, where the data collection time is independent of the production

rates but linearly proportional to the coincidence time window ∆t.

∆t can be reduced to a limited degree by using fast-response MCPs, fast

timing amplifiers and discriminators. The limiting time is given by the natural

lifetime of the state. Another factor that can lengthen ∆t is the radiation trapping

and the re-emission in the direction of the photon detector, especially for states

decaying to the ground state. This can be eliminated by keeping the target gas

pressure low.

A typical time spectrum for the 4s2 4p5 (2P1/2) 5p 2[3/2]2 state in krypton at

low gas pressure is shown in Figure 6.7. The peak represents the true coincidences

superimposed on a continuous background of random coincidences. In this case

trues:randoms=5:1. The time window with random coincidences corresponds to

a 0 to 90 ns range while the time window for true and random coincidences
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Figure 6.7: Typical time spectrum from electron-photon coincidence detection.
The peak represents true coincidence signals superimposed on random
background. The horizontal dotted line is a linear background. An experimental
fit to the data is shown by a dotted line.

corresponds to a 100 to 150 ns range. The exponential fit on the measured

decay shows the 32 ± 0.8 ns lifetime which is the convolution of the 28.6 ns

natural lifetime of the transition (National Institute of Standards and Technology

- NIST 2005) and the instrumental function (about 6 ns). Excellent agreement

between the fit and the data indicates that, in the present measurements, an

effect of cascades from higher states of longer lifetimes is negligible.

6.3 Depolarisation of the Stokes Parameters

The Stokes parameters are affected by several factors which can reduce the

measured polarisation. The considerations of these effects are particularly

important for this thesis where, for example, values of Stokes parameters of the

order of 0.01±0.005 were measured. The experimental effects include a extended

interaction volume, which was caused by an electron beam with large divergence

and by a large acceptance solid angle of the photon detector. Polarisation

of individual components (instrumental polarisation) also has to be taken into

account as well as depolarisation caused by collisions between atoms due to a

high pressure of the target gas, by magnetic field (Hanle Effect described in
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Section 5.2) and by hyperfine interaction due to different isotopes of zinc.

The effects of the finite solid angle of the electron analyser have been discussed

in Section 6.2.2 while the other effects are discussed in detail now.

6.3.1 Effects of Electron Beam Divergence and of

Finite Photon Collection Angle

The electron and atom collisions occur over an extended volume defined by the

intersect of the electron beam and the volume containing target atoms which

is usually large compared to the size of the electron beam. While the incident

electrons are considered to travel along a linear axis, in reality they have a finite

divergent angle Θm, defined by the electron gun apertures and the electron optics.

Moreover, the detectors have a finite acceptance solid angle and the photons and

electrons emitted at various angles are collected.

The maximum acceptance angle of the photon detector Ψm is determined by

an entrance cone and a glass lens with a diameter of 30 mm and focal length

30 mm, as indicated in Figure 6.8. Both the divergence of the electron beam

Θm and the photon detector acceptance angle Ψm can introduce depolarisation

effects for the measured Stokes parameters (Ehlers and Gallagher 1973). The

relationship between the measured and the real values of the Stokes parameters

is given by

Pm
i =

(

1 − ǫ

1 − ǫPi

)(

1 − 3δ

1 − δPi

)

Pi, (6.14)

where i=1,2,3, Pm
i and Pi are the measured and real Stokes parameters

respectively and ǫ = Ψ2
m

4
and δ = Θ2

m

4
.

To estimate the upper limit of this correction, it is assumed that the

interaction volume is 2 mm3 and that the final aperture in the electron optics

has 1 mm diameter. The lens has a 30 mm physical diameter, however the

effective visible diameter is only about 10 mm due to the mounting and the

smaller size of other optical components (LCVR-2, polariser, interference filter).

Figure 6.8 shows the upper limits for the angles Ψm = arctan 6
30

= 0.20 and

Θm = arctan 1.5
25

= 0.06. Hence ǫ = 0.01 and δ = 0.0009. Neglecting terms ǫPi

and δPi we get

Pi =
Pm

i

(1 − ǫ)(1 − 3δ)
≈ 1.01Pm

i . (6.15)

The maximum depolarisation from the electron beam divergence, the finite size
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Figure 6.8: Top: photon collection angle. Bottom: electron beam divergence.
A- aperture at the end of the electron optics, C - collision region, L - lens, FC -
Faraday cup.

of the collision region and the photon angle is about 1%.

To estimate the magnitude of this effect, the photon collection solid angle

was decreased by a factor of 4. No noticeable change was observed in the

measured Stokes parameters. However when photon collection solid angle was

increased approximately by a factor of 4, a decrease in the measured polarisation

was observed. For example for the 5s 3S1 →4p 3P0 transition at 7 eV incident

electron energy, the Stokes parameter was reduced from 0.10 to about 0.08 with

an experimental uncertainty of 0.005, i.e. a depolarisation of about 20% was

observed. The calculated maximum depolarisation using Equation 6.15 is 18%.

The values are quite close considering that the calculations are just estimates and

that the factor of 4 is only an approximated increase in the solid angle.

6.3.2 Instrumental Polarisation

The measured Stokes parameters can be affected easily by instrumental

polarisation, which can be caused, for example, by polarisation effects of the

optical lens, the vacuum window, the interference filter or the PMT window,

by the electron beam misalignment or by the misalignment of the axes of the
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polariser and the LCVR or by an inadequate calibration of the LCVRs.

The instrumental polarisation can be quantified by measuring the P2 and P3

parameters, from which it can be eliminated. These parameters are dependent

on the electron polarisation whose sign was reversed by changing the retardance

of the LCVR-1. However, the instrumental polarisation is independent of the

electron polarisation, i.e. it has the same numerical value whether the polarisation

of the electrons is positive or negative. This means that

PM(↑) = PR + PI (6.16)

and

PM(↓) = −PR + PI , (6.17)

where PM(↑↓) is the measured polarisation for the spin-up (↑) and spin-down (↓)
electrons, PR is the real polarisation and PI is the polarisation of the instrument.

Averaging for spin-up and spin-down electrons for P2 and P3 gives

PR =
1

2
[PM(↑) − PM(↓)] (6.18)

and

PI =
1

2
[PM(↑) + PM(↓)] . (6.19)

Equation 6.18 is used to obtain the measured P2 and P3 parameters and thus

to eliminate the instrumental polarisation for these two parameters. Equation

6.19 can be used to estimate the instrumental polarisation in the P1 parameter.

The instrument was initially calibrated by taking measurements over a long

period of time and tested for several different transitions in the noble gases.

No instrumental polarisation was observed within statistical uncertainties of

0.005. Therefore if any instrumental polarisation was measured at later times,

it was caused only by inadequate calibration of one of the LCVRs. The

computer software calculated and displayed the instrumental polarisation during

all experiments. If it was higher than the statistical uncertainty at any time, the

experiments were stopped and both LCVRs were recalibrated, as described in

Section 5.3.2. This way the instrumental polarisation in the measurement of the

P1 parameter was avoided.
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Table 6.1: Lifetimes τ (ns) (Osherivich et al. 1979, Shaw et al. 1978) and pressure
dependent depolarisation factors Acol for the studied states in zinc. The accuracy
is given to the first non-zero significant digit.

state τ (ns) Acol

4s 5s 3S1 8.1±0.4 1.00002

4s 6s 1S0 103±3 1.0003

4s 4d 1D2 21.1±0.4 1.00007

3d10 5d 2D3/2 5.3±0.5 1.00002

3d9 4s2 2D3/2 1870±230 1.006

6.3.3 Collisional Depolarisation

The polarisation from atomic transitions can be depolarised by collisional

de-alignment between atoms, if gas/metal vapour pressure is too high. This

is pronounced especially for long lived states such as Zn+(3d94s2 2D3/2) with a

lifetime of 1.870 µs.

If we assume a complete depolarisation of the fluorescence radiation after a

collision, the real polarisation PR can be derived as given by Kronast et al. (1986):

PR =
1

(1 − zτ)
PM = AcolPM, (6.20)

where PM is the measured polarisation, z is the mean collision rate of the

radiating atom with neutral atoms, τ is the lifetime of the state and Acol is

the depolarisation factor. For 1.87 µs lifetime, the product zτ = 0.0057p, with p

in units of 10−3 torr (Kronast et al. 1986).

The estimated zinc pressure in the interaction region was about 10−3 torr and

the pressure depolarisation coefficients for the studied states in zinc are shown in

Table 6.1. As can be seen, the depolarisation can be neglected for all these states

studied in this thesis.

This result was verified experimentally by measuring the polarisation P3 as

function of increasing oven temperature (i.e. zinc pressure) for a long lived

Zn+(2D3/2) state, as shown in Figure 6.9. No depolarisation effects were observed

up to 550◦ C.
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Figure 6.9: The polarisation dependence for the Stokes parameter P3 on the
temperature of the zinc oven.

6.3.4 Depolarisation by Hyperfine Interaction

In a time unresolved experiment, a hyperfine interaction between the nuclear

spin I and the electronic angular momentum J causes de-alignment and thus

depolarisation of emitted radiation. The resultant F can have a large effect on

the nuclear and electronic multipole moments.

Zinc has isotopes with two values of nuclear spin, I = 0 and I = 5/2

(due to the isotope 67Zn) with natural abundances of W (I)=95.9% and 4.1%

respectively (National Institute of Standards and Technology - NIST 2005). The

nuclear abundances of 59% and 41%, given in Kronast et al. (1986) are apparently

misprints.

The real Stokes parameters Pi,R (i=1, 2 and 3) can be found following

Andersen et al. (1988):

P1,R =
1

0.041(C2 − 1) + 1
P1,M = ALP1,M ,

P2,R =
1

0.041(C2 − 1) + 1
P2,M = ALP2,M (6.21)

and

P3,R =
1

0.041(C1 − 1) + 1
P3,M = ACP3,M ,
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where Pi,M (i=1, 2 and 3) are the measured Stokes parameters and C1 and C2

are the coefficients given by

CK =
3GK

2G0 +G2

. (6.22)

The factor 0.041 in the equation comes from the natural abundance of the I = 5/2

isotope and AL and AC are the final depolarisation factors for the linear and

circular polarisations. GK are the perturbation coefficients associated with state

multipoles of rank K given by the expression (Blum 1981, Andersen et al. 1988):

GK =
∑

I

W (I)GI
K, (6.23)

where GI
K is the perturbation coefficient for sharp nuclear spin I (see also Section

3.3),

GI
K =

1

2I + 1

∑

F

(2F + 1)2

{

J F I

F J K

}2

, G0 ≡ 1. (6.24)

The perturbation coefficients G1 and G2, the coefficients C1 and C2 and the

final correction factors AL and AC for states with different J for I = 5/2 isotope

in zinc are given in Table 6.2. Generally the depolarisation is higher for lower J

and it is lower for the circular polarisation P3 than for the linear polarisations

P1 and P2 with the maximum depolarisation of about 4%. The corrections have

been applied to all the measured values of the polarisations.

If the Stokes parameters are expressed in terms of state multipoles, the

hyperfine corrections are applied by multiplying the state multipoles with the

perturbation coefficients GK of the same rank (K). In this thesis, all measured

polarisations have been corrected for this effect, and hence no corrections were

necessary to the state multipoles.

6.3.5 Depolarisation by an External Magnetic Field

Assume the magnetic moment of a state J interacts with an external magnetic

field B and causes a Larmor precession of J about B. In a time unresolved

experiment this leads to a depolarisation (Hanle effect) and is especially strong

in long-lived atomic states due to a long “exposure time” to the external field.

The polarisation without the field PR is related to the polarisation PM
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Table 6.2: The perturbation coefficients G1 andG2, the coefficients C1 and C2 and
the hyperfine interaction correction factors AL and AC for states with different J
for I = 5/2 isotope in zinc.

J G1 G2 C1 C2 AL AC

0 0 0 0.501 0.300 1.030 1.021

1
2

0.973 0 0.1.459 0 1.043 1.020

1 0.974 0.968 0.984 0.300 1.030 1.021

3
2

0.975 0.969 0.537 0.313 1.029 1.019

2 0.977 0.969 0.589 0.330 1.028 1.017

5
2

0.979 0.970 0.662 0.346 1.028 1.014

3 0.983 0.970 0.792 0.346 1.027 1.009

7
2

0.987 0.972 0.886 0.383 1.026 1.004

4 0.989 0.975 0.921 0.500 1.021 1.003

measured with field B (Caldwell and Zare 1977) by

PR =
[

1 + (2gµ0τB/h̄)
2
]

PM = AmagPM, (6.25)

where g is the Landé factor, τ the lifetime of the state, µ0 the Bohr magneton

and Amag is the depolarisation factor. The depolarisation factors for the studied

transitions are given in Table 6.3. The residual magnetic field was about 5 mG.

Experimental observation of the effect was done on the 3d9 4s2 2D3/2 →3d10

4p 2P1/2 inner-shell transition in zinc at 589.6 nm with the lifetime of 1.870 µs.

The long lifetime makes this transition ideal for such studies. Mu-metal shields

were partially removed from the scattering chamber but they were left on the

polarised electron source so that magnetic field did not affect the electron beam.

The field in the scattering region was about 20 mG and 20% lower polarisation

P1 was measured. This agrees well with the estimated depolarisation of 27%.
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Table 6.3: Landé factors, lifetimes (Osherivich et al. 1979, Shaw et al. 1978)
and external magnetic field correction factors for the studied states in zinc. The
residual magnetic field was 5 mG.

state g τ (ns) Amag

4s 5s 3S1 2 8.1±0.4 1.000002

4s 6s 1S0 1.5 103±3 1.0002

4s 4d 1D2 1 21.1±0.4 1.000003

3d10 5d 2D3/2 0.8 5.3±0.5 1.0000001

3d9 4s2 2D3/2 0.8 1870±230 1.017
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Results for the Integrated

Photon Studies of Zinc

The experimental improvements and additions allowed measurements of Stokes

parameters for several different transitions in zinc with unprecedented statistical

uncertainties as low as 0.0007 for these types of measurements. The results,

presented in this chapter, are subdivided into excitation studies of the 6s 1S0, 4d
1D2 and 5s 3S1 states and ionisation-with-excitation studies of the open 3d-shell

3d9 4s2 and closed 3d-shell 3d10 5d 2D3/2 states. The work also includes an

investigation of the effects of negative ion resonances on the integral cross-sections

and polarisations for the 4d 1D2 →4p 1P1 transition. These experimental results

were complemented by MCHF structure calculations of selected atomic state

properties.

The significance of the results for the 5s 3S1 state attracted two leading

theoreticians in the field to model the scattering process using two different

approaches, the Relativistic Distorted-Wave (RDW) by Stauffer (2004) and the

R-matrix by Bartschat (2003). The results of the measurements are compared

with those calculations.

All given experimental uncertainties are one standard deviation.
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7.1 Energy Resolution and Energy Scale

Calibrations

The electron beam resolution is dependent on various factors: sequential and

nominally identical activation procedures of the GaAs crystal have given different

electron beam resolutions, presumably due to different compositions of the CsO2

layer on the surface of the crystal. Sometimes a new activation was required

to get an acceptable electron beam resolution. Another major factor affecting

the electron beam resolution was the laser power. Higher power meant larger

emission current, and hence a larger number of electrons in the interaction region

and a higher count-rate. However, higher laser power also meant worse electron

resolution due to a larger number of electrons in the space charge region around

the crystal and presumably also to a larger divergence of the electron beam due

to mutual repulsion of electrons.

Most of the polarisation measurements used an electron beam resolution of

about 300 meV which was achieved with a relatively high 20 mW laser power.

In these cases the polarisation was usually flat near the threshold and a high

electron current meant shorter measurement times. However, studies of negative

ion resonances required as good a resolution as possible. Then, laser powers of

1 mW were combined with longer measurement times (several days), and electron

beam resolutions of about 180 meV were obtained.

Another important factor for the present experiments was the calibration

of the energy scale. The CsO2 layer on the crystal surface has an electron

affinity which depends on its composition and on the activation procedure. The

GaAs crystal had a different work function, usually between 2.8 eV and 3.2 eV.

The energy scale of the polarisation measurements was calibrated by measuring

excitation functions near the threshold.

High laser power, i.e. a high emission current, measurements had energy

resolution of about 300 meV. This resolution was deconvoluted from the measured

excitation function and the onset of the deconvoluted excitation function was

taken as the threshold energy. The uncertainty in the energy calibration using

this method was usually about ±80 meV.

When an excitation function had a sharp rise at the threshold, as for example

in the transition from the 4d 1D2 state, a step function was convoluted with

the electron beam resolution and fitted to the measured excitation function.
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The electron beam resolution and energy were varied until agreement was found

within uncertainties ranging from ±10 to ±30 meV respectively. This accurate

calibration of the energy scale was necessary, for example, for studies of the

negative ion resonances.

For the transition from 4d 1D2 state, calculations of the excitation functions

(Zatsarinny and Bartschat 2005) also showed a very steep, step function-like

onset. Then, the calculated excitation functions were used for calibration instead

of a step function. This is shown in Figure 7.16 which is discussed in detail in

Section 7.4.2.

7.2 MCHF Structure Calculations

Zinc has a helium-like structure with two electrons outside a closed shell just like,

for example, beryllium, magnesium and calcium. Studies of zinc may be expected

then to give results similar to the those atoms from this group. However, this is

not necessarily the case as some of the studied states in zinc showed a different

behaviour from the general trend of this group of atoms. The reasons for this

different behaviour could not be explained solely by the integrated polarisation

measurements, so MCHF structure calculations were used to seek an alternative

explanation.

The structure calculations provide knowledge about energy levels, transition

probabilities, wavelengths and lifetimes as well as the composition of configuration

mixings, core-core and core-valence correlations and the relativistic effects.

Furthermore, the calculations provide the means to “switch on/off” these effects

and hence may give an indication of those effects on the observed Stokes

parameters.

The validity of the MCHF atomic structure calculations can be verified in

several ways: by comparison with the experimental values, the convergence of

the calculated energies, lifetimes and oscillator strengths, and the comparison of

the length and velocity forms of the matrix elements whose agreement indicates

a correct asymptotic form of electron orbitals (Froese Fischer 1977). In this

work the calculations were carried out until the difference in energy between two

successive steps was 1×10−9 Hartree (3×10−7 eV) or less. This provided a good

accuracy with reasonable calculation times, ranging from several minutes for a

small number of configurations to several days for a large scale calculations. The
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variety of available experimental data (Striganov and Sventitskii 1968, Zaidel

1970, National Institute of Standards and Technology - NIST 2005) provided

guidance for the accuracy of calculated energies, lifetimes and oscillator strengths.

The configuration state functions (CSF) were derived from an orbital set

and were generated by a restrictive active space method. For example, valence

correlation calculations kept the 1s-3d-subshells inactive and allowed single

and double excitations from the outer subshells of the Hartree-Fock reference

configurations to the active sets of orbitals. However, calculations including

core-valence correlation required one 3d-electron to be included in the active

set. Then the inactive sets were 1s-3p-subshells and single, double and triple

excitations were allowed for other subshells. At the same time, the 3d-shell was

restricted to a minimum of 9 electrons. For all calculations, the active set of

orbitals was increased systematically in order to monitor the convergence of the

calculations.

The calculated oscillator strengths gf can be improved if energy is scaled to

the observed transition energy. The normalised gfnorm is given by

gfnorm = t× gf , (7.1)

where t = ∆Eobs/∆Ecalc. The uncertainty in the calculation can then be

estimated from the difference of length and velocity forms of the average line

strength. If c is the relative difference in the length and velocity forms of the line

strengths Sl and Sv, and e the relative error in the transition energy, then

c = 2
|Sl − Sv|
Sl + Sv

(7.2)

and

e =
|∆Ecalc − ∆Eobs|

∆Eobs
. (7.3)

The uncertainty can then be estimated using (c+ e)gfnorm (Tachiev and Fischer

1999).

Generally, if more electron configuration state functions are included, the

calculations usually take longer. In each recursive step there is a larger number

of electrons to consider which leads to larger size of interaction matrices and

greater number of required calculation steps. However, a smaller number of

recursive steps is usually needed as the calculations converge faster to a given
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Table 7.1: Energies in cm−1 for different states in zinc calculated by MCHF. n=5,
6, 7 or 8 is the highest principal quantum number of the electron CSFs included
in the calculation. The core is n=1,2,3 except when one 3d-electron was included
in CSFs to model the core-valence correlation, as indicated by the suffix .3d1.

state J 5 6 7 8 5.3d1 6.3d1 experimental
4s2 1S 0 0 0 0 0 0 0 0

4s 4p 3P 0 26083 27986 28116 28151 29553 30054 32311
1 26213 28138 28266 28302 29759 30219 32501
2 26480 28448 28570 28609 30175 30549 32890

4s 4p 1P 1 43718 43146 43251 43246 47053 45601 46745

4s 5s 3S 1 46010 48139 48313 48327 49176 50777 53672

4s 5s 1S 0 48946 50539 50676 50664 51932 53281 55789

4s 5p 3P 0 52932 55536 55703 55698 56672 58046 61248
1 52953 55557 55724 55721 56726 58073 61274
2 52996 55601 55768 55768 56835 58123 61331

4s 4d 1D 2 53469 56123 56318 56339 57071 59064 62459

4s 4d 3D 1 54272 56700 56892 56906 57579 59505 62769
2 54274 56702 56894 56908 57585 59511 62772
3 54278 56706 56897 56911 57591 59516 62777

4s 5p 1P 1 58080 57598 57722 57719 64534 60644 62910

accuracy. The main limitation on the number of CSFs was the computation

time and the memory (RAM) size of the computer. The largest calculations had

over 50000 CSFs and took about 2 days on a 2.4 GHz Pentium 4 computer with

2 GB of RAM. In some cases more RAM was required and hard disk space was

used to store matrix elements instead of keeping them in RAM all the time. This

significantly increased the computation time (up to 10 days) as a hard disk access

is much slower than a memory access.

The results of preliminary calculations showing energies in cm−1 of the several

lowest singlet and triplet S, P and D states in zinc are shown in Table 7.1.

This calculation included the relativistic corrections and gave an overview of the

strength of individual effects and guidance to what was to be expected in more

detailed calculations. The core was n=1,2,3 except when one 3d-electron was
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included in CSFs to model the core-valence correlation, as indicated by suffix

.3d1. n is the highest principal quantum number of the electron CSFs included in

the calculation. For example, n=6 means that all possible electron combinations

with up to n=6 are allowed to contribute.

For the closed-core (core is n=1,2,3) calculations, the energies systematically

improved towards the experimental value with the increasing number of

configurations. The largest improvement was achieved by addition of n=6

electron CSF, while the improvement by addition of n=8 CSFs was minimal.

However, the agreement with the experiment was not very good. For example,

the energy difference between the ground state and 4s 4p 3P states had about

13% difference to the experimental value for n=8.

The inclusion of the core-valence correlation by allowing the contribution of

one 3d-electron to CSFs improved significantly the energies. This was expected

as, in general, the core-valence correlation reduces the energy and increases

the binding of the outer electrons to the core. This is usually manifested in

a contraction of the orbital, which can have a large effect on different atomic

properties.

Due to the large increase in the number of the CSFs, the calculations including

core-valence correlation were limited to 6.3d1. In the above example the energy

difference between the ground state and 4s 4p 3P states improved to about 7%

from 14% for 6.3d1 configurations, when compared to the experimental values.

Further improvement can be expected if a higher number of CSFs is used and

if core-core correlation is included. MCHF software allows the latter by a removal

of another 3d-electron from the core. However, this causes a rapid increase in the

number of CSFs and the calculations were too large to handle with the available

computer.

Although these preliminary calculations do not have very good agreement

with the experimentally determined values, they show convergence and general

improvement of the results when more CSFs are added. Moreover, they show the

importance of the core-valence correlation and how its inclusion effectively halves

the energy difference to the experiment.
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7.3 Excitation Studies

The excitation of zinc from the ground 3d10 4s2 1S0 state to several different

excited states (6s 1S0, 4d 1D2 and 5s 3S1) below the ionisation threshold was

studied using incident polarised electrons. The integrated Stokes parameters

were measured for the photons coming from the decay of the excited to lower

lying states. The measurements were mostly limited to several eV above the

threshold to avoid cascade effects. For the 5s 3S1 state, RDW and R-matrix

calculations have been done by Stauffer (2004) and Bartschat (2003). The results

of the experiments were compared to available calculations.

The low energy region of zinc is known to have many resonances (Burrow

et al. 1976, Sullivan et al. 2003, Zatsarinny and Bartschat 2005) and their effect

on the polarisation and emission cross-sections was studied for the 4d 1D2 state.

However, most of the resonances are narrow (of the order of 20 meV) so that

their visible effects were reduced due to a much wider energy resolution of the

electron beam from 180 to 350 meV. The theoretical predictions (Zatsarinny and

Bartschat 2005) were convoluted with the electron beam energy resolution to

allow the comparison.

Due to the low number of previous studies of zinc the comparison of the

current measurements with previous measurements was limited. However, zinc

has a helium-like structure of two electrons outside closed 3d-shell, and it was

possible to compare the present measurements with the corresponding studies in

helium and other quasi-two-electron atoms such as magnesium or calcium, for

which a variety of experimental data exists.

7.3.1 6s 1S0 →4p 1P1 Transition in Zinc

The threshold for this transition is 8.2 eV and the wavelength of the emitted

photons is 518.2 nm. The interference filter had a central wavelength of 518.3 nm

with a FWHM of 0.3 nm. The measured Stokes parameters are shown in Figures

7.1, 7.2 and 7.3.

If this state is well LS -coupled, all three integrated Stokes parameters are

expected to be zero. The electron charge cloud for an S-state is spherical, hence

P1 and P2 should be zero. Furthermore, this is a singlet transition with no

electron spin involved, hence P3 is expected to be zero as well. The measurements

clearly confirm these predictions, all three integrated Stokes parameters are zero
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Figure 7.1: Integrated Stokes parameter P1 for the 6s 1S0 →4p 1P1 transition in
zinc.
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Figure 7.2: Integrated Stokes parameter P2 for the 6s 1S0 →4p 1P1 transition in
zinc. The data were normalised for an electron beam polarisation of 30 ± 0.5%.
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Figure 7.3: Integrated Stokes parameter P3 for the 6s 1S0 →4p 1P1 transition in
zinc. The data were normalised for an electron beam polarisation of 30 ± 0.5%.

close to the threshold, within the experimental uncertainties. About 1 eV above

the threshold the integrated Stokes parameters became non-zero, most likely by

transfer of polarisation through cascades from higher states. At these energies,

the identification of the possible cascading states is not possible, as their energy

separation is much smaller than the resolution of the electron beam (about

300 meV). All normalised integrated state multipoles (not shown) are also zero

as they are related directly to the integrated Stokes parameters.

The study of the 6s 1S0 →4p 1P1 transition shows that the spin-orbit

interaction and the electron exchange effects are negligible within experimental

uncertainties near the threshold as P2=P3=0 (Bartschat and Blum 1982). This

includes spin-orbit interaction with the continuum electron as well within the

atom. However, the real importance of these results lies in the fact that zero

values have been measured for a singlet S state. This proves that the apparatus

is functioning correctly and that no instrumental polarisation is present. This is

of great importance as some of the results in the following sections are intriguing

and cannot be explained by the current state of theory.
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Figure 7.4: Integrated Stokes parameter P1 for the 4d 1D2 →4p 1P1 transition in
zinc. The vertical line shows the threshold energy of 7.74 eV.

7.3.2 4d 1D2 →4p 1P1 Transition in Zinc

The threshold energy of this transition is 7.74 eV and the wavelength of the

emitted photons is 636.2 nm. The interference filter had a central wavelength of

636.2 nm with a FWHM of 2 nm. This transition has the highest count-rates from

all the studied transitions and this resulted in a very good statistical accuracy.

Polarisation Measurements

The measured Stokes parameters are shown in Figures 7.4, 7.5 and 7.6. The

electron beam polarisation was 30 ± 0.5% and the energy resolution about

300 meV. The data were normalised to the electron beam polarisation and they

are limited to several eV range above the threshold, where the effect of cascades is

relatively small. It is important to emphasise the very high accuracy of the small

values of the Stokes parameters as indicated by the small scale on the vertical

axis. The accuracy was the result of all the measurement procedures discussed

earlier, as well as the high count-rates for this transition.

The theory (Pearcival and Seaton 1958) predicts a linear polarisation P1 of

0.6 near threshold, however 0.36 ± 0.05 was measured for zinc. Similar studies

of magnesium (Shapochkin and Petrov 1995) showed a linear polarisation of

about 0.3 (uncertainties not given) near the threshold of the 1D2 excitation, again
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Figure 7.5: Integrated Stokes parameter P2 for the 4d 1D2 →4p 1P1 transition in
zinc. Note the small y-axis scale. The data were normalised for an electron beam
polarisation of 30 ± 0.5%.
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Figure 7.6: Integrated Stokes parameter P3 for the 4d 1D2 →4p 1P1 transition in
zinc. Note the small y-axis scale. The data were normalised for an electron beam
polarisation of 30 ± 0.5%.
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disagreeing with the theoretical predictions.

Previous measurements for helium (Heddle et al. 1977) with an increased

energy resolution (35-45 meV) show a polarisation of 0.6 ± 0.3 at the threshold.

However, this value drops to 0.34 ± 0.02 over an energy range comparable with

the spread of the electron beam and then stays relatively constant from 23.2 to

24 eV. The origin of this narrow increase in the polarisation towards the threshold

is arguable. First of all, although the values seem to increase to the theoretical

polarisation of 0.6 towards the threshold, the error bars are very large and they

encompass the value of 0.36 measured just above threshold. Secondly, helium

has a 32 meV wide 1s 3p2 2G resonance at 23.05 eV which is very close to the

threshold of the 1D2 transition (23.07 eV). This is a negative ion resonance, where

an incoming electron is temporarily bound to an atom forming a doubly-excited

negative ion. These negative ions are usually long lived resulting in a small energy

width of the resonance. This is manifested in rapid variations in the measured

cross-section caused by the interference due to electron correlations between the

simultaneous excitation of a doubly excited state and its nearby continuum. It

has been shown (Defrance 1980, Heddle et al. 1977) that negative ion resonances

can cause variations in the polarisation at the resonance energy, whereby the

energy width of the variations is of the order of the resonance width. Hence, the

polarisation from the 1D2 state in helium may be affected by the 2G resonance

and this may be manifested as a sharp increase in the polarisation at the resonant

energy, i.e. at the threshold.

Similarly to helium, zinc also has a negative ion resonance near the threshold

of the 1D2 excitation (7.74 eV). This resonance is classified as 4s 4d 5p 2D with

24 meV width and 7.725 eV energy. These values come from the theoretical

calculations (Zatsarinny and Bartschat 2005) and have not been confirmed

experimentally. As with helium, the resonance may cause a rapid change of

the polarisation near the threshold. If such change in polarisation does exist,

our electron energy resolution of 300 meV was too large to observe it. However,

by reducing the electron energy below the threshold, the energy resolution of

the electron beam can be improved: only electrons with the energy above the

threshold will contribute to the excitation. Therefore, the energy resolution was

increased at a cost of the number of electrons and hence a reduced signal intensity.

These sub-threshold measurements resulted in the same polarisation as at or just

above the threshold, within the experimental uncertainties shown in Figure 7.4.
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This indicates that, within the experimental uncertainties, the effect of the 2D

negative ion resonance on the linear polarisation P1 at the threshold of the 1D2

excitation is not observable with our sensitivity.

The measured linear polarisation at the threshold of the 1D2 excitation in zinc

is much lower (0.36±0.005) than the expected 0.60. Furthermore, the polarisation

in helium is very similar (0.34±0.02), if the sharp change in the polarisation at the

threshold is disregarded, as it may be caused by the 2G resonance. Moreover, the

value for magnesium is relatively close (0.30), however it is difficult to compare

it to the other values as no uncertainties were given. Nevertheless, all values

indicate a strong disagreement with the theory which predicts almost the double

value of the polarisation of 0.60.

Another interesting feature in the linear polarisation P1 of zinc is a dip

occurring at about 8 eV. Figure 7.7 shows P1 together with the integral

cross-section. The dip in P1 corresponds to a peak in the increasing integral

cross-section. Most likely the dip can be attributed to a negative ion resonance

as several negative ion resonances were predicted in this energy region for zinc

(Sullivan et al. 2003, Zatsarinny and Bartschat 2005). The FWHM of the dip is

about 400 meV after convolution with the 300 meV electron beam resolution. No

significant change in the polarisation was observed in P2 and P3 (not shown). A

detailed study of the effect of negative ion resonances on the cross-sections and

polarisations is given in Section 7.4.

The comparison of the general shape and the linear polarisations for zinc

and helium (McLaughlin and Crowe 1992) shows noticeable similarities. For

this comparison, it is useful to use the threshold units: for the 1D2 excitation one

threshold unit is 7.74 eV and 23.07 eV for zinc and helium respectively. In helium

the polarisation close to the threshold is about 0.34 and it increases to a peak of

about 0.5 at about 1.3 threshold units. Disregarding the resonance-caused dip in

the polarisation near the threshold of the zinc, the polarisation rises from about

0.36 to about 0.46 at 1.3 threshold units. Then both polarisations in helium and

zinc decrease in value (not shown).

The P2 measurements show zero values to a very high degree of accuracy of

0.002. This indicates that the spin-orbit interaction is negligible and that the

state is well LS -coupled. Similarly, the P3 values are zero with the uncertainty of

less than 0.005. Similarly to the 1S0 state, this is a sign that electron exchange

and spin-orbit interaction are negligible.
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Figure 7.7: Integrated Stokes parameter P1 (upper figure) and integral
cross-section (lower figure) for the 4d 1D2 →4p 1P1 transition in zinc.

MCHF calculations

The results of the MCHF calculations are shown in Table 7.2. As mentioned

before, the validity of the calculations can be verified by comparing the calculated

values with the experimentally measured values, by looking at the difference

between the length and velocity forms of the matrix elements and at the

convergence of energies.

The calculations including valence correlation only, i.e. closed-core, without

.3d1 suffix, showed improvement and convergence when a higher number of

configurations was included. Inclusion of the n=6 electrons made the largest

improvements while only a small progress was noticeable when higher states (n=7,

8) were included. The difference between the length and velocity forms was also

reduced to about 1.3% and energy and lifetime values were getting closer to the

experimental values. The relativistic corrections had only a minor effect on the

results. Although these closed-core calculations improved with higher n and they

did converge, it was obvious that something was still missing in the model and

that closed-core approach was not very good in describing the experiments.

Much better agreement was achieved by addition of core-valence correlation.

The energy and the lifetime values showed great improvement over the closed-core

approach. However, a perfect agreement was still not achieved. The remaining
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Table 7.2: Non-relativistic E (eV) and relativistic Erel (eV) energies, wavelengths λrel (nm), length and velocity forms of
the matrix elements and their difference (%) and lifetimes τ (ns) for the 1D2 transition in zinc, calculated by the MCHF
structure package. HF = Hartree Fock calculation. n=5, 6, 7 or 8 is the highest principal quantum number of the electron
CSFs included in the calculation. The core is n=1,2,3 except when one 3d-electron was included in CSFs to model the
core-valence correlation, as indicated by .3d1.

Active Set E (eV) Erel (eV) λrel (nm) Length Velocity Diff % τ (ns)
HF 1.36 911.65
5 1.45 1.47 843.23 42.427 38.360 10.068 33.3
6 1.60 1.61 770.57 35.298 34.431 2.488 32.7
7 1.60 1.62 767.34 35.005 34.302 2.028 32.6
8 1.61 1.61 768.16 34.925 34.176 2.166 32.5

5.3d1 1.33 1.33 930.82 42.120 52.637 22.197 46.3
6.3d1 1.78 1.81 685.66 33.961 32.134 5.528 24.4
7.3d1 1.81 1.84 675.06 31.624 32.031 1.278 23.0
exp 1.95 1.95 636.23 21.1 ± 0.4
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Table 7.3: Contributions of different configurations in the 4d 1D2 state in zinc

Configuration % contribution
4s 4d 77.3
4d 5s 1.3
5p2 3.5

3d9 4s 4d 5d 14
total 3d10 83
total 3d9 17

difference to the experimental data is most likely caused by core-core correlation

which was not included due to the limitations of the available computer.

The electron correlation, i.e. the difference between the HF and the MCHF

energy, contributed about 24% to the total de-excitation energy of the 4d
1D2 →4p 1P1 transition, while the relativistic effects were only about 2%. The

total correlation consisted of 55% valence and 45% core-valence contributions.

Although the 3d-shell is closed, the calculations showed that its effect through

core-valence correlation is very strong, much stronger than, for example, the

relativistic contribution. Hence significant core effects may be expected in the

experiments. This confirms the findings of several previous studies mentioned in

Chapter 2. From all the studied states in this thesis, the 4d-shell is the closest to

the 3d-core and hence the effect of the core-valence correlation may be expected

to be the strongest.

The MCHF calculations also showed that the 1D2 state has a very small

component of less than 0.01% of 1S0 through configuration mixing. Calculations

including both configurations did not show any significant improvements and

hence only the 1D2 state was included for simplicity. The main electron

configurations contributing to the 4d 1D2 state are shown in Table 7.3. The

state consists of about 17% of open-core 3d9 configurations. This is another

indication that the 3d-core plays an important role for this state.

The oscillator strengths from the 7.3d1 calculation are hfl=1.48 and hfv=1.5

for the length and velocity forms. The normalised oscillator strength is 1.57±0.07.

This is in reasonable agreement with the previous calculations of hf=1.44

(Froese Fischer 1979), and with the previous measurements of hf=1.44±0.03

and hf=1.31±0.12 (Shaw et al. 1978, Osherivich et al. 1979).
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Summary of Results

The 4d 1D2 →4p 1P1 transition has the strongest count-rates of all the studied

transitions and this has resulted in very low uncertainties in the measurements.

The polarisation P1 shows a similar behaviour to helium and magnesium, except

for a steep rise at the threshold in helium. This rise may be caused by a 1s 3p2

2G resonance for which detection requires a very high electron beam resolution.

The polarisation has similar values of 34% in helium and 36% in zinc near the

corresponding thresholds and a similar energy behaviour with a peak at about

1.3 threshold units. The polarisation in zinc also shows a dip at about 8 eV,

which is most likely caused by one or more negative ion resonances.

The values of P2 and P3 are zero within the statistical uncertainties of 0.002

and 0.005 respectively. This indicates that this state is well LS -coupled and that

both electron exchange and spin-orbit interaction are negligible.

The results of the structure calculations show strong core-valence correlation,

although the 3d-shell is closed. The electron correlation modifies the de-excitation

energy of this transition by 24%, from which the valence contribution is 55% and

the core-valence contribution is 45%. Furthermore, the state consists of about

17% of open-core 3d9 configurations.

The results show strong effects of the 3d-core and this may be a major reason

why the linear polarisation in zinc is slightly higher than helium and magnesium

at the threshold.

7.3.3 5s 3S1 →4p 3P0,1,2 Transitions in Zinc

This section involves the study of photons coming from the decay of the 5s 3S1

state to the 4p 3PJ (J=0, 1 or 2) states, with the wavelengths of 468.1 nm,

472.3 nm and 481.1 nm respectively.

The available interference filters (468.6 nm, 473.4 nm and 483.8 nm, with

FWHM of 0.9 nm, 1.9 nm and 1.4 nm respectively) were used previously for the

study of different atoms. However, their wavelengths are close to the wavelengths

of the above zinc transitions and by tilting the filters the central wavelength was

changed to the needed wavelengths (Andover Corporation 2006). Although the

tilting angles were not too large, (4◦, 6.5◦ and 12◦ respectively), the transmissions

were still reduced from about 50% to about 30%, 20% and 10%.

The measured Stokes parameters were not affected by tilting of the filters.
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For the 468.1 nm transition, the experiments were repeated with and without

tilting of the filters and no difference in the polarisation was measured. Moreover,

an acousto-optic tunable filter was also used to filter the light of the correct

wavelength and again, the same polarisation was observed.

These three transitions are compared directly and the results are given in the

above order, unless stated otherwise. The state multipoles show the properties of

the higher 3S1 state which is the same for all three transitions. Hence the state

multipoles are expected to be the same although the polarisations of the three

states are different. The threshold value for these excitations is 6.65 eV.

Polarisation Measurements

If the 5s 3S1 state is well LS -coupled, zero values of P1 and P2 are expected due

to the spherical shape of the electron charge cloud. On the other hand, P3 should

be −Pe, −Pe/2 and Pe/2, where Pe is the polarisation of the electron beam after

correcting for the depolarisation due to hyperfine interaction. The factors 1, 1/2

and 1/2 come from the angular momentum coupling rules represented by a 6-j

symbol, described in Section 3.3. Similarly, the 6-j symbol gives factors of 1, 1/2

and 1/10 for the two linear polarisations P1 and P2.

The integrated Stokes parameters P1 for the three transitions are shown in

Figure 7.8. As expected, all three show zero values close to the threshold, within

the stated uncertainties. At about 7.6 eV, there is a large step in the polarisation

caused by a cascade from the three 5p 3P states. The step is very prominent

as, by the selection rules, 5s 3S1 is the only decay channel for the 5p 3P states.

Therefore, all polarisation from the 5p 3P states gets transfered to the 5s 3S1

state. The polarisation of the step in the three studied transitions is 0.058±0.002,

-0.031±0.002 and 0.01±0.004, which is, within uncertainties, in agreement with

the calculated factors 1, 1/2 and 1/10 from the 6-j symbols.

At the first peak in the excitation function the previous measurements of

P1 by Suzuki et al. (1998) show polarisations of -0.054, 0.038 and -0.008 for

the three transitions. No uncertainties were given. The non-zero values of

the polarisation have been explained by unequal populations in the sublevels

MS=0 and ±1, deviating from the mean value of 1/3 for each sublevel. The

present measurements disagree with the previous observations and point at several

experimental problems.

First, there seems to be an error in the absolute calibration of the energy scale.
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Figure 7.8: Integrated Stokes parameters P1 for the 5s 3S1 →4p 3P0,1,2 transitions
in zinc. The upper, middle and lower figures show the J=0, 1 and 2 transitions
respectively. The inserts show a magnified energy scale near threshold.
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The magnitude of the polarisations of the previous measurements (-0.054, 0.038

and -0.008) agree with the present measurements (0.058±0.002, -0.031±0.002

and 0.01±0.004) at the step in the polarisation. This indicates that the previous

measurements have actually been done on the top of the cascade and hence that

the non-zero values of P1 are caused by a transfer of polarisation through a cascade

from the 5p 3P states. As the present measurements show zero polarisation at a

cascade-free region close to the threshold, the previous proposal of the unequal

populations of the magnetic sublevels at the threshold is not supported. The

comparison with the present data indicates an error of at least 0.6 eV in the

energy calibration of the previous measurements.

Secondly, there is a disagreement in the sign of the measured polarisations

between the present and previous experiments. As accuracy and validity of the

operation of the apparatus used in this work has been thoroughly tested and

confirmed, the only possible conclusion is that there is a systematic error in the

measurements by Suzuki et al. (1998) resulting in an opposite sign of P1.

The measurements of P3 also show the predicted behaviour. This is shown

in Figure 7.9. The polarisation is proportional to the −Pe, −Pe/2 and Pe/2, as

described in Section 3.7, and agrees well with previous studies by Eminyan and

Lampel (1980). The step is also visible in this channel and it is caused by the

same cascade as described above for P1. This agreement further supports the

present measurements.

Next, the results of the measurements of P2 show very different results than

the predicted values of zero. This is shown in Figure 7.10. The polarisations

near the threshold are P2 (−0.12 ± 0.005, 0.06 ± 0.007 and −0.015 ± 0.012) and

they are clearly non-zero. The magnitudes of the measured values agree with the

theoretically predicted depolarisation factors 1, 1/2 and 1/10 coming from the

6-j symbols in the state multipoles. Figure 7.10 also shows the measurements

with unpolarised electrons, which show zero values within the stated experimental

uncertainties. The reasons for the non-zero values of P2 are not known but it has

been shown that the non-zero values are not of instrumental origin. It may be

expected that this state is a well LS -coupled state, however, measured non-zero

values imply the spin-orbit interaction. Measurements of P2 for the 4d 1D2 and 6s
1S0 transitions have shown zero values, indicating that the spin-orbit interaction

for these states is negligible. This includes the spin-orbit interaction within the

atom as well as spin-orbit interaction of the nucleus with the incoming electron.
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Figure 7.9: Integrated Stokes parameters P3 for the 5s 3S1 →4p 3P0,1,2 transitions
in zinc. The data were normalised for an electron beam polarisation of 66 ±
0.5%. The upper, middle and lower figures show the J=0, 1 and 2 transitions
respectively.
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The latter depends on the atom and not on the studied state, which means that

the spin-orbit interaction with the continuum electron can be neglected for the

5s 3S1 state as well, i.e. that the non-zero P2 is caused solely by the spin-orbit

interaction within the atom. Similarly to P1 and P3, a small step, caused by

cascades, is also visible in P2.

Modelling of this collision process by Stauffer (2004) using a Relativistic

Distorted-Wave (RDW) method is described in Section 8. The results of these

calculations are shown in Figures 7.11, 7.12 and 7.13. While P1 and P3 agree with

the experiments, P2 shows values of the order of -0.0002 for the first transition.

This is much less than the present measurement of -0.12. However, the signs of the

measurements and of the calculations agree for all three transitions. Furthermore,

the preliminary calculations by Bartschat (2003) using an R-Matrix method also

predicted very small values, of the order of 10−4. It should be noted that the

calculations do not include cascades from higher states, hence the absence of the

step at 7.6 eV.

From the measured data, the normalised electric quadrupole moment T21(J)

and the normalised magnetic dipole moment T11(J) for the total angular

momentum can be calculated (see Section 3.3) using

T21(J) =
1√
3
P2 , T21(J) = − 2√

3
P2 , T21(J) =

10√
3
P2 (7.4)

and

T11(J) = − 1√
3
P3 , T11(J) = − 2√

3
P3 , T11(J) =

2√
3
P3 (7.5)

for the three transitions. They are shown in Figures 7.14 and 7.15. The multipole

T20(J) (not shown) is zero, due to zero P1. Moreover, the non-zero P2 indicates

spin-orbit interaction, which makes separation of the angular and orbital parts

in the multipoles impossible, i.e. only multipoles which are function of the total

angular momentum can be evaluated.

T21(J) describes the alignment of the charge cloud and it is caused by the

spin-orbit interaction. It has the same negative values of about -0.06 for all three

transitions near the threshold. This is expected as the normalised state multipoles

depend only on the properties of the higher 5s 3S1 state and not on the lower

state.
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Figure 7.10: Integrated Stokes parameters P2 for the 5s 3S1 →4p 3P0,1,2 transitions
in zinc. The data were normalised for an electron beam polarisation of 66 ±
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Figure 7.12: RDW calculations (Stauffer 2004) of the integrated Stokes parameter
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Similarly, T11(J) shows the same values for all three transitions. It is

proportional to the angular momentum transfer during the collision. Since the

spin-orbit interaction between the continuum electrons and the nucleus can be

neglected for zinc, as shown by zero P2 values in 4d 1D2 and 6s 1S0 transitions and

described above, the spin polarisation of the initial electrons can be transferred

to the atomic spin polarisation only through electron exchange processes during

the collisions. The spin polarisation of the target electrons is transferred to the

orbital angular momentum after or during the excitation, due to the spin-orbit

interaction in the target. Therefore, the non-zero values of T11(J) are indicative

of the strength of the exchange processes during the collision and of the spin-orbit

interaction after the collision.

Furthermore, the positive sign of the T11(J) shows that the orientation of

the atomic spin S is parallel to the orbital angular momentum L, while negative

sign indicates anti-parallel orientation. Previous observations have shown that

the negative angular momentum transfer most likely occurs through the electron

exchange (Yu et al. 1997). The values of T11(J) are positive, possibly indicating

spin-orbit interaction. As T11(J) is calculated directly from the P3 values, this

may be additional independent confirmation of the importance of the spin-orbit

interaction for this state.

Validity of the Non-zero Values of P2

Due to the considerable interest in the values of P2, the measurements were

repeated several times within a time range of two years. During this time the

whole apparatus was taken apart, moved to another location and reassembled.

The experiments were then repeated with normal crystal 30% polarisation,

strained crystal 66% polarisation and with unpolarised electrons. All LCVRs

were recalibrated several times and also P2 was measured manually, without

the LCVR and computer. Most of the optical components were replaced and

the experiment repeated once more. Again the same non-zero values of P2 were

always measured, after normalising to the polarisation of the electron beam. This

extreme, and probably unique relocation and reconstruction of the apparatus and

obtaining the same results must add enormous credibility to the present data.

Further confirmation of the validity of the measurements are the values of P1

and P3, which show the predicted results. If non-zero values of P2 are caused by

some instrumental effect, there is no reason why P1 and P3 would not be affected.
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Three transitions with different wavelengths were studied and all three exhibit

the same behaviour. Moreover, the values of the calculated T11(J) from P3 are

positive indicating spin-orbit interaction (Yu et al. 1997).

The precision of the apparatus is evident in very low values of the

measurements, for example for the 4d 1D2 transitions with uncertainties as low

as 0.0007 in a value of 0.005. Furthermore, the 6s 1S0 transition also showed zero

values albeit with larger uncertainties of all three integrated Stokes parameters.

The validity of the present measurements is also confirmed by two previous

studies. Although the polarisation P1 values of Suzuki et al. (1998) have been

caused by cascades almost certainly, the values after correcting for an energy

shift agree with the present measurements, apart from their opposite sign.

Furthermore, the previous values of Eminyan and Lampel (1980) and the present

measurements of P3 agree very well.

Through careful testing and repetition of the experiments, any instrumental

effects on the measured polarisations were completely removed. Furthermore,

the studies of other transitions showed a high precision and accuracy of the

measurements. The non-zero P2 values were evident in three different transitions

and their values agreed with the depolarisation indicated by the 6-j symbol. In

summary theory in its current state has significant problems with the spin-orbit

interaction for this particular state.

The most probable explanation for the non-zero values of P2 is an effect

of the 3d-core. The importance of the 3d-core in zinc has been observed

in various experiments listed in the Chapter 2. Furthermore, the present

measurements of the Stokes parameters for other transitions in zinc have shown

that the core plays an important role and can cause a spin-orbit interaction.

For example, the open-core in ionisation-with-excitation studies described in

Section 7.5 have shown a spin-orbit interaction while closed-core studies indicated

none. Furthermore, MCHF calculations also show strong correlation between core

and valence electrons, with about 17% contribution from the open-core electron

configurations in the 5s 3S1 state. The modelling of the effects of the core is hard.

It was not included either in the RDW or the R-Matrix calculations and this may

explain their failure to model the effects of the spin-orbit interaction correctly.
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Table 7.4: Non-relativistic E (eV) and relativistic Erel (eV) energies, wavelengths λrel (nm), length and velocity forms of
the matrix elements and their difference (%) and lifetimes τ (ns) for the 3S1 transition in zinc, calculated by the MCHF
structure package. HF = Hartree Fock calculation. n=5, 6, 7 or 8 is the highest principal quantum number of the electron
CSFs included in the calculation. The core is n=1,2,3 except when one 3d-electron was included in CSFs to model the
core-valence correlation, as indicated by .3d1.

Active Set E (eV) Erel λrel (nm) Length Velocity Diff % τ (ns)
HF 2.44 2.41 2.41 2.41 514.46 514.46 514.457
5 2.46 2.47 2.45 2.41 502.15 506.03 513.99 20.204 20.788 2.84 9.42
6 2.49 2.48 2.46 2.43 499.39 503.26 511.06 20.173 19.901 1.36 9.01
7 2.50 2.51 2.49 2.45 494.47 498.34 506.062 0.182 19.894 1.44 8.99
8 2.50 2.50 2.48 2.44 495.33 499.34 507.238 20.182 19.875 1.53 8.99

5.3d1 2.56 2.58 2.55 2.51 480.85 485.35 494.253 9.311 19.392 0.42 8.70
6.3d1 2.54 2.56 2.54 2.50 483.58 487.74 495.706 19.438 18.991 2.33 8.81
7.3d1 2.57 2.57 2.55 2.51 481.85 486.09 494.173 9.470 19.359 0.57 8.59
exp 2.65 2.65 2.62 2.58 468.1 472.3 481.1 8.1 ± 0.4
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MCHF calculations

The summary of the results of the MCHF calculations are shown in Table 7.4.

Similarly to the 4s 1D2 transition, the closed-core calculations show convergence

when a higher number of configurations is included. The difference between the

length and velocity forms of the matrix elements is between 1% and 2% and the

transition lifetime is close to the experimental value. As expected, the inclusion

of the core-valence correlation improves the results of the calculations.

The electron correlation contributes about 5% to the total de-excitation

energy of the three studied transitions, which is much less than the 24% calculated

for the 4d 1D2 transition. This may be explained by the fact that these are

two different states with different angular momentum properties, and hence such

differences may be expected. The valence correlation contributes about 45% while

the core-valence correlation contributes 55% to the correlation part of the total

de-excitation energy. While the 3d-core plays a more important role in the total

correlation for the 5s 3S1 state, the total contribution of the correlation to the

de-excitation energy is stronger for the 4d 1D2 state.

The higher 3S1 state has L=0 and hence the relativistic calculations split

only the lower 3PJ level through fine structure in three states (hence the three

transitions). The magnitudes of the relativistic contributions were calculated

as 0%, 1% and 2% for the three transitions. However, these values should not

be compared with each other or with other values of relativistic contributions

(for example for the 4d 1D2). The non-relativistic calculations do not depend

on J , and hence give only one value for all three J-split states. The relativistic

correction is then calculated as the difference of the relativistic energies to this

non-relativistic value, and will therefore show different magnitudes for the three

states.

The MCHF calculations have shown a very small component of less than

0.01% of 3D in the 5s 3S1 state. This did not have any significant effect on

the calculations and has been ignored for simplicity reasons. The main electron

configurations contributing to the 3S1 state are shown in Table 7.5. Similarly to

the 1D state, the open 3d-shell plays an important role, the 3S1 state consists of

17% configurations with the open 3d-shell. This is an additional indication of the

importance of the open-core in zinc, which may show why theoretical approaches

with a frozen-core approximation do not describe the experiments.

The oscillator strengths for the 7.3d1 calculation are shown in Table 7.6. A
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Table 7.5: Contributions of different configurations in the 5s 3S1 state in zinc.

Configuration % contribution
3d10 4s 5s 80.8

3d9 4s 5s 5d 5.7
3d9 4s 4d 5s 9.5
total 3d10 83
total 3d9 17

Table 7.6: Calculated oscillator strengths for the 5s 3S1 transition in zinc.

Transition hfl hfv hfnorm

5s 3S1 →4p 3P0 0.14 0.13 0.14±0.10
5s 3S1 →4p 3P1 0.41 0.40 0.41±0.05
5s 3S1 →4p 3P2 0.68 0.66 0.69±0.07

good agreement between the length and velocity forms is obtained. Experimental

data are not available for comparison, however, the wavelength scan using AOTF

at the incident energies of 11 eV and 12 eV, as shown in Figures 5.18 and 5.18,

shows excellent agreement with the present calculations. The relative heights

of the peaks for the three transitions reflect directly the calculated oscillator

strengths.

Summary of Results

The study of the three transitions from the 5s 3S1 to the 4p 3P1,2,3 triplets shows

results consistent with the theoretical predictions for P1 (zero) and P3 (−Pe,

−Pe/2, Pe/2, where Pe is incident electron polarisation). Furthermore, the 5s
3S1 state is expected to be well LS -coupled, and hence P2 should be zero. The

calculations using RDW and R-matrix theories show near zero values of the order

of 10−4 for P2. However, this is not confirmed by the present measurements,

which show several orders of magnitude higher polarisations. P2 values are clearly

non-zero for all three transitions and they match the factors (1, 1/2 and 1/10)

given by the 6-j symbols. This is indicative of strong spin-orbit interaction.

Calculations of T11(J) from P3 also possibly confirm this finding through a positive

sign of this multipole.
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The validity of non-zero values of P2 has been shown by repeated

measurements for which the same results were obtained. Additional experiments

using unpolarised electrons showed zero polarisations indicating that the

asymmetry was not caused by the apparatus. The measurements show

significantly reduced experimental uncertainties and the ability to measure Pi

with uncertainties as small as 0.001.

Furthermore, P1 and P3 show the predicted results and agree with the

previous measurements. If P2 was caused by some instrumental effect, P1 and

P3 should have been affected as well. Another confirmation of the validity of the

measurements are zero polarisation values for the 6s 1S0 transition and also very

accurate zero measurements and measurements of the resonances for the 4d 1D2

transition.

Similar to the 4d 1D2 transition, the MCHF calculations show a strong

core-valence correlation, of about 55% of the total correlation. Furthermore,

the state consists of 17% of the open-core 3d9 configurations. Hence the reason

for a spin-orbit interaction and non-zero P2 may be that it is caused by the

correlation between the core and valence electrons. Previous studies (see Section

2) have shown that the 3d-core plays an important role in zinc and that it can

cause spin-orbit interaction. Another probable example of spin-orbit interaction

caused by the 3d-core is given in Section 7.4 where the effect of the negative ion

resonant states, most likely caused by 3d9 shell, has been observed in all three

Stokes parameters. Additionally, Section 7.5 shows spin-orbit interaction caused

by a state with the open 3d-shell.

7.4 Negative Ion Resonances

The energy region below 15 eV in zinc is known to have several negative ion

resonances which were observed experimentally below the ionisation potential

(Burrow et al. 1976, Sullivan et al. 2003) and also calculated (Zatsarinny and

Bartschat 2005) using standard R-matrix and B-spine R-matrix (close-coupling)

approaches. Previous studies of excitation functions (Zapesochny̆i and Shpenik

1966, Shpenik et al. 1974, Kontrosh et al. 2001, Shpenik et al. 2003) also revealed

presence of structures, however, no detailed analysis was done.

The present studies show the effect of the negative ion resonances on the

polarisations and on the integral cross-sections for the 4d 1D2 →4p 1P1 transition
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in zinc from 7 to 13 eV. Although the resonance effects are small, unprecedented

precision with uncertainties as low as 0.0007 in a value of 0.005 and good accuracy

reveal the fine details of different spin-dependent interactions. The current

integral cross-section measurements are also compared with the only available

calculations by Zatsarinny and Bartschat (2005).

A detailed description of the theoretical methods has been described

previously (Zatsarinny and Fischer 2002), and only a short overview of the

theoretical R-Matrix approaches is given. This is followed by the results and

the discussion of the present measurements.

7.4.1 Overview of the R-Matrix Calculations

Two independent theoretical R-matrix methods (Zatsarinny and Bartschat 2005)

were used to describe the collision processes in zinc and to analyse the effects of

the resonances on the cross-sections: a core-potential approach and a B-spline

R-matrix (BSRM) method.

The core potential approach constructs the target states by adding

semiempirical polarisation and exchange potentials to the Hartree potential of

the Zn2+ core. It also ensures that all members of the ionisation potentials of

the S, P, D and F Rydberg series up to n=9 agree with the experimental data.

Multiconfiguration expansions of the form 3d10nln’l’, with nln’l’ including 4s, 4p,

4d, 5s, 5p, 5d, 6s, 6p and 6d, were then used as target states of neutral zinc. The

calculations were performed using the semirelativistic R-matrix code (Berrington

et al. 1995).

Although the core potential approach significantly simplifies calculations,

the question remains how well the semiempirical core-polarisation potential can

represent all core-valence correlation. This can be overcome by adding target

configurations with an open 3d-core. However, this can lead to very large MCHF

expansions, as described in Sections 7.2, 7.3.2 and 7.3.3. BSRM approach uses

the B-spline box-based close-coupling method (Zatsarinny and Fischer 2002) to

generate target states. First the 1s-3d-core was obtained using HF calculations

and then valence 4s, 4p, 4d and 5s-orbitals were obtained from a frozen-core

calculation. Core-valence correlation was added by 3d10nln’l’ configurations

with nln’l’ being correlated, rather than physical, orbitals. A relatively small

number of core-valence correlation configurations was required as their mean
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radii lie between the mean radii of the core and the valence orbitals. Finally,

the lower-lying states in zinc were calculated using the B-spline bound-state

close-coupling method (Zatsarinny and Fischer 2002).

The BSRM approach allows a target description with term-dependent,

non-orthogonal orbitals and in general gives more accurate results than those

obtained with orthogonal orbitals, i.e. using core potential approach. Both

methods gave similar results for zinc with the BSRM method being more advanced

in describing fine details. However, both methods are reliable only in the close to

the threshold due to lack of coupling to the target continuum, which is of greatest

importance for the optically forbidden transitions. The present measurements of

the integral cross-sections test the calculations and show the importance of the

coupling to the target continuum.

7.4.2 Effects on the Integral Cross-sections

To be able to compare the calculations of the integral cross-sections with

the measurements, the theory was convoluted with the energy resolution of

the electron beam, which was estimated by a procedure described in Section

7.1. Figures 7.16 and 7.17 show the experimental and theoretical integral

cross-sections for the 4d 1D2 →4p 1P1 transition in the energy ranges 7 to 10 eV

and 10 to 13 eV.

The integral cross-section was measured in small energy ranges (3 eV or less)

to minimise the effect of defocusing of the electron beam when the electron energy

was scanned. The electron gun was optimised to give maximum stability over the

selected energy range and additionally the measured counts were normalised to

the electrons collected in the Faraday cup and the splash plate.

The convolution of the BSRM calculations with the energy resolution of the

electron beam reduces the magnitude and smears out the features caused by

negative ion resonances. Nevertheless, at least four features were still expected

to be visible in the energy region between 7 and 10 eV and three between 10 and

13 eV. However, the experimental observations did not confirm the theoretical

predictions. Only one structure was observed in each of the energy regions.

Below 10 eV, the only observed structure has excellent an agreement with the

theory. The structure has been identified by the theory as a superposition of the

unresolved 4s 6s2 2S and 4s 5d 6s 2D negative ion resonances at 7.904 and 8.112 eV
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Figure 7.16: Theoretical BSRM (Zatsarinny and Fischer 2002) and experimental
integral cross-section between 7 and 10 eV for the 4d 1D2 →4p 1P1 transition in
zinc.
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Figure 7.17: Theoretical BSRM (Zatsarinny and Fischer 2002) and experimental
integral cross-section between 10 and 13 eV for the 4d 1D2 →4p 1P1 transition in
zinc.
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respectively. However, the other three structures predicted by the BSRM theory

(convoluted with the experimental resolution) are missing in the measurements.

These structures are as strong as the first one and, if theory is correct, should have

been observed in the present experiment. This may be indicative of problems in

the theoretical approach at energies closer to the ionisation level. While BSRM

calculations agree very well with the previous measurements of the resonances

(Sullivan et al. 2003, Burrow et al. 1976) up to the ionisation potential, the present

measurements show major discrepancies with the theory at higher energies.

Similarly, above 10 eV, the agreement between the experiment and the theory

is not very satisfactory. The position of the only observed feature was predicted

correctly by the theory, however, the other two, much larger, structures are

completely missing in the present measurements. Moreover, the shape of the

integral cross-sections are also different: while theory predicts an increase in the

integral cross-sections above 11 eV, the experiments show a decrease.

No classification of the resonance at 11 eV was given by the calculations.

However, the structure has been studied experimentally in more detail in Section

7.4.3 and, although the energy resolution of the electron beam was not adequate to

make exact classifications from the measured cross-sections due to a high number

of closely spaced resonant states at these energies, the resonances were identified

in terms of a configuration and a coupling scheme.

Although the theory has been calculated to 50 eV, it is not expected to be

accurate except at the energies close to the threshold, due to the lack of coupling

to the target continuum. The present measurements confirm this expectation as

most of the predicted structures were not observed.

7.4.3 Effects on the Polarisation

Negative ion resonances may have different effects on different cross-section

channels, which may be manifested in a resonant effect on the polarisation. For

example, P1 will be affected by a resonance if the resonant contributions to I(0◦)

and I(90◦) are different.

In case of the configuration interaction between one bound state and one or

more continua states, the shape of the resonances can be described by a Fano

profile (Fano 1961). By fitting Fano resonance profiles to the measured data,

more details about the resonances can be extracted.
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Analysis of the Resonance Profiles

The resonance effect on the cross-section can be described, following Fano (1961),

by

σ = σa + σb
(q + ǫ)2

1 + ǫ2
, (7.6)

where σa is the non-resonance (direct scattering) cross-section and σb the

resonance contribution. Also q is the Fano parameter while

ǫ =
2(E −Er)

Γ
, (7.7)

where E is the energy of the incident electrons, Er the resonance energy and Γ

the width of the resonance.

Fano type resonances are usually fitted to the cross-sections and can be fitted

directly to the polarisation only if the corresponding q parameters have the same

order of magnitude (Defrance 1980). Hence, the resonances must be fitted to

the excitation functions first and, depending on the q parameters, the resonances

may be fitted to the polarisations directly.

The first step in the fitting procedure to the excitation functions is to estimate

the direct scattering in the resonance region, i.e. “the background”. A polynomial

least squares fit is applied to the data on both sides of the resonances and then

extrapolated to the resonance region. Subtraction of this function from the raw

spectrum leaves the resonances only, which are then fitted with the form

aǫ+ b

1 + ǫ2
, (7.8)

where a and b are the Shore parameters (Shore 1967) which characterise the

shape of the resonance. In particular, the asymmetry of the resonant shape is

determined by the ratio a/b.

The quality of the fit usually depends on a good estimate of the direct

scattering function. Once satisfactory convergence is reached, a set of

independent, self-normalised Shore parameters for each of the resonances is

obtained. Fano q parameters are then calculated using

q =
b±

√
a2 + b2

a
, (7.9)
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where sign(q) ≡ sign(a).

The electron beam resolutions for the polarisation measurements were 180 ±
10 meV for P1 and 250 ± 30 meV for P2 and P3 respectively. These resolutions,

which may seem large to seek a resonance, were judicious choices between

decreasing the resolution while retaining electron beam current to obtain adequate

counting statistics. The results of the fitting to excitation functions for all three

Stokes parameters are shown in Figures 7.18, 7.19 and 7.20. The result is a

superposition of the two resonances which were fitted at the same time. The

total excitation functions σ were calculated as the sum of the resonant and direct

contributions, from which the corresponding polarisation was calculated and

overlayed to the experimental data. While P2 and P3 show excellent agreement,

P1 shows slight deviations from the experiment. This can be explained by a

non-perfect fit of the direct scattering function to the non-resonant data. The

much higher polarisation values for P1 of about 0.45 compared to about 0.01 for

P2 and P3 make the calculated polarisation more sensitive to the accuracy of the

direct scattering function.

Interestingly, the polarisation measurements reveal the resonances in more

detail than the emission cross-sections. While for P1, two structures in the

excitation functions are visible due to better energy resolution (180 meV), only

one wide structure is resolved for P2 and P3 with 250 meV energy resolution.

However, the polarisations clearly show two resonances for P3 and one resonance

for P2, where the effect of the second resonance is absent. In the resonance

region, there is a a strong resonant variation which is superimposed on a very

slowly varying polarisation. Moreover, different resonances have different energy

behaviour and, for example, the absence of the second resonance in P2 enhances

in a striking way the ability to probe spin-dependent interactions.

From the fits to the excitation functions, the Fano parameters q were

extracted. They are shown in Table 7.7. The agreement between corresponding q

Fano parameters is quite good and much better than the same order of magnitude

(Defrance 1980), required for the fitting of resonances directly to the polarisation.

The Fano profiles fitted to the polarisations are shown in Figure 7.21. The fitting

procedure for P1 and P3 included fitting of two resonant energies E1 and E2 and

two widths of the resonances Γ1 and Γ2. However, for P2 the second resonance is

not present and hence only E1 and Γ1 were fitted.

There is excellent agreement between the fitted curve and the experimental
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Figure 7.18: Fano profile resonance fitted to excitation functions at I(0◦) and
I(90◦) and polarisation P1 for the 4d 1D2 →4p 1P1 transition in zinc.
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Figure 7.19: Fano profile resonance fitted to excitation functions at I(45◦) and
I(135◦) and polarisation P2 for the 4d 1D2 →4p 1P1 transition in zinc.
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Figure 7.20: Fano profile resonance fitted to excitation functions at I(σ+) and
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Table 7.7: Fano q parameters for the different light polarisations in the resonant
region between 10 and 12 eV for the 636.2 nm transition in zinc. I1 corresponds
to light intensities at 0◦, 45◦ and σ+ and I2 corresponds to light intensities at
90◦, 135◦ and σ− for P1, P2 and P3 respectively.

Stokes qres.1 qres.2
parameter I1 I2 I1 I2

P1 3.5 6.3 -1.6 -3.6
P2 4.5 4.4 -2.1 -2.1
P3 4.5 3.9 -1.8 -2.8

Table 7.8: Resonant energies E1 and E2 (eV) and widths Γ1 and Γ2 (eV) for
negative ion resonances between 10 and 12 eV for the 636.2 nm transition in zinc.

Stokes
parameter

E1 (eV) Γ1 (eV) E2 (eV) Γ2 (eV)

P1 10.97 ± 0.02 0.25 ± 0.03 11.31 ± 0.02 0.33 ± 0.05
P2 11.01 ± 0.04 0.28 ± 0.05 - -
P3 10.97 ± 0.02 0.26 ± 0.03 11.34 ± 0.03 0.34 ± 0.06

data. The energies and the widths of the resonances, resulting from the fitting,

are given in Table 7.8. Excellent agreement has been obtained for energies and

widths of both resonances in all three Stokes parameters. From the fits, the

resonant energies can be estimated as 10.97 ± 0.02 V and 11.32 ± 0.02 V with

resonant widths (FWHM) of 0.25 ± 0.03 V and 0.33 ± 0.05 V, convoluted with

the electron beam resolution of 0.18± 0.01 V. The total error in the energy scale

calibration is about 30 meV.

Classification of the Resonances

The present measurements do not have adequate resolution to identify directly

the negative ion states that gave rise to the observed negative ion resonances.

However, it is possible to classify the resonances in terms of a configuration and

a coupling scheme. It should be noted that, although the present measurements

show only two resonant structures, the existence of several, closely spaced,
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overlapping resonances cannot be ruled out.

The energy levels in the autoionising region in zinc (Mansfield 1981) are

shown in an energy level diagram in Figure 7.22. The dashed lines show

the centre of gravity (CGE) of the 3d10 4p2 and 3d9 4s2 4p configurations,

calculated by averaging the energy levels using statistical weights 2J + 1 of the

states (Mansfield 1981), resulting in CGE1=10.301 eV and CGE2=11.459 eV

respectively. A similar approach was used for heavy noble gases (Read et al. 1976)

and other atoms (Buckman and Clark 1994). The centre of gravity of the parent

state configurations does not depend on the strength of the spin-orbit interaction

and can therefore be used to avoid the splitting of the parent state configurations

due to spin-orbit interaction. The binding energy of the extra electron to the

parent state also must be considered. From the studies of negative ion resonances

mentioned above, this value has been estimated to approximately 0.5 eV. The

exact number would allow a full classification of the resonances, however, the

approximate value is enough to classify the terms of the configuration. The

centre of gravity for the 3d10 4p2 is too low, while the 3d9 4s2 5l configurations

are too high in energy. Hence, the configuration of the observed negative ion

resonances is most likely 3d9 4s2 4p2 where two outermost 4p electrons are bound

to a 3d9 4s2 2D3/2 and 2D5/2 ion core. The spin-orbit splitting of this ion core is

0.337 eV (National Institute of Standards and Technology - NIST 2005) which

is in excellent agreement with the energy difference of 0.35 ± 0.04 eV observed

between the two resonant structures. This is consistent with the fact that the

negative ion resonances occur strongly only when the two excited electrons have

the same quantum number n and the same or similar angular momentum l

(Spence 1976).

Further support to the proposed configuration comes from the previous studies

of mercury (Ottley and Kleinpoppen 1975, Wolcke et al. 1983, Zubek and King

1987, Zubek et al. 1991). Negative ion resonances with analogous 5d9 6s2 6p

configurations have been observed. However, mercury is a much heavier atom

with considerably stronger spin-orbit interaction, and fine structure of energy

levels may be different from zinc.

Spin-Dependent Resonant Effects

The importance of the spin-dependent scattering mechanisms (spin-orbit

interaction and electron exchange) can be deduced from the measured Stokes
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Figure 7.22: Energy level diagram of zinc above the ionisation potential of
9.39 eV. The dashed lines show the centre of gravity of the 3d10 4p2 and 3d9

4s2 4p configurations.

parameters. Although zinc is not expected to have a strong spin-orbit interaction

according to its atomic number, the present measurements of P2 for the 5s 3S1

transition have shown otherwise. Furthermore, calculations (Mansfield 1981) have

indicated strong mixing for some of predominantly high angular momentum states

in autoionising region of interest for the present work.

A significant variation of P2 has been observed for the first resonance. As

described in Section 3.5, this is a sign of the spin-orbit interaction in this negative

ion state. Although small, the effect is clearly non-zero, contrary to what is

generally expected. However, the absence of the effect of the second resonance

indicates that the spin-orbit interaction can be neglected for this negative ion

state. This is a very interesting finding which shows how the resonance with

a lower value of the total momentum (J=3/2) is not well described by the

LS -coupling scheme, while the one with higher total momentum (J=5/2) is well

described by LS -coupling.

The polarisation P3 shows opposite signs for the two resonant contributions

to the polarisation. This effect can be elucidated by looking at the normalised
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state multipoles calculated using

T20(L) =
4
√

70

7

P1

P1 − 3
, (7.10)

T21(J) = −2
√

105

7

P2

P1 − 3
(7.11)

and

T11(J) = 2
P3

P1 − 3
. (7.12)

They are shown in Figure 7.23. Previous studies of noble gases (Yu et al. 1997)

have indicated that negative values of the T11(J) (angular momentum transfer)

can occur through the electron exchange. This means that the second resonance,

which has a negative value, is caused by electron exchange while the first one with

a positive value may be caused through a combination of spin-orbit interaction

and electron exchange. This is in accord with the findings of T21(J) (and P2)

which shows how non-zero values are caused only by the spin-orbit interaction.

The parameter T20(J) = T20(L) is proportional to the alignment of the

electron charge cloud and shows how two resonances increase the alignment of

the atom.

It should be also noted that the measurements of P2 and P3 show small but

non-zero non-resonant values. This is most likely caused by cascades from higher

states, which may be significant at energies several eV above the threshold.

7.4.4 Summary of Results

These measurements are the first to show how polarisation measurements can

reveal much more detail compared to emission cross-sections. For example, while

the individual excitation functions I(σ+) and I(σ−) show only one structure, the

integrated Stokes parameter P3 clearly reveals two negative ion resonances, with

opposite contributions to the non-resonant polarisation.

The observed resonances have been classified as 3d9 4s2 4p2 with 2D5/2 and
2D3/2 cores. While P1 and P3 show effects from both resonances, P2 shows only

the first resonance. Further analysis using normalised state multipoles revealed

that the first resonance is caused by a combination of spin-orbit interaction and

electron exchange, while the second resonance arises from electron exchange only.
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Figure 7.23: Normalised electric quadrupole moments T+
20(J) = T+

20(L) and T+
21(J)

and normalised magnetic dipole moment T+
11(J) of the total angular momentum

showing negative ion resonances in the 4d 1D2 →4p 1P1 transition in zinc.
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7.5 Ionisation-with-Excitation Studies

The ionisation-with-excitation collision process, from the ground 3d10 4s2 1S0

state to the ionic 3d9 4s2 2D3/2 (open-core) and 3d10 5d 2D3/2 (closed-core)

states, has been investigated using incident polarised electrons. Integrated Stokes

parameters were measured for the decay photons to 3d10 4p 2P1/2 and 3d10

5p 2P1/2 respectively. The measurements were limited to several eV above

the thresholds, of 17.51 eV and 24.02 eV respectively, to minimise the effects

of cascades from higher states. Apart from the open 3d-shell for the first

transition, both transitions are basically identical 2D3/2 →2P1/2 transitions, so

that any difference in results may be attributed to the effects of the open core.

The interference filters used were 589.6 nm and 602.2 nm with 0.6 nm and

1 nm FWHM respectively. The filters were carefully selected so that no other

transitions could affect the measurements.

The scattering theory in its current state is very limited in modelling

ionisation-with-excitation processes, especially for open-core states, hence no

scattering calculations are available for comparison. However, structure

calculations using MCHF approach have been used (see Chapter 4) to elucidate

the importance of different electron correlation and core effects.

7.5.1 Results and Discussion

Current measurements of the Stokes parameter P1 together with the previous

measurements (Hipp et al. 1991) for the decay photons from the open-core

transition are shown in Figure 7.24. The uncertainties of the two measurements

are similar in magnitude however, for clarity, only the uncertainties of the current

measurements are shown. The two experiments have been done completely

independently and the two measurements are in excellent agreement with each

other, within the stated uncertainties. No previous experimental data were

available for the closed-core transition.

The Stokes parameter P1 for the decay photons from the open- and closed-core

transitions is shown in Figure 7.25. The non-zero values of P1 imply that the

residual ion is aligned along the direction of the propagation of the initial electron

beam. Following the reasoning from Section 3.7, the expected polarisation

at the threshold is expected to be 0.44. However, a much lower value has

been measured for both transitions. This indicates that higher partial waves
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Figure 7.24: Integrated Stokes parameter P1 for the open-core
ionisation-with-excitation transition in zinc. The uncertainties in the two
independent measurements are similar in magnitude and have been shown only
for the current measurements.

also contribute to the threshold ionisation process for both transitions. The

values of the polarisation for the open-core transition are slightly higher than for

the closed-core transition close to the thresholds, indicating higher alignment.

However, from about 1 eV above threshold, the closed-core transition has higher

polarisation. This is caused by different contributions from cascades to the two

studied states, and hence different depolarising effects.

The linear polarisations P2, measured with higher statistical precision than

previously published results (Yu et al. 2001) for the open-core transition, are

shown in Figures 7.26 and 7.27. The closed-core transition shows zero values

within the experimental uncertainties. This is consistent with the idea that

spin-orbit interaction can be neglected during the ionisation-with-excitation

process. However, the open-core transition shows small but significant non-zero

values whereas previous results (Yu et al. 2001) have shown zero values but

with much larger uncertainties. The measurements with unpolarised electrons

resulted in zero values of P2, indicating that the non-zero values are not caused

by instrumental effects. During a collision, the core is polarised by removal of

one 3d-electron while the outer 4s2-shell remains closed. However, the screening

effect of the 4s2-electrons is obviously not complete as the spin-orbit interaction
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Figure 7.25: Integrated Stokes parameters P1 for the open- and closed-core
ionisation-with-excitation transitions in zinc.

between the polarised core and the target electron was observed. The spin-orbit

interaction between the nucleus and the continuum electron is negligible, as shown

in previous sections. The zero value of P2 for the closed-core transition indicates

that the observed spin-orbit interaction is a result of the opening, i.e. polarisation,

of the core.

The experimental data for the circular polarisation P3 shown in Figure 7.28

clearly show non-zero values meaning that the residual ion is oriented by the

angular momentum transfer between the incident electron and the target atom.

This can occur through electron exchange and through spin-orbit interaction.

For the closed-core transition, it has been shown by zero values of P2 that the

spin-orbit interaction is negligible. Hence the angular momentum transfer occurs

through the electron exchange interaction. If we assume that near threshold,

only the L = 0 partial wave is involved and that the collision mechanism is

dominated by the electron exchange, then reasoning similar to that in Section

3.7 gives P3 = 0.64 at the threshold. However, a much lower value has been

measured indicating contributions from the higher partial waves, and thus the

angular momentum partition between the residual ion and the escaped electrons.

This confirms the similar predictions coming from the measurements of P1.

While for the closed-shell transition, the dominant collision mechanism is

the direct ionisation-with-excitation, the open-core transition indicated spin-orbit
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Figure 7.26: Integrated Stokes parameter P2 for the open-core
ionisation-with-excitation transition from the 3d9 4s2 2D3/2 state in zinc.
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Figure 7.28: Integrated Stokes parameters P3 for the open- and closed-core
ionisation-with-excitation transitions in zinc.

interaction by small, non-zero values of P2. This means that the non-zero values

of P3 are caused by the angular momentum transfer through a combination of

the electron exchange and the spin-orbit interaction.

The values of P3 for the open- and closed-core transitions at the threshold have

the same values, due to the size of the uncertainties. From about 1 eV above

threshold, the open-core has lower polarisation, similarly to P1. This may be

attributed to different depolarisation effects of the cascades on the two transitions.

MCHF calculations

The MCHF calculations for the ionic states involving an open 3d-shell were not

straightforward as were, for example, the calculations for excited states shown

in previous sections. While the latter could be done by simple selection of the

states to be calculated in the program, the opening of the 3d-core created a whole

range of additional problems, the resolution of which required a more elaborate

approach.

When the 3d10 electrons were part of the core, the only possible 2D states were

4d, 5d, etc. and the calculations were very simple with a small number of CSF.

These orbitals are spectroscopic, i.e. the diagonal energy is closely related to a

binding energy and the form of the orbital is similar to a Hartree-Fock orbital.

On the other hand, the correlation orbitals can be considered as corrections to
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the wave function. They usually have a large diagonal energy parameter which

has the effect of contracting the orbital. This means that it can correct the wave

function in the region of space occupied by the spectroscopic orbitals of the main

configurations.

However, the lowest eigenvalue (state) for 2D ionic configuration is the

open-core 3d9 4s2 state, which plays an important role for higher 4d and 5d states.

For a very accurate calculations, this eigenvalue must be included. Furthermore,

the change of the interaction matrix requires that it also must be spectroscopic.

For good results and convergence of the calculations it is important to have

a reasonably good initial estimate for the 4d and 5d radial functions for the

same 3d10 potential. This was done by a Hartree-Fock calculation which used

an average energy of the two states represented as the average configuration 3d10

4d0.5 5d0.5. Then, the 4s could be estimated from the lowest state 3d9 4s2 by a

MCHF calculation where only the 4s-orbital was varied. This gave a reasonable

estimate of the core orbitals (1s-3p) and of the 3d, 4s, 4d and 5d-orbitals. The

correlation orbitals could then be calculated by another MCHF calculation, where

the 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4d and 5d-orbitalswere fixed.

Previous calculations ensured a good starting estimate of all orbitals, and a

frozen-core (1s-3d) MCHF calculation could be carried out. The results of this

calculation yielded quite accurate energies for the 2D 4d and 5d states, however,

the 3d from the 3d9 4s2 was part of the core, and it had not been optimised with

the other states, hence the energy of the state was far from the experimentally

observed energies, when compared to the 4d and 5d. For example the energy for

the open-core transition was calculated to be 3.5 eV instead of 2.10 eV. It was not

possible to remove the 3d-orbital from the core and to include it in the MCHF

calculation as convergence could not be obtained.

The energy of the 3d9 4s2 state was improved when core orbitals (1s-3d)

were varied again, keeping all other orbitals fixed. This was followed by another

frozen-core calculation of the other orbitals. Although this basically halved the

calculated energy difference of the 3d9 4s2 state to the experimental values, the

final results were still not satisfactory. For example, the calculated energy of

the transition 3d9 4s2 →3d10 4p 2P1/2 was about 2.9 eV as opposed to the

experimental 2.10 eV value. For this reason, further discussion of these results

have been omitted from this work, however this approach should be pursued with

further work.
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Table 7.9: Non-relativistic E (eV) and relativistic Erel (eV) energies, wavelengths λrel (nm), length and velocity forms of
the matrix elements and their difference (%) and lifetimes τ (ns) for the 3d10 5d 2D3/2 transition in zinc, calculated by the
MCHF structure package. HF = Hartree Fock calculation. n=5, 6, 7 or 8 is the highest principal quantum number of the
electron CSFs included in the calculation. The core is n=1,2,3 except when one 3d-electron was included in CSFs to model
the core-valence correlation, as indicated by .3d1.

Active Set E (eV) Erel (eV) λrel (nm) Length Velocity Diff % τ (ns)
HF 1.89 1.90
5 1.88 - - 133.207 131.99 0.92 10.58
6 1.89 1.91 648.417 133.798 131.518 1.72 10.47
7 1.89 1.91 648.677 133.933 131.517 1.82 10.46
8 1.89 1.91 649.701 134.019 131.534 1.87 10.45

5.3d1 2.03 2.01 616.085 121.845 119.97 1.55 9.26
6.3d1 2.00 2.00 620.178 121.403 122.522 0.92 9.71
7.3d1 2.00 2.02 613.614 121.299 120.81 0.40 9.72
8.3d1 2.00 2.05 605.139 121.349 121.585 0.19 9.72
exp 2.06 2.06 602.2 5.03±0.5
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The results of the MCHF calculations for the closed-core transition are shown

in Table 7.9. When no core-valence or core-core correlation was included, there

was only one electron outside the 3d10 core. The number of electron configurations

was n+1. For example, for n=6 there were only three electron configurations (4d,

5d and 6d). Therefore, the valence correlation was limited to the correlation

between only a few CSF and it was expected to be small. This is confirmed by

the very similar values of the results of the Hartree-Fock and MCHF calculations.

Inclusion of the core-valence correlation made a significant difference and

brought the calculated energies very close (less than 1% difference) to the

experimental values. Moreover, the length and velocity forms were almost

identical with a 0.19% difference. In contrast to the preceding quantities the

calculated lifetime of the state was almost two times longer than the experiment.

The calculations did not show any significant configuration mixing of the 2D

with 2P configuration. Moreover, 4d and 5d states are 99.5% pure states, with

hardly any mixing with other 2D configurations. However, the importance of the

core-valence configuration is evident in major improvement in the agreement of

the calculations with the experimental values, mainly due to the effect of the

lowest 3d9 4s2 configuration on the higher 3d10 4d and 5d configurations.

Relative Strengths of the two Transitions

An interesting observation was made when the count-rates for the open- and

closed-shell transitions were compared. The open-shell transition has a relatively

long lifetime of 1870 ns and it involves transition of two electrons after the

ionisation (4s2 to 3d and 4p), and hence it is expected to be weak. On the other

hand, the closed-shell transition involves electrons in the n=5 orbital, and hence

may be expected to be weaker than the similar n=4 transitions. While the NIST

database (National Institute of Standards and Technology - NIST 2005) indicates

equal line strengths, previous measurements (Inaba et al. 1986) indicated that

at 50 eV, the closed-shell transition is about five times stronger. The present

measurements, close to the thresholds of the two transitions, indicated otherwise,

the open-core transition is about three times stronger. The explanation for the

difference may be found in different shapes of the direct excitation functions for

the 3d9 4s2 2D and 3d10 4d 2D states (Inaba et al. 1986). It is expected that the 3d9

4s2 2D state is formed by a removal of a single inner-shell electron while the 3d10 4d
2D state is formed by ionisation of one electron and excitation of another electron.
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Then the excitation function of the 3d9 4s2 2D state should have a similar shape to

the shape caused by direct ionisation. Further difference at higher energies may be

caused by different cascade contributions to the excitation functions. The higher

states are more likely to cascade to lower states with a closed 3d-core (shell) and

hence, the open-shell transition is expected to be almost cascade free. On the

other hand, the closed-shell transition may be strongly affected by cascades.

Normalised Electric Quadrupole and Magnetic Dipole Moments

As discussed in the previous sections, the spin-orbit interaction is negligible

only for the ionisation-with-excitation of the closed shell. Then the orbital and

spin contributions can be separated, as shown in Section 3.5. The normalised

electric quadrupole moment T+
20(L) for the orbital angular momentum and the

normalised magnetic dipole moment T+
11(S) for the spin angular momentum

can be derived from the measured Stokes parameters. Similarly the normalised

electric quadrupole T+
20(J) and normalised magnetic dipole moments T+

11(J) can

be derived for the total angular momentum J .

For the open-shell ionisation-with-excitation, L and S couple to form a final J

so that it is not possible to separate them. Then, only normalised multipoles for

the total angular momentum J can be derived, the normalised electric quadrupole

T+
20(J) and normalised magnetic dipole moments T+

11(J). In addition, non-zero

values of P2 also allow determination of the normalised electric quadrupole

moment T+
21(J).

For the closed-core process, the electric quadrupole moments for the total

and orbital angular momenta show similar energy dependencies, as indicated in

Figures 7.29 and 7.30. However, the magnitude of the quadrupole moment for

the total angular momentum is reduced relative to the moment for the orbital

angular momentum, due to the fine-structure coupling.

Similarly, the results show that the magnetic dipole moment for the total

angular momentum is reduced relative to the spin angular momentum and that

it also changes sign. This is shown in Figures 7.31 and 7.32. The positive value of

the spin magnetic dipole indicates positive angular momentum transfer from the

initial spin of the incident electron via electron exchange. However, the negative

value of the total magnetic dipole indicates that negative angular momentum

is transferred to the residual ion when the spin couples to the orbital angular

momentum. Equation 3.40 confirms this by showing direct proportionality
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Figure 7.29: Normalised electric quadrupole moment T+
20(L) of the orbital angular

momentum for the closed-core ionisation-with-excitation transition from the 3d10

5d 2D3/2 state in zinc.
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Figure 7.31: Normalised magnetic dipole moment T+
11(J) of the total angular

momentum for the open- and closed-core ionisation-with-excitation transitions in
zinc.

between angular momentum transfer in the y-direction and T11(J). The present

results show that fine-structure coupling can cause negative angular momentum

transfer even for a well LS -coupled system in which spin-orbit interactions for

both continuum electrons and internal electrons can be neglected.

For the open-core process, the spin-orbit interaction is not negligible as

indicated by non-zero values of T21(J) in Figure 7.33. This is clearly an effect

of the open 3d-core in the ion and evidence that the outer 4s2 electrons do not

shield the polarised core completely. The effect is very small as values of T21(J)

are about 0.02 and drop off to zero within less than 1 eV from the threshold,

probably due to depolarising effect of the cascades.

Due to the spin-orbit interaction, the spin and the orbital parts cannot be

separated, however, the magnitudes and energy behaviour of the normalised

electric quadrupole and normalised magnetic dipole moments for the total angular

momentum can be compared to the closed-core transition, as shown in Figures

7.30 and 7.31. Clearly both transitions exhibit very similar behaviour and values.

Close to the threshold, open-core process shows slightly higher T20(J) while the

uncertainties of the measurements do not allow such comparison for T11(J).

Similar magnitudes of the normalised state multipoles T20(J) and T11(J) for

the open- and closed-core transitions and small values of T21(J) may lead to
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momentum for the closed-core ionisation-with-excitation transition from the 3d10
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21(J) of the total angular

momentum for the open-core ionisation-with-excitation transition from the 3d9
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the conclusion that the dominant effects, for the open-core process, are also the

electron exchange and the fine-structure coupling. Most likely they are still the

main cause for the negative angular momentum transfer to the ion, however

this effect may be affected by the influence of the spin-orbit interaction. This

information cannot be deduced from the current integrated measurements.

Summary of Results

The measurements show for the first time how an open-core in the

ionisation-with-excitation process caused a breakdown of LS -coupling while the

closed-core process remained well LS -coupled. Furthermore, both residual ions

were not only aligned but also oriented. The analysis using normalised state

multipoles for the closed-core transition revealed that fine-structure coupling

not only depolarised the magnitude of the electric quadrupole moment and the

magnetic dipole moment but also changed the sign of the angular momentum

transfer. Similar effects can be expected in the open-core ion, however, the

observables may be different due to the presence of the spin-orbit interaction.

Further studies using photon-electron coincidence techniques are well justified to

continue the exploration of the extent of these apparently ubiquitous effects of

the spin-orbit interaction.
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Chapter 8

Spin up/down Asymmetry

Studies of Krypton

This chapter describes the results of the spin up/down asymmetry measurements

on krypton complemented by the calculations by Stauffer (2004) using the RDW

method. No previous coincidence studies of the 4s2 4p5 (2P1/2) 5p 2[3/2]2 state

in krypton are known. An overview of the theoretical method is given, followed

by the experimental results and the comparison with the theory.

The spin up/down asymmetry is defined as

A =
I ↑ −I ↓
I ↑ +I ↓ , (8.1)

where I stands for the measured intensity of true photon-electron coincidences

detected for the observed transition, while arrows indicate the spin orientation

in respect to the normal scattering plane described in Section 3. It is a very

sensitive spin-dependent observable.

8.1 Theoretical Method

The general details of the distorted-wave method has been reviewed previously

(Itikawa 1986), while the more specific relativistic extension (Zuo et al. 1991, Kaur

et al. 1998a, Kaur et al. 1998b, Kaur et al. 1999) is closely related to this chapter.

Here only a brief overview of the method is given.

The advantage of the RDW method is that the relativistic effects are

completely included, i.e. to all orders, as electron spin is treated naturally within
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the relativistic quantum mechanical formalism. Hence the relativistic effects,

predominantly spin, should be treated very accurately and the theory should give

good results for spin asymmetry studies. Similarly to other theoretical models,

the accuracy of the calculation depends on the choice of the included electron

configurations.

For an electron impact excitation of an atom with N electrons from the state

a to the state b, the RDW T -matrix element is given by

Tb←a = T (Jb,Mb, µb; Ja,Ma, µa) = 〈φb(1..N)F−b,µb
(kb, N + 1) | V − U |

×Aφa(1..N)F+
a,µa

(ka, N + 1)〉
(8.2)

where φa and φb are the bound state wavefunctions constructed by solving the

relativistic Dirac-Fock equations. The ka and kb are wavevectors of the incident

and scattered electrons respectively, with associated spin projections µa and µb.

The quantum numbers Ja, Jb, Ma and Mb refer to the total angular momentum

of the atom. The A is the antisymmetrising operator accounting for the electron

exchange while F
+(−)
a(b) are the distorted waves describing the scattered electron.

The interaction potential between the projectile electron and the target atom is

given by

V = − Z

rN+1
+

N
∑

i=1

1

| ri − rN+1 |
. (8.3)

Here U is the distorted potential which is assumed to be a function of only the

radial coordinate of the projectile electron rn+1, but this obviously is a major

disadvantage of this approximation.

Since krypton is a relatively heavy atom, the jj coupling scheme was used to

describe it. The relativistic atomic structure description (Grant 1970) is used to

represent the atomic states. The outer-shell of the ground state is represented

by the simple single-configuration 4p2 4p4, where p represents the p-orbital with

total angular momentum j = 1/2 while p has j = 3/2. The excited states with

total angular momentum J = 2 are linear combinations of the configurations

4p2 4p3, 4p2 4p3 5p and 4p 4p5 5p, all coupled to a J = 2 state. The radial

wave functions based on these configurations were calculated using the relativistic

multi-configuration-Dirac-Fock (MCDF) program (Grant et al. 1980).

After determining the ground and excited state wave functions, the

distortion potential U was taken as a spherically-averaged static potential of
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the corresponding excited state while the relativistic version of the partial wave

expansion was used for the distorted waves:

F±ch,µch
(kch, r) =

1

(2π)3/2

∑

κm

e±iηκaµch

ch,κm(k̂ch)
1

r

(

fκ(r)χκm

igκ(r)χ−κm

)

(8.4)

with

aµch

ch,κm(k̂ch) = 4πil

√

Ech + c2

2Ech

∑

ml

(lml
1

2
µch | jm)Y ∗lml

(k̂ch) , (8.5)

where ch and µ denote the scattering channel and spin orientation of the channel

respectively. The l and j refer to the orbital and angular momentum of the

projectile electron, (lml
1
2
µch | jm) is a Clebsh-Gordan coefficient and Ech =

√

c2k2
ch + c4 is the energy of the projectile electron. Furthermore, κ = l if j = l− 1

2

and κ = −l−1 if j = l+ 1
2
. χ±κm are the coupled products of the spin and angular

momentum functions while ηκ is the phase shift of the partial wave. The radial

distorted waves fκ(r) and gκ(r) are solutions of the following pair of coupled

integro-differential equations:

(

d

dr
+
κ

r

)

fκ(r) −
1

c
(c2 − U − Ech)gκ(r) −

1

cr
WQ(k; r) = 0 (8.6)

(

d

dr
− κ

r

)

gκ(r) +
1

c
(−c2 − U −Ech)fκ(r) +

1

cr
WP (k; r) = 0 (8.7)

with asymptotic boundary conditions

lim
r→∞

fκ(r) = sin

(

kchr −
lπ

2
+ ηκ

)

(8.8)

lim
r→∞

gκ(r) =
c

c2 + Ech
cos

(

kchr −
lπ

2
+ ηκ

)

, (8.9)

where WP,Q are non-local exchange potentials.

For a particular excitation, the coupled equations are solved numerically while

the T -matrix elements are first decomposed into direct and exchange terms, and

then evaluated using angular momentum algebra and numerical integration of

the radial integrals involved.
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Figure 8.1: Experimental spin up-down asymmetry at 26 eV in krypton for the
4s2 4p5 (2P1/2) 5p 2[3/2]2 state.

8.1.1 Results and Discussion

The studied transition in krypton was 4s2 4p5 (2P1/2) 5p 2[3/2]2, with energy

of 12.14 eV. The scattered electrons over an angular range of 10◦ to 80◦ were

detected in coincidence with the 826.3 nm photons coming from the decay to the

4s2 4p5 (2P1/2) 5s 2[1/2]1 state with the energy of 10.64 eV.

The energy resolution of about 300 meV did not allow separation of the

fine-structure states in the electron energy loss, however they were resolved in the

wavelength of the decay photons by the narrow interference filter with a central

wavelength of 826.2 nm with a FWHM 0.8 nm. This coincidence approach also

minimised cascade effects. The wide angular range (10◦-80◦) was chosen to allow

better comparison with the theoretical model.

Due to differences in magnitudes of asymmetries and angular ranges between

theory and experiments, Figures 8.1 and 8.2 show experimental data only, while

Figures 8.3 and 8.4 show compared experimental and theoretical results for two

incident electron energies, 26 eV and 60 eV respectively. All data have been

normalised for the polarisation of the electron beam which was 75 ± 0.5%.

Significant non-zero values of the asymmetry are a consequence of the

relativistic effects and they were measured and theoretically predicted. However,

both graphs show a lack of agreement between the experiments and the theory.
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Figure 8.2: Experimental spin up-down asymmetry at 60 eV in krypton for the
4s2 4p5 (2P1/2) 5p 2[3/2]2 state.
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Figure 8.3: Experimental and theoretical spin up-down asymmetries at 26 eV in
krypton for the 4s2 4p5 (2P1/2) 5p 2[3/2]2 state. Points are the present experiment,
the full line is the RDW theory by Stauffer (2004).
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Figure 8.4: Experimental and theoretical spin up-down asymmetries at 60 eV in
krypton for the 4s2 4p5 (2P1/2) 5p 2[3/2]2 state. Points are the present experiment,
the full line is the RDW theory by Stauffer (2004).

At 26 eV a positive asymmetry maximum is followed by a negative minimum

with a change of sign at about 50◦. This clearly points to a similar general shape

of the angular behaviour. However, the angular positions are different, there is

a distinct angular shift of the theory relative to the experiment. At 60 eV the

observations and the calculations are very different, the theoretical asymmetry is

several times larger than the experimentally measured asymmetry and the shapes

of the angular behaviour are also different. The only similarity between the theory

and the experiment is that the asymmetry gets smaller for the angles below 50◦.

Further disagreement of the RDW calculations with the experiment can be

observed in the general behaviour of the asymmetry as a function of energy.

The theory predicts an increase in the asymmetry with the increasing electron

impact energy while the current measurements show no change in asymmetry at

angles above 50◦ and a decrease in asymmetry below 50◦, when electron energy

increases from 26 to 60 eV. This is consistent with the previous observations

(Dummler et al. 1995) for states with no singlet component (i.e. J=0 and 2 only)

in krypton, which show no decrease in asymmetry with increasing energy from 15

to 25 eV, if the electron exchange is the dominant mechanism. However, for J=1

within the 4p5 5s manifold in krypton the decreasing asymmetry was observed

for the two J=1 states (4p5 5s[3/2]01 and 4p5 5s’[1/2]01), which are represented as
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singlet-triplet components of the LS -coupled 1P1 and 3P1 states. The decrease

in the magnitude of the asymmetries was explained by the energy dependence of

the cross-section for individual components, at higher energies the singlet parts

of the wavefunctions play the dominant role.

The sensitivity of the calculations to the details of the model has been shown

for spin asymmetry measurements of elastic scattering in krypton (Went et al.

2002). The experimental results were compared with the calculated values of the

Sherman function obtained by solving the Dirac-Fock equations which included

dipole polarisation and dynamic distortion potentials. Generally good agreement

was obtained. However, at energies where the inelastic scattering cross-section is

largest (50 to 70 eV), the moderate agreement between experiment and theory

was achieved only after addition of an absorption potential to model inelastic

processes. This may provide an insight why the RDW calculations show poor

agreement with the current measurements at 60 eV. At this energy the inelastic

scattering cross-sections are dominant, i.e. the electron configurations other than

those included in the calculations may have larger component in the studied state.

This, of course, depends on the cross-sections of the individual configurations,

and may be indicative of the high sensitivity of the calculations on the included

configurations.

In summary, the non-zero values of the measured and calculated asymmetries

are indicative of the relativistic effects. The studied collision process is difficult

to model as shown by the limited accuracy of the theory compared with the

experimental data, especially at high energy (60 eV). This may be due to the

importance of the electron configurations which were not included in the current

calculations. Previous elastic measurements (Went et al. 2002) have also indicated

a high sensitivity of the calculations to the absorption potential in this energy

region. The lack of agreement indicates the need for further measurements,

especially at lower energies which may enable for exchange contributions to be

identified more readily.
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Conclusion

Although zinc is of great importance for industry and life, it has not been studied

thoroughly in the past due to a variety of difficulties it creates for experimentalists.

This ranges from requiring metal vapour ovens to produce zinc in gaseous form

to large sticking coefficient of the atom which gives rise to conductive paths near

electronic components and coatings on optical elements.

Many previous studies of zinc, described in Chapter 2, show the importance

of the closed 3d-shell and a departure from the behaviour characteristic for the

other helium-like atoms. However, many questions were left unanswered and the

significance of the 3d-shell needed further study.

The present work contributes a significant amount of new information to the

field and elucidates the importance of the 3d-shell on the spin-dependent electron

exchange and the spin-orbit interaction. The nature of the quantum behaviour

of electrons in atoms has been expanded through observations of the scattering

of spin-polarised electrons, whose spin vector along with the momentum vector

establish planar symmetry. Furthermore, the study of the effects of the 3d-shell

was complemented by multiconfiguration Hartree-Fock (MCHF) calculations.

This method allows a direct evaluation of the importance of the 3d-shell in

zinc through a selective inclusion of configuration state functions (CSF). The

importance of valence, core-valence and relativistic effects has been indicated.

To achieve these goals, an existing apparatus was significantly expanded and

improved. A newly designed resistively heated zinc oven enabled high flux

of emitted atoms, low background light and electron emissions, low magnetic

and electric fields which can influence electron polarisation and path and

cause depolarisation of emitted light through the Hanle effect. Additionally,
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major improvement in the detection system allowed higher detection efficiency

and a selection of any wavelength in the visible range by means of an

acousto-tunable-optical-filter.

Further significant improvements in the data acquisition and verification of

the correct operation of the apparatus were achieved by new multi-function

data acquisition cards and a new Windows-based software. The software was

designed to analyse and display data while it is being accumulated, enabling

preventive corrections of instrumental problems (misalignment, miscalibration,

noise problems, etc.) during the experiments. For example, automatic saving

and resuming is invaluable for long coincidence experiments where measurements

sometimes extend over periods of ten days or more. Moreover, this system unified

data acquisition and analysis across the lab.

Additional improvements in the efficiency were achieved through calibrations

of the equipment using a pulse-height analysis system designed from existing

electronic components combined with the new data analysis software. This

allowed finding optimum operating conditions for photo-multiplier tubes,

channeltrons and multi-channelplates, which improved signal-to-noise ratios and

shortened the experimental times. For example, the effective lifetime of the zinc

oven was about one week before needing to refill and clean the interaction chamber

and optimum operating conditions provided the most effective use of the available

time.

The experimental improvements, together with careful consideration and

elimination of various instrumental effects, allowed unprecedented statistical

uncertainties as low as 0.0007 for these types of measurements. This was achieved

by testing of each individual component of the apparatus as well as testing

sections and the apparatus as whole. During this time the whole apparatus

was taken apart, moved to another location and reassembled. This extreme, and

probably unique relocation and reconstruction of the apparatus and obtaining

the same results must add enormous credibility to the present data.

The correct operation of the apparatus was shown by zero values of all

integrated Stokes parameters for the transition from the 6s 1S0 state. Zero

values were expected as this state has a spherical charge cloud and a singlet

configuration. Similarly, the transition from the 4d 1D2 state showed zero values

of P2 and P3 to a high precision (10−4) indicating no spin-orbit interaction within

the atom or with the continuum electron and no electron exchange. The values of
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P1 agree with previous studies of helium and magnesium. These zero values are of

paramount importance in establishing the absence of instrumental polarisations.

The importance of the results from this work have gone beyond the initial

expectations, three different observations have linked the spin-orbit interaction

directly to the 3d-shell in zinc. For example, excitation-with-ionisation studies

of the open- and closed-core 2D3/2 states revealed spin-orbit interaction within

the atom for the open 3d-core state through non-zero values of the P2 parameter,

while no spin-orbit interaction was observed for the closed-core state, for which

the core-valence correlation plays a less important role.

Moreover, the analysis using normalised state multipoles has shown negative

angular momentum transfer to the residual ion of the closed-core state due to a

combination of fine structure coupling and electron exchange. No similar analysis

was possible for the open-core state as spin and orbital angular momenta could

not be separated due to the spin-orbit interaction.

Additional evidence of the spin-orbit interaction created by the 3d-shell was

shown by a significantly non-zero values of P2 parameter for the three different

transitions from the 5s 3S1 state. While P1 and P3 showed the expected values of

P1=0 and P3 proportional to the polarisation of the incident electrons, the values

of P2 are highly intriguing. The work has motivated subsequent studies and

inspired theoreticians to model this scattering process. However, two independent

models, RDW (Stauffer 2004) and R-matrix (Bartschat 2003), have shown strong

disagreement with the present findings by predicting three orders of magnitude

smaller values of P2. The observed P2 Stokes parameter, and hence the spin-orbit

interaction, is inherently a measure of the correlated behaviour of the 3d-shell and

the valence electrons. The modelling of the core-effects causes a large increase in

the size of possible electron configurations and it was omitted in both theoretical

approaches. This may explain why both models fail to predict the non-zero values

of P2 and indicates a direction for theory.

Moreover, a study of the negative ion resonances for the transition from the

4d 1D2 state has not only confirmed the previous observations of the spin-orbit

interaction caused by 3d-shell, but it has also shown how, even with a moderate

electron beam energy resolution, the polarisation measurements can resolve two

resonances, where only one structure was observed in the excitation functions.

The study has identified two negative ion resonant states which have been

classified as 4s2 4p2 with 2D3/2 and 2D5/2 3d9 ion cores. Interestingly, spin-orbit
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interaction was detected only in one of the resonances. The results have provided

considerable impetus to limited theoretical studies and further measurements to

identify the characterisation of the resonance series.

Consistently with the measurements, the importance of the 3d-shell has been

confirmed in the calculations of the atomic structure using multiconfiguration

Hartree-Fock (MCHF) method with the Breit-Pauli relativistic extension.

Significant agreement with the experimental energies and lifetimes was achieved

only after inclusion of the core-valence correlation, i.e. correlation between

3d-core electrons with the valence electrons. In some cases, the correlation effect

was much stronger than the relativistic corrections. Although these results do not

directly describe the results of the scattering experiments, they give an additional

indication about the importance of the 3d-core effects in zinc.

The present studies show the inability of the scattering theories to accurately

model the effects of the correlation between the 3d-shell and the valence electrons

in zinc. The 3d-shell is energetically close to the 4s-shell and it has a large effect

on the valence electrons, as indicated by the present experiments and by MCHF

calculations. The measurements indicate that a significant contribution of the

spin-orbit interaction within the atom, previously thought to be negligible in

zinc, is most likely caused by the 3d-shell. The results of the experiments are

consistent with the expectation that the spin-orbit interaction with the continuum

electron is negligible.

These measurements are the first step in study of the core-valence correlations

for atoms with electronic structure similar to zinc (two electrons outside a closed

shell). Future studies are expected to search for core effects via angle differential

asymmetries and angle-integrated measurements. Stronger spin-orbit interaction

is expected for higher atomic numbers, and these studies are expected to greatly

expand the experimental framework for the future developments of the theory.

The present studies also contribute a first step towards this goal by additional

studies of the spin-dependent interactions in krypton, which is the next atom

with all closed shells.

Krypton is a heavier atom than zinc and hence, stronger relativistic effects

were expected. Their study was enabled by a different experimental technique,

in which spin up/down asymmetries were measured after a polarised electron

excitation of atoms using electron-photon coincidence. Previous studies of

krypton (given in Chapter 2) have left many open questions about the importance
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of the relativistic effects for krypton as this atom lies between heavy atoms (e.g.

xenon) and light atoms (e.g. neon and argon). There is a strong disagreement

between many previous experiments and calculations and this work is trying to

bridge the gap and provide further guidance for the theory.

In particular the spin up/down asymmetry was measured for the 4s2 4p5

(2P1/2) 5p 2[3/2]2 state and also calculated using RDW method by Stauffer (2004).

Both, the experiment and the theory show strong asymmetries characteristic of

the relativistic effects. However, the limited accuracy of the calculated data

compared with the experimental data indicates difficulties in modelling the

studied collision process. The present measurements show that the theoretical

approach lacks exact description of the exchange contributions which may be

identified more readily in future experiments at lower energies. Therefore, such

experiments are expected to give a better guidance to the theory.

The studies of this thesis have been confined by the existing resources of

the laboratory, even though significant, and by the time limit for PhD studies.

Nevertheless, the achievements have been significant and have indicated a way

forward. Measurements using free atoms which can be polarised would extend

the type of measurements using incident polarised electrons. The use of lasers

may broaden the range of angular momentum states for study. And the periodic

table offers a broad range of possible spin and orbital angular momenta, as well

as different strength Coulomb potentials for exploration. Finally, the wonderful

world of quantum phenomena probably has many more unrealised measurements

to be made before a complete understanding of atomic structure and dynamics

can be established.
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List of Equipment and its

Specifications

A.1 Apparatus for Integrated Measurements

AOTF by Brimrose corporation (http://www.brimrose.com), models

TEAF5-0.36-0.52-H/TE and TEAF5-0.5-1.0-H/TE (360-520 nm and

500-1000 nm respectively), resolution variable between 0.5 and 2.5 nm

(depending on selected wavelength).

AOTF controller by Brimrose corporation (http://www.brimrose.com), model

VFE-157.5-135-SPS-A-C2, controlled through a serial port by a computer.

AOTF focusing lenses by Melles Griot (http://www.mellesgriot.com),

product numbers 01 LPX 049 (f=30.0 mm, d=18.5 mm) and 01 LPX 238

(f=150 mm, d=30.0 mm).

AOTF temperature controller by Wavelength Electronics

(http://www.wavelengthelectronics.com), model LFI-3751.

Backing Pumps by Edwards (http://www.bocedwards.com), model E2M12

(12 m3/hr).

Computer Pentium III, 500 MHz, 128 MB RAM, Windows XP.

Counter by Ortec Electronics, model 994 Dual Counter/Timer, 8 decade

display, 100 MHz counting rate capability.
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DAQ card by PowerDAQ (http://www.ueidaq.com), model PD2MFS 8-500/14,

500 kS/s, 14 bits, 8 simultaneous sampling analog inputs, 2 analog outputs,

16 digital inputs/outputs.

Digital multimeter by Goodwill (http://www.goodwill.com.tw),

model GDM-8055, 1 nA resolution, GPIB interface, used to measure

electron currents on Faraday cup and splash plate with GPIB interface

to the computer card.

Discriminator by Ortec Electronics (http://www.ortec-online.com), model 934

Quad Constant Fraction Discriminator, discrimination level adjustable from

-0.03 to 1.0 V, 100 Mhz, 10 ns pulse pair resolution.

Electron beam energy power supply by Goodwill

(http://www.goodwill.com.tw), model GPS-3030, 0-30 V, 0-3 A, stability

10 µV, computer controlled output by 0-10 V input from the DAQ card.

Electron gun power supplies in house made 50 - 400 V, 50 mA, stability

0.2%.

Ion gauge controller by AML (http://www.vacuumtechnical.com/AML),

model PGC1 with simultaneous control of one ion gauge head down to

3×10−11 mbar and two pirani heads.

Interference filters by Andover corporation (http://www.andcorp.com),

custom made for required wavelengths/resolutions, specifications given in

relevant sections of results.

Laser diode by Schäfter-Kirchoff (http://www.sukhamburg.de), 830 nm, max

power 50 mW.

Laser diode controller by Schäfter-Kirchoff (http://www.sukhamburg.de),

model SK9733C.

Liquid crystal variable retarders by Meadowlark Optics

(http://www.meadowlark.com).

Liquid crystal variable retarder controllers by Meadowlark Optics

(http://www.meadowlark.com), model B1020, two adjustable output
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levels selectable by a computer and model D2040, controlled by a parallel

port of the computer.

Light focusing lens by Melles Griot (http://www.mellesgriot.com), product

number 01 LPX 049 , f=30 mm, φ=18.5 mm.

Linear polarisers by Melles Griot (http://www.mellesgriot.com), product

numbers 03 FPI 001 (φ=20.0 mm) and 03 FPG 007 (φ=50.8 mm), 105

extinction ratio.

Mass spectrometer by Stanford Research Scientific

(http://www.thinksrs.com), model RGA-200, 5×10−14 torr detection limit,

from 0 to 200 atomic mass units.

NIT-to-TTL converter by LeCroy (http://www.lecroy.com), model 688AL.

Pirani gauge model PVG5KF.

PMT by EMI (http://www.electrontubes.com), model 9863/350QB, spectral

response 160 - 850 nm with EMI cooler FACT MK-III, running temperature

-20◦ C.

PMT HV power supply by Ortec Electronics

(http://www.ortec-online.com), model 459 bias supply 0-5 kV.

Ratemeter by Nuclear Instruments, model 4607.

Signal preamplifier by Ortec Electronics (http://www.ortec-online.com),

model VT120A, 200 times amplification, noninverting, risetime 1 ns.

Turbo Pumps by Balzers-Pfeiffer (http://www.pfeiffer-vacuum.com), models

TMU-520 (500 l/s)on the source chamber, TPH-250 (250 l/s) on the

scattering chamber and KyKy F250 (250 l/s) on the coincidence scattering

chamber http://www.kyky.com.cn).

Zinc oven heating power supplies by Goodwill

(http://www.goodwill.com.tw), model GW GPS-3030, 0-30 V, 0-3 A,

stability 10 µV.
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A.2 Additional for Coincidence

Measurements

Channel plates by Quantar (http://www.quantar.com), 25 mm diameter.

Oscilloscope by Tektronix (http://www.tektronix.com), model TDS-320,

100 MHz, 500 MS/s.

TAC by Canberra (http://www.canberra.com/products), model 2145, usable

time range 5 ns to 1 ms, built-in single channel analyser and linear gate.

181



Appendix B

Ultra-high Vacuum System

The basic condition for doing atomic scattering experiments is a good vacuum

system. For example the operation of the GaAs crystal (for producing

spin-polarised electrons) requires an ultra-high vacuum (UHV) of at least 2 ×
10−10 torr and usually low 10−11 torr so that the partial pressure of surface

contaminants is negligible. Achieving and keeping such low pressure is not an

easy task.

The mass-spectrometer (SRS RGA-200) scan of a vacuum chamber, which

was pumped by a turbomolecular pump for several days is shown in Figure B.1.

The base pressure is about 10−7 torr. The spectrum features peaks corresponding

to H2O and its derivatives (M=18), N2 (M=28), O2 (M=32) and CO2 (M=44).

On the other hand, a UHV system that has been baked out for two days

at 180◦ C (Figure B.2) has a completely different spectrum. The base pressure

is much lower, in the range of 10−11 torr. Apart from strong hydrogen peak

(degasing from the stainless steel chamber walls), the scan looks similar to

non-baked system, with partial pressures several orders of magnitude lower.

However, the system then has negligible water content. While water peaks at

atomic mass 18, the biggest peak in this group is actually at atomic mass 19 now.

This is not caused by water but by residual oil vapours, coming from turbo and

from backing pumps. At this pressure, reliable operation of the GaAs crystal

surface was obtained, as indicated in Section 5.3.
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Figure B.1: Mass-spectrometer scan of a non-baked system.
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Figure B.2: Mass-spectrometer scan of a baked system.
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B.1 Leak Detection Procedure

At high vacuum pressures (10−7 torr), leaks can be detected by probing suspected

locations on the outside of the vacuum chamber with acetone or some other liquid

or vapour for which the ion gauge sensitivity or pump speed is very different

from that for air. If a leak is present, an abrupt increase in the pressure can

be monitored on the ion gauge controller. In case of Viton seals, only methanol

should be used as acetone might dissolve the Viton. Sometimes this technique

can produce the opposite effect. The rapid evaporation of a liquid through a leak

can cause it to freeze and temporarily close the leak, causing pressure to fall. The

frozen component will warm up and evaporate after some time and then, the leak

checking procedure can be resumed. Alternatively, the flange can be heated to

speed up the evaporation process.

At very low pressures (10−8 torr or less), leaks are very small and they are

appropriately detected by using a mass spectrometer. The leak detection mode

of the software monitors partial pressure of preset atomic mass (usually helium

with M=4), and selected atom (helium) is applied to the suspected locations on

the chamber. A leak is indicated by a sharp rise in the partial pressure.
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Data Acquisition and Analysis

Software

The control of the apparatus and the data acquisition and analysis was done

with a custom developed application package called Spinwin. The software

was designed to have complete control of the apparatus (electron gun, all

detectors, both LCVRs and AOTF), with the exception of the focusing of the

electron gun. This part requires computer control of 22 simultaneous voltage

outputs which is expensive to implement using a commercial DAQ card. This

project is currently under development using a PIC 16F88 microcontroller chip

(http://www.microchip.com) as an interface between the computer (connected

via universal serial bus - USB) and AD5570 16 bit DAC chips.

A short technical description of the software follows.

The program was written for Windows 2000 or Windows XP environment

in Borland c++ Builder 6 (http://www.borland.com). The object oriented

programming environment enabled abstraction of the low level hardware in

classes, providing an easy to use application programming interface (API). For

example, classes were used to give easy access to the commonly used functions

of each hardware component that was controlled by the program, which were

combined in a higher order classes, giving high level application programming

interface API for common used functions, such as scanning (voltage, wavelength,

retardance) and data reading (counts, voltage).

Spinwin is a multithreaded application which can utilise simultaneous

multithreading (SMT), also known as hyper-threading, of the more recent

Pentium 4 processors. Where SMT is not available, software multithreading,
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Figure C.1: Screenshot of the run of data acquisition program spinwin. The
program shows the emission current monitored over 3 days. On the right,
commonly used options are shown (set energy, change election polarisation or
LCVR-2 retardance).

provided by the Windows operating system, is used. For example, in Spinwin

one thread was busy doing data acquisition, a second thread was displaying the

status of the system while a third thread was responding to users selection of

menus and buttons. The synchronisation of the threads was implemented though

a messaging system to avoid conflicts, for example, while data acquisition thread

was counting photon counts, it signalled the status thread not to do the same.

The graphical output has been achieved by commercial TeeChart Pro

VCL/CLX graphing and charting libraries (http://www.steema.com). These

libraries allow graphical display and manipulation of data, for example, Figure C.1

shows screenshot of the program monitoring the emission current over a period

of three days. Teechart Pro libraries were used in Spinwin to show, for example,

plots of energy, LCVR-voltage and AOTF wavelength scans, scans of Stokes

parameters (with uncertainties), time spectra for coincidence measurements and

spin up/down asymmetries, as the data were acquired, allowing direct observation
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and analysis of the measured data.

As Spinwin was designed to control most of the aspects of the apparatus, a

remote control of the apparatus was possible over the Internet. A open source

VNC-server (http://www.realvnc.com) was installed on the data acquisition

computer. This is a remote control software, which allows a full control of the

data acquisition computer by any computer running VNC-client software, secured

by a password. This was used, for example, to monitor the progress of the data

acquisition during the night from home and, if necessary, to modify scanning

parameters, save data etc.

Where available, Spinwin used existing libraries to get access to the hardware,

for example drivers for the PowerDAQ card (http://www.ueidaq.com), provided

in a form of dll libraries, were easily imported to the lib format used by the

Borland c++ Builder.

However, drivers were not provided for all hardware devices. For example

LCVR-2 was controlled through a parallel port (LPT port) while AOTF through

a serial port (COM port) of the computer. Borland c++ Builder provides simple

access to a serial port, similar to standard file access in c++. Hence AOTF control

was done by writing and reading simple strings from the COM port. For example,

frequency was set by sending a command “f<FREQ>” (<FREQ> is a number

related to the frequency by an equation specific for each AOTF) followed by a

carriage return (13 in ASCII code) character. If frequency was successfully set,

the AOTF controller sends a string containing the repeated command followed

by “OK” and carriage return character.

The control of the LPT port is more complicated as Windows NT derivatives

(2000, XP) prohibit direct access to hardware ports for programs running in ring3

(user) mode. Only programs running in ring0 (kernel) mode are allowed to do so,

and hence a kernel mode driver capable of reading and writing data to parallel

port was used (http://www.logix4u.net/inpout32.htm). This driver provides low

level LPT port access through Inp32 and Out32 functions. As LPT provides only

8 data lines, data has to be spit in low and high byte and send separately.

The main functions of the program were:

• Control of the electron beam energy using PowerDAQ card which control

voltage from the power supply (type GW GPS-3030)

• Control of the LCVR-1 voltage by using a one bit of digital output on the
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counter board to switch the voltages stored on the Meadowlark B1020 LC

Controller and hence change the spin of the electrons

• Control of the LCVR-2 voltage by using the LPT1 port on the computer to

control the Liquid Crystal Digital Interface (type Meadowlark D2040) and

change its retardance

• Measurement of GaAs crystal emission current using GPIB interface on the

GW GDM-8055 digital multimeter and GPIB card (Axiom AX5488) in the

computer

• Measurement of Faraday cup current using GPIB interface on the GW

GDM-8055 digital multimeter and GPIB card (Axiom AX5488) in the

computer

• Control of the AOTF wavelength by using serial port on the computer to

control the SPS AOTF controller unit

• Measurement of the pulse-height distribution from the PMT using the

PowerDAQ card

• Measurement of the Stokes parameters by detecting counts from PMT using

PowerDAQ card in the computer

• Hardware triggered measurement of time and position information from

electron-photon coincidence detection and graphical representation of the

data on the screen - time spectrum and energy spread of electrons across

channelplate
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Blagoev K B, Malcheva G, Pejčev V, Biémont E, Xu H L, Persson A and Svanberg

S 2004 Phys. Script. 69, 433–440.

Blum K 1981 Density Matrix Theory and Applications Plenum Press.

Brimrose Corporation 2004 Introduction to Acousto Optics. Documentation

accompanying the AOTF.

*http://www.brimrose.com/aointro.pdf

Buckman S J and Clark C W 1994 Rev. Mod. Phys. 66, 539.

Burrow P D, Michejda J A and Comer J 1976 J. Phys. B: At. Mol. Opt. Phys.

9(18), 3225–3236.

*http://stacks.iop.org/0022-3700/9/3225

Caldwell C D and Zare R N 1977 Phys. Rev. A 16, 255.

Cowan R D and Wilson M 1988 J. Phys. B: At. Mol. Opt. Phys.

21(11), L275–L279.

*http://stacks.iop.org/0953-4075/21/L275

Curtis L J 1992 J. Opt. Soc. Am. B 9, 5–9.

Defrance A 1980 J. Phys. B: At. Mol. Opt. Phys. 13(6), 1229–1248.

*http://stacks.iop.org/0022-3700/13/1229

190



Bibliography

Drukarev G F 1986 Collisions of Electrons with Atoms and Molecules Plenum

Press NY.

Dummler M, Hanne G F and Kessler J 1995 J. Phys. B: At. Mol. Opt. Phys.

28(14), 2985–3001.

*http://stacks.iop.org/0953-4075/28/2985

Edgar M L, Kessel R, Lapington J S and Walton D M 1989 Rev. Sci. Inst.

60, 3673.

Ehlers V J and Gallagher A 1973 Phys. Rev. A 7(5), 1573.

Eminyan M and Lampel G 1980 Phys. Rev. Lett. 45(14), 1171–1174.

Fano U 1961 Phys. Rev 124, 1866–1878.

Fano U and Macek J H 1973 Rev. Mod. Phys. 45(4), 553–573.

Fano U and Racah G 1959 Irreducible Tensorial Sets Academic Press, New York.

Fischer C F 1970 J. Phys. B: At. Mol. Opt. Phys. 3(6), 779–787.

*http://stacks.iop.org/0022-3700/3/779

Fock V 1930 Z. Phys. 61, 126.

Froese Fischer C 1969 Comput. Phys. Commun. 1, 151.

Froese Fischer C 1977 The Hartree-Fock Method for Atoms: A numerical approach

Wiley, New York.

Froese Fischer C 1979 Phys. Rev. A 19, 1819–1829.

Froese Fischer C 1986 Phys. Rep. 3, 273.

Froese Fischer C 1999 Comput. Phys. Commun. p. 369.

Froese Fischer C, Brage T and Jönsson P 1997 Computational Atomic Structure

- An MCHF Approach Institute of Physics Publishing, Briston and

Philadelphia.

Froese Fischer C and He X 1999 Can. J. Phys. 77, 177.

Froese Fischer C and Jönsson P 1994 Comput. Phys. Commun. 84, 37.

191



Bibliography
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Marinković B P 2005 Phys. Rev. A 72, 012706.

Gilman S E, Baur T G and Gallagher D J 1990 in ‘Proc. SPIE’ number 461

p. 1166.

Glass R and Hibbert A 1978 Proc. R. Soc. Lond. A 16, 17.

Grant I P 1970 Adv. Phys. 19, 747.

Grant I P 1988 Meth. Comp. Chem. 2, 1.

Grant I P, McKenzie B J, Norrington P H, Mayers D F and Piper N C 1980

Comput. Phys. Commun. 21, 207.

Hanne G F 1983 Phys. Rep. 95, 95–165.

Hartree D R 1927a Proc. Camb. Phil. Soc 27, 89.

Hartree D R 1927b Proc. Camb. Phil. Soc 27, 111.

Hayes P, Bennett M A, Flexman J and Williams J F 1988 Rev. Sci. Inst. 59, 2445.

Heddle D W O, Keesing R G W and Parkin A 1977 Proc. R. Soc. Lond. A

352, 419–428.

Hipp M, Bopp P, Gotz A and Mehlhorn W 1991 J. Phys. B: At. Mol. Opt. Phys.

24(18), L453–L457.

*http://stacks.iop.org/0953-4075/24/L453

Imhof R E, Adams A and King G C 1976 J. Phys. E: Sci. Instrum. 9, 138.

Imre A I, Gomonai A N, Vukstich V S and Nemet A N 2000 Opt. and Spectr.

89(2), 179–184.

Inaba S, Hane K and Goto T 1986 J. Phys. B: At. Mol. Opt. Phys.

19(9), 1371–1376.

*http://stacks.iop.org/0022-3700/19/1371

Irimia A and Fischer C F 2004 J. Phys. B: At. Mol. Opt. Phys. 37(8), 1659–1672.

*http://stacks.iop.org/0953-4075/37/1659

Itikawa Y 1986 Phys. Rep. 143, 69.

192



Bibliography

Jönsson P, Fischer C F and Godefroid M R 1999 J. Phys. B: At. Mol. Opt. Phys.

32(5), 1233–1245.

*http://stacks.iop.org/0953-4075/32/1233

Kaur S, Srivastava R, McEachran R P and Stauffer A D 1997 J. Phys. B: At.

Mol. Opt. Phys. 30(4), 1027–1042.

*http://stacks.iop.org/0953-4075/30/1027

Kaur S, Srivastava R, McEachran R P and Stauffer A D 1998a J. Phys. B: At.

Mol. Opt. Phys. 31(21), 4833–4852.

*http://stacks.iop.org/0953-4075/31/4833

Kaur S, Srivastava R, McEachran R P and Stauffer A D 1998b J. Phys. B: At.

Mol. Opt. Phys. 31(1), 157–174.

*http://stacks.iop.org/0953-4075/31/157

Kaur S, Srivastava R, McEachran R P and Stauffer A D 1999 J. Phys. B: At.

Mol. Opt. Phys. 32(17), 4331–4359.

*http://stacks.iop.org/0953-4075/32/4331

Kessler J 1976 Polarized Electrons Springer Verlag.

Kohstall C, Fritzsche S, Fricke B and Sepp W D 1998 Atom. Data Nucl. Data

Tab. 70, 63.

Kontrosh E E, Chernyshova I V, Sovter L and Shpenik O B 2001 Opt. and Spectr.

90(3), 339–343.

Kronast W, Huster R and Mehlhorn W 1986 Z. Phys. D pp. 285–296.

Kumar P, Jain A K and Tripathi A N 1994 Phys. Rev. A 49.

Lampton M and Carlson C W 1979 Rev. Sci. Inst. 50, 1093.

Mansfield M W D 1981 J. Phys. B: At. Mol. Opt. Phys. 14(16), 2781–2792.

*http://stacks.iop.org/0022-3700/14/2781

McEachran R P and Stauffer A D 1986 J. Phys. B: At. Mol. Opt. Phys.

19(21), 3523–3538.

*http://stacks.iop.org/0022-3700/19/3523

193



Bibliography

McEachran R P and Stauffer A D 1992 J. Phys. B: At. Mol. Opt. Phys.

25(7), 1527–1532.

*http://stacks.iop.org/0953-4075/25/1527

McGarrah D B, Antolak A J and Jr W W 1991 J. Appl. Phys. 69(10), 6812–6816.

McLaughlin D T and Crowe A 1992 J. Phys. B: At. Mol. Opt. Phys.

25(23), 5171–5177.

*http://stacks.iop.org/0953-4075/25/5171

Msezane A Z and Henry R J W 1982 Phys. Rev. A 25, 692–696.

National Institute of Standards and Technology - NIST 2005 Physical Reference

Data.

*http://physics.nist.gov/PhysRefData

Newell W R and Ross K J 1972 J. Phys. B: At. Mol. Opt. Phys. 5(3), 701–709.

*http://stacks.iop.org/0022-3700/5/701

Oppenheimer J R 1928 Phys. Rev (32), 261.

O’Reilly F and Dunne P 1998 J. Phys. B: At. Mol. Opt. Phys. 31(5), 1059–1068.

*http://stacks.iop.org/0953-4075/31/1059

Osherivich A L, Verolainen Y F and Privalov V I 1979 Opt. and Spectr. 46(6), 617.

Ottley T W and Kleinpoppen H 1975 J. Phys. B: At. Mol. Opt. Phys.

8(4), 621–627.

*http://stacks.iop.org/0022-3700/8/621
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hamiltonian, 40
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coincidence, 76

error analysis, 92

cold trap, 65

collisional depolarisation, 99

crystal, see GaAs crystal

detection electronics

angle differential, 82

integrated, 72

electron analyser, 76

electron exchange, 28

electron gun, 61

electron optics, 61
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resolution, 105

scale calibration, 105

energy level diagram, 6

Faraday cup and splash plate, 64

GaAs crystal, 56

activation, 59

Hartree equations, 34

Hartree-Fock

method, 34

multiconfiguration, 37

interaction region, 64

laser optics, 52

LCVR, see liquid crystal variable

retarder

liquid crystal variable retarder, 53

calibration, 54

MCHF, see Hartree-Fock

MCP, see microchannel-plates

microchannel-plates, 80

negative ion resonances, 137

one-body integral, 39

optical polarimetry, 31

photon detection system, 68

polarisation analysis, 68

polarised electrons

source, 51

position sensitive electron detector, 80

pulse-height analysis, 88

R-matrix method, 138

RDW method, 166

relativistic effects, see Breit-Pauli
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Slater integral, 39

spin source, see polarised electrons

spin-orbit interaction, 28

spin-polarised electrons, see polarised

electrons

splash plate, see Faraday cup and

splash plate

stability

coincidence detection system, 88

counting system, 87

electron gun, 86

power supplies, 85

state multipoles, 22, 23, 30

integrated, 23

normalised, 30

Stokes matrix, 21

Stokes parameters, 19, 20, 23

depolarisation, 95

error analysis, 91

generalised, 20
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vacuum system, 46

valve between chambers, 47
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