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"Somehow it seems to fill my head with ideas- only I don't exactly know what they


are!" 
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 Abstract
AbstractAbstractAbstract

This thesis presents a set of measurements of spin asymmetries from the heavy 

atoms krypton and rubidium. These investigations allow examination of the spin orbit 

interaction for electron scattering from the target atoms. These measurements utilise 

spin polarized electrons in a crossed beam experiment to measure the Sherman function 

from krypton and the A2 parameter from the 52P state of rubidium. The measurements 

utilise a new spin polarized electron energy spectrometer which is designed to operate 

in the 20-200 eV range. The apparatus consists of a standard gallium arsenide polarized 

electron source, a 180° hemispherical electron analyser to detect scattered electrons and 

a Mott detector to measure electron polarization. 

A series of measurements of the elastic Sherman function were performed on 

krypton at incident electron energies of 20, 50, 60, 65, 100, 150 and 200 eV. Scattered 

electrons are measured over an angular range of 30-130°. These measurements are 

compared with calculations of the Sherman function which are obtained by solution of 

the Dirac-Fock equations. These calculations include potentials to account for dynamic 

polarization and loss of flux into inelastic channels. At the energies 50, 60 and 65 eV, 

experimental agreement with theory is seen to be extremely dependent on the theoretical 

model used. 

Measurement of the A2 parameter from the combined 52P1/2,3/2 state of rubidium 

are performed at an incident energy of 20 eV. The scattered electrons are measured over 

an angular range of 30-110°. This measurement represents the first such measurement 

of this parameter for rubidium. Agreement with preliminary calculations performed 

using the R-matrix technique are good and are expected to improve with further 

theoretical development. 
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Chapter OneChapter OneChapter OneChapter One IntroductionIntroductionIntroductionIntroduction

1.0 Introduction 

Recent advances in the preparation and detection of spin polarized electrons and 

target atoms has opened up a wealth of new and interesting experimental investigations 

whereby spin dependent effects can be explored. These advances in experimental 

techniques have allowed very detailed testing of theoretical models, in particular those 

theories pertaining to spin dependent effects. The use of polarized projectiles and targets 

has also opened up the possibility of performing so called ‘complete’ experiments 

(Bedersen 1969a, 1669b, 1970). These experiments provide the maximum information 

about the scattering process, in which all scattering amplitudes and the relative phases 

between them are determined. 

Probably the first atomic physics experiment, or for that matter, nuclear physics 

experiment was performed by Rutherford (1911). In his seminal paper, Rutherford 

showed that the observed scattering of α and β particles at angles greater than 90° 

indicated that the atom contained a dense positively charged core (nucleus). Not long 

after Rutherford’s discovery, Bohr published three papers, “On the quantum theory of 

line-spectra” (Bohr 1918). These works describe the discrete spectra of atoms and the 

framework for atomic physics. During this period experimenters began to investigate 

the total cross sections of atoms. In these experiments electrons with well defined 

energy are scattered from atoms and the scattered electrons are measured over all solid 

angles, for all energies. Some of these pioneering measurements (Ramsauer 1921, 

Townsend and Bailey 1922) are still valuable today. With the development of electron 

energy analysers that could detect electrons of well defined energy and momentum, 

experimenters began to investigate differential cross sections for electron scattering 

from atoms (Ramsauer and Kollath 1932). 

1.1 Review of Polarized Electron Sources 

In the late 1920’s a method by which spin polarized electrons could be obtained 

from high energy electron scattering from gold targets was proposed (Mott 1929). This 

was implemented shortly after by Shull et al (1943). These advances allowed the 

investigation of spin specific interactions in atomic scattering. Other sources of 

polarized electrons were developed over the next forty years. Such sources include 
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obvious sources of polarized electrons, such as photoionization of polarized atoms 

(Hughes et al 1972) or sources based on the Fano effect (Wainwright et al 1978), 

whereby polarized electrons are produced by photoionization of unpolarized atoms with 

circularly polarized light. Photoelectron polarization is caused by the spin orbit 

interaction. The Fano effect source was a marked improvement on the previous 

photoionization source in that the polarization of the electron beam could be quickly 

reversed by reversing the photoionizing radiation. This optical reversal of electron 

polarization is also possible in a source developed by the group at Rice University 

(Hodge et al 1979). This source utilised chemi-ionization of metastable helium atoms, 

which were optically pumped by circularly polarized resonance radiation, to produce a 

beam of polarized electrons. Aside from the Rice university source which was 

optimised in later forms, none of these sources were able to produce an intense current 

of highly polarized electrons and hence experiments with these sources were difficult.  

In the mid 1970’s Garwin, Pierce and Siegmann (1974) and Lampel and 

Weisbuch (1975) proposed that gallium arsenide could be used as an efficient source of 

polarized electrons. Later Pierce, Meier and Zürcher (1975) presented the first 

measurements of the spin polarization of photoemitted electrons from a nonmagnetic 

semiconductor. In this work they observed a maximum polarization of 45% using a 

Mott polarimeter to measure the spins directly. 

A measure of a source’s efficiency, or, figure of merit, allows comparison of such 

widely varied sources as those mentioned above. The figure of merit is based on a 

source’s ability to measure particular spin dependent observables namely the spin 

asymmetries. The uncertainty in measuring these asymmetries is inversely proportional 

to P2 I , where P is the polarization of the electron beam and I is the incident electron 

beam current. Hence to minimise the error associated with these measurements, one 

wishes to maximise P2 I . Thus this relation is known as the figure of merit. Table 1.1 

below taken from Kessler (1985) shows a comparison of the figure of merit from the 

sources mentioned above, in which we can see the gallium arsenide source is by far the 

best choice for a polarized electron source in atomic physics. 

The energy level scheme and band structure of GaAs around the so-called Γ point 

is shown in figure 1.1. The circled numbers indicate the relative probability of the 

indicated process occurring. Polarized electrons are produced by excitation of the 

valance band electrons with circularly polarized light (indicated) such that excitation 

from the P3/2 to S1/2 level, at the bottom of the conduction band, is achieved. Due to the 
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difference in probabilities for population of the two magnetic sublevels, three times as 
-many electrons have mj=-½ than mj=½ for ♠+ light, and the reverse occurs for ♠  light. 

The two electron spins are derived from the magnetic sublevels of the S1/2 level; mj=-½ 

gives spin down (e⊇) and excitation of mj=½ gives spin up (e�) by definition. If we then 

define the polarization such that 

N ↑ −N ↓P = 
N ↑ +N ↓ 

, (1.1) 

we see immediately that the maximum polarization achievable with this type of source 

is 50% unless the P3/2 degeneracy can be eliminated. 

Method P 
I 

[µA] P2 I 
Polarization 

Reversal 

Method 

∆E 

[eV] 

E 

[eV] 
Beam Quality 

Scattering from 0.2 3.5×10-2 10-3 Angle or ~1 300 Medium 

unpolarized targets energy 

(Mott 1929) 

Photoionization of 0.85 Pulsed 5×10-2 Magnetic 1500 70×103 Medium 

polarized atoms 2.2×109 for field 

(Hughes et al 1.5µs at 
1972) 

180Hz 

Fano Effect 0.63 2.5×10-2 10-2 Optical 3 1000 Medium 

(Wainwright et al 

1978). 

Chemi-ionization 

of a helium 

discharge 

0.8 5×10-2 3×10-2 

>8 

Optical 0.15 400 High 

Photoemission 

from GaAs 

0.4 10 3.2 Optical 0.15 0.25 High 

Table 1.1 Comparison of various sources of polarized electrons 
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Figure 1.1 Energy level diagram for GaAs around the so-called Γ point 

1.2 Reviews of Apparatus 

The first polarized electron guns were developed for low energy condensed matter 

experiments at the National Institute of Standards and Technology (NIST) (Pierce et al 

1980). This source was the earliest of the so-called first generation sources. The source 

consisted of a GaAs wafer which had its workfunction reduced by the application of 

caesium and oxygen. Photoelectrons were emitted by irradiation of the crystal by 

circularly polarised laser light of wavelength 770-820nm. These electrons were 

extracted and collimated by an electrostatic lens system. This lens system was similar to 

most electron guns excepting a 90° deflector which allowed the longitudinal 

polarization of the emitted electrons to be converted to transverse polarization on 

passing. The other difference was a valve positioned midway along the electron gun 

which allowed different parts of the experiment to be opened without opening the GaAs 

source chamber. This apparatus was later modified (McClelland, Kelley and Celotta 

1987) to include a scattering chamber and Mott detector (figure 1.2). The scattering 

chamber housed a sodium oven and an electron energy analyser which was free to rotate 

in the scattering plane. A laser beam incident perpendicular to the scattering plane 

allowed the atoms to be optically pumped, producing a polarized atomic beam.  

This source formed the basis for the design of the apparatus used in the work 

reported in this thesis. This apparatus will be described in greater detail in the following 

chapters.  

Other first generation spin polarized electron sources included that at the 

Universtät Münster (Wübker, Möllenkamp and Kessler 1982) (figure 1.3) which used a 

3 



 
Figure 1.2 NIST group apparatus (taken from McClelland et al (1989)) 

 

 

 

Figure 1.3 Universtät Münster apparatus (taken from Wübker et al (1982)) 
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GaAs crystal with a krypton-ion laser as the irradiating light. A beam of xenon atoms 

produced from a nozzle oriented perpendicular to the scattering plane was positioned 

such that atoms pass through the centre of the interaction region. The polarization of the 

scattered electron was monitored at 90° to the incident beam by a Wien filter and Mott 

polarimeter combination. 

The final, and by far the most complicated first generation spin polarized electron 

apparatus was that of the Bielefeld group (Baum et al 1985) (figure 1.4). This apparatus 

utilised a GaAsP crystal source. A krypton-ion laser was used as the irradiating light, 

operating on the 647nm line. In a separate scattering chamber lithium, sodium or 

potassium (Baum et al 1985) or caesium (Baum et al 1999) atoms were polarized on 

passing through a hexapole magnet. These atoms formed a beam perpendicular to the 

scattering plane. A Stern-Gerlach magnet directly opposite the atomic oven allowed the 

atomic polarization to be determined. A Mott detector inline with the incident electron 

beam was used to measure the electron polarization. Later an electron spectrometer was 

added (Baum 1986) which was free to rotate in the scattering plane and was used to 

detect scattered electrons. 

1.3 Reviews of Sherman Function Experiments 

Many of the early experiments using spin polarized electrons investigated the 

spin-orbit effect, whereby the polarization vector of the incident electron beam is 

modified in the field of the target atom. This modification is usually described by the 

so-called STU parameters. These parameters, when combined with the differential cross 

section, allow the maximum information about the scattering process to be determined 

for elastic scattering from closed shell atoms. The parameter S describes the change in 

polarization perpendicular to the scattering plane, T describes the increase in 

polarization along the original polarization vector and U describes the rotation of 

polarization vector in the scattering plane (figure 1.5). When the scattering is elastic the 

parameter S, or spin polarization, is the Sherman function. 

The Sherman function is defined as the degree of polarization of scattered 

electrons after an unpolarized electron beam undergoes an elastic collision with a target. 

The source of this polarization is spin-orbit coupling of the electron in the field of the 

target atom.   

Several of the earlier investigations involved double scattering experiments in 

which a second electron-atom collision was used either to produce polarized electrons 

or to measure the electron polarization. In these types of experiments only S can be 



Figure 1.4 The apparatus of the Bielefeld group (Baum et al 1999) 

P 

ˆSn 

TP P′ 

( ̂U ×n P 

n̂ 

)


Figure 1.5 Definition of S,T and U in relation to the scattering plane for the special case in which the 
polarization is parallel to the scattering plane. 
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determined. Aside from the earlier work on measuring the Sherman function of heavy 

atoms (Shull et al 1943), Jost and Kessler (1966), Deichsel et al (1966) and Mehr 

(1967) were the first to utilise the double scattering experiment to measure the Sherman 

function. Jost and Kessler measured the Sherman function of mercury over the energies 

160-1700 eV, while Deichsel and co-workers performed similar measurements at 

energies below 50 eV. Mehr performed his measurements of the Sherman function on 

argon at 40 eV. Shortly after this Schackert (1968) investigated a variety of targets and 

energies. Schackert measured the Sherman function for elastic scattering of electrons 

from helium and neon at 40 eV, and found it to be zero over the angular range 30-150°. 

Identical measurements on argon (40, 50, 60, 100 and 150 eV), krypton (50, 100 and 

150 eV) (figure 1.6) and xenon (50, 100 and 150 eV) however, showed that large values 

for the Sherman function occurred at angles corresponding to the cross section minima. 

The measurements of Schackert were compared to the calculations by Coulthard (see 

Schackert 1968) who solved the Dirac equation for potential scattering using relativistic 

Hartree potentials. These measurements were found to be in best agreement with the 

calculations at higher energies and for the heavier atoms. At about the same time, one of 

the only triple scattering experiments was preformed by Duinen and Aalders (1968) 

who used scattering from gold foil to produce polarized electrons, then scattered those 

polarized electrons from gold and measured the polarization of the scattered electrons 

using a gold foil Mott polarimeter. Duinen and Aalders measured the S, T and U 

parameters of gold at an incident/scattered energy of 261 keV at scattering angles of 

45°, 75° and 101°. They found there was significant disagreement with the theory of the 

time. In the late 1970’s Kessler et al (1977) and Klewer et al (1979) used the double 

scattering technique to measure the Sherman function for elastic scattering from xenon. 

These experiments showed that high energy scattering (>100 eV) from heavy targets 

was now relatively well described by theory. In contrast, the low energy case was still 

poorly predicted by calculations, which at this stage included the effects of exchange 

and coupling into inelastic channels (Walker 1971, McCarthy et al 1977). In an attempt 

to resolve this situation, Beerlage, Quing and van der Wiel (1981) extended the 

available data to lower energies and to the lighter atoms argon and krypton. Beerlage 

and co-workers measured the Sherman function over the energy range 10-50 eV. In 

doing so, the measurements that coincided with the conditions employed by Schackert 

(1968) were found to be in disagreement for krypton, while in agreement with Schackert 

(1968) and Mehr (1967) (within the error limits) for argon. Beerlage et al (1981) also 

used the calculations of Walker (1971) for comparison. They found that the agreement 



Figure 1.6 Left panel: Measurements of the spin polarization (Sherman Function) for elastic scattering 
from krypton by Schackert (1968). The solid lines are the calculations by Coulthard (see reference for 
details). Right panel: Measurements of the differential cross section. 
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was good for higher energies but failed to predict the observations at energies less than 

40 eV. Berger et al (1982) continued the work of the Münster group, investigating 

elastic scattering from xenon in the intermediate to high energy range (50-300 eV) 

showing there were still deficiencies in the calculations of scattering from heavy targets. 

1.4 Second Generation Experiments 

With the advent of the GaAs source, experiments with spin polarized electrons 

became significantly simpler, as the first scattering process used to polarize the electron 

beam was no longer necessary, thus increasing the number of incident electrons 

significantly. The use of the GaAs source also allowed the direction of polarization of 

the electron beam to be easily reversed without affecting the beam current or direction. 

The investigation of polarized electron scattering from xenon by the Münster group was 

continued now with a GaAs source (Wübker, Möllenkamp and Kessler 1982); they used 

a Mott detector at a fixed scattering angle of 90° to measure the STU parameters for 

xenon between 30 and 360 eV. Later Kemper et al (1983) extended previous theoretical 

approaches for krypton and argon to include charge cloud distortion in an ad-hoc 

manner. Agreement with the earlier experimental results (Schackert 1968, Mehr 1967) 

at 30 eV and 25 eV was improved slightly (figure 1.7). This improvement however 

came at the cost of agreement at lower energies, where the new theory introduced large 

“plus-minus” features in the spin polarization particularly at 50 eV. These features were 

not observed experimentally (figure 1.7). 

Berger and Kessler (1986) performed the first complete set of STU measurements 

with a modified gun which allowed the polarized electron beam to be rotated in the 

scattering plane. These measurements were performed for mercury at energies in the 

range 25-150 eV over a scattered electron angular range of 30-130°, and for xenon over 

the same angular range, but with energies ranging from 40 eV to 350 eV. The results for 

mercury were found to be in good agreement with the predictions of Walker (1971) and 

Haberland et al (1986) (figure 1.8). The xenon results were compared with the 

calculations of Haberland and also a semi-relativistic calculation of McEachran and 

Stauffer (1986). As with previous attempts to describe the xenon scattering process, 

both theories gave large discrepancies at the lower energies of 50 eV and 60 eV (figure 

1.8). 

In a series of papers (McEachran and Stauffer 1984, McEachran and Stauffer 

1986, McEachran and Stauffer 1990, Dorn et al 1998) modifications to the theory were 

made in order to improve agreement. These modifications included a relativistic 



Figure 1.7 Theoretical approaches taken from Kemper et al (1983). Solid lines are the Hartree-Fock 
calculations, the dotted line is the same theory with a modification to include distortion, the dashed lines 
include a further absorption potential. The open squares are the data from Beerlage et al (1981) and the 
crosses are those measurements of Schackert (1968). 



Figure 1.8 STU parameters at 50 and 60 eV taken from Berger and Kessler (1986). Solid line is the 
theory of Haberland et al (1986), dotted line is from McEachran and Stauffer (1986) and the dashed line 
is from Awe et al (1983). The open circles are the measurements of Berger and Kessler (1986), while the 
closed squares are measurements from Wübker et al (1982). 
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treatment of the scattering process, inclusion of an absorption potential and inclusion of 

dynamic polarization effects. This work was rewarded with very good agreement at low 

scattering energies of 30 eV and 40 eV, but at the energies 50 eV and 60 eV, there were 

still significant discrepancies. 

To further extend the set of available data for elastic scattering from noble gases, 

measurements of the Sherman function of krypton were performed, and the results are 

presented in this thesis. Measurements were made over the energy range 20 eV to 200 

eV. In particular, the energies at which there was disagreement between the works of 

Schackert (1968) and Beerlage et al (1981) were investigated in order to resolve this 

discrepancy. Additional measurements at 60 and 65 eV were performed as these 

corresponded to a predicted critical point, where the sign of the Sherman function 

changes from positive to negative over a small energy range. These measurements 

represent the first measurements of the Sherman function for elastic scattering from 

krypton using a GaAs source and represent a significant improvement in statistics over 

the previous measurements, which were performed by measuring the polarization of the 

scattered electrons from an initially unpolarized electron beam. The latter method is 

equivalent but gives much lower signal rates. 

1.5 Exchange Effects 

The use of spin polarized electrons has not been limited to the study of the spin-

orbit effect. Early work by a number of groups used polarized atoms and polarized 

electrons to study the role of exchange in the scattering process. Exchange collisions are 

where the projectile electron can change places with an electron in the target. For 

single-electron (hydrogen like) atoms, exchange can be investigated in either the ground 

or excited state, while for closed shell atoms exchange can only be investigated in the 

excited state. Unless the atom is light, and the spin-orbit effect is negligible, spin-orbit 

and exchange effects are combined. Exchange interaction in conjunction with the 

internal spin-orbit coupling of the atom also gives rise to another polarization 

phenomenon known as the fine structure effect (Hanne 1983, 1984), which will be 

discussed in the next chapter. 

Some of the earliest experiments which investigated exchange effects were 

performed in the 1950’s. Franken et al (1958) observed the polarization of free 

potassium atoms by exchange collisions with both sodium atoms and by free polarized 

electrons. In the early 1970’s Hils et al (1972) used a crossed beam experiment to 

elastically scatter unpolarized electrons at 3 eV from polarized atoms and measure the 
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polarization of the scattered electrons. They found that the outgoing electron beam was 

polarized due to exchange. Burke and Mitchell (1974) formulated the scattering of 

single electron atoms to include both the spin orbit interaction and exchange. In this 

paper, they expressed the cross-section in terms of three asymmetries, A1, A2 and Ann. 

The A1 and A2 asymmetries correspond to “spin up-spin down” (with respect to the 

scattering plane) asymmetries in the differential cross section: A1 corresponds to the 

case where unpolarized electrons are scattered from polarized atoms and A2 corresponds 

to polarized electrons and unpolarized atoms. The third asymmetry, Ann, corresponds to 

a parallel-anti parallel asymmetry of the target and electron spins. Moreover it turns out 

that for elastic scattering A2 is identical to the Sherman function and is zero if the spin-

orbit interaction is negligible. Farago (1974) further extended the analysis of Burke and 

Mitchell to show that A1 is only non-zero if both the spin orbit and exchange interaction 

are present. 

Hanne and Kessler (1974) continued the investigation of exchange scattering 

experimentally by scattering polarized electrons from unpolarised mercury and 

measuring the depolarization of the electron beam. They were the first to use closed 

shell atoms, and as such had to observe exchange through excitation of the target atom. 

In the 1980’s two influential works (Hanne 1983, Hanne 1984) were produced 

describing exchange and the fine structure effect. This work led to a renewed interest in 

these effects, particularly with the advent of the GaAs polarized electron source, which 

made investigation of collisions in which excitation occurs easily accessible. Borgmann 

et al (1987), using a new, more efficient, GaAs source, investigated the relationships 

between the various scattering parameters discussed by Hanne (1983, 1984) for 

excitation of mercury by spin polarized electrons. The results of the measurements were 

compared with R-Matrix calculations and a distorted wave Born approximation 

(DWBA) calculation of Bartschat and Madison (1987). The agreement was fair but 

further theoretical investigations were required. Borgmann and co-workers also 

discovered that the observed spin effects were a combination of the spin-orbit effect and 

exchange. 

McClelland, Kelly and Celotta (1987) of the NIST group used optical pumping 

and spin polarised electrons to investigate the parameters A2 and Ann from the sodium 

ground state. They observed significant differences between a two state close coupling 

calculation and experiment in the value of the exchange asymmetry Ann. In an effort to 

disentangle the roles of the various interactions in the collision process, Goeke et al 

(1988) investigated the excitation of mercury by polarized electrons, in coincidence 
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with polarization analysis of the emitted photons. Using this method they were able to 

separate out the contributions to the scattering asymmetries from the different sublevels. 

This method allowed a much better test for theories, in particular those of Bartschat et 

al (1985) which, while they agreed for total asymmetries, disagreed on the individual 

contributions from the sublevels. Baum et al (1986) measured the asymmetry Ann for 

elastic scattering from lithium at fixed angles of 65°, 90° and 107.5° for energies 

between 1 and 20 eV.They found that a maximum value of 1 for the asymmetry was 

achieved at 107.5° at incident energies corresponding to the 2p threshold.  

At the same time as Goeke et al were performing their measurements, Bartschat 

and Madison (1988) were using the reduced density matrix formalism (Blum 1996) to 

define a new set of parameters, σu, SP, SA, Ty, Tx, Tz, Uxz and Uzx, to describe scattering 

of spin ½ particles from unpolarized atoms. These parameters reduce to the STU 

parameters discussed earlier for cases where the total angular momentum is zero, such 

as elastic scattering from closed shell atoms. It also turns out the parameters SP and SA 

are equivalent to the parameters A1 and A2 respectively from Burke and Mitchell (1974). 

In the following year Baum et al (1989) extended their previous work on lithium 

to measure the spin asymmetries of excited state lithium. The Münster group 

(Hegemann et al 1991) continued their investigation of the change in polarization due to 

exchange collisions, extending their previous work on mercury to include sodium and 

the O2 and NO molecules. They found, surprisingly, that the exchange cross section for 

elastic scattering from these open shell molecules was extremely small. 

The work of Lorentz et al (1991) expanded on the previous work by the NIST 

group on sodium to include measurements of the exchange asymmetry below the 

inelastic threshold. They found excellent agreement with the four state close coupling 

calculation of Moores and Norcross (1972) which they considered rare for a comparison 

involving alkali metals. 

The Münster group continued their investigations on exchange and the spin orbit 

interaction, investigating the elastic asymmetries of zinc, cadmium and indium (Bartsch 

et al 1992). Inelastic asymmetries of various fine structure levels in indium were also 

measured. They found that while elastic scattering from closed shell atoms was 

interpreted in terms of the spin-orbit interaction, elastic scattering from open shell atoms 

is more involved due to the combined involvement of the fine structure effect and the 

spin-orbit interaction. By comparing inelastic scattering from indium and thallium, they 

found that similar asymmetries between the two indicated that the major contribution to 

the asymmetries were due to the fine structure effect. The spin-orbit interaction, if it 
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played a role, would cause differences in the two asymmetries due to their different 

masses. This was not observed. 

McClelland et al (1992) from NIST, using measurements of the parallel-anti 

parallel cross sections, determined singlet and triplet cross sections for elastic scattering 

from sodium at 4 and 12 eV. The measurements were compared to both a 9 state and 10 

state close coupling calculation and found to be in good agreement. These were the 

most complete measurements of elastic scattering from sodium to date. The convergent 

close coupling (CCC) method was developed by Bray (1994a, 1994b) to describe 

electron scattering from hydrogen and the hydrogen-like atoms, lithium, sodium and 

potassium. These calculations were compared to the large set of measurements that had 

been made up to that time by both the NIST and Münster groups and found to be in 

excellent agreement. 

Dümmler et al (1995) reduced the energy width of the primary electron beam by 

reducing the emission current. This modification allowed observation of the individual 

fine-structure states of argon, krypton and xenon. By achieving this, they were able to 

show that while theoretical predictions (McEachran and Stauffer 1986, Szmytkowski 

and Sienkiewicz 1994) for elastic scattering from these targets were in good agreement 

with experiment, the description of inelastic scattering from the individual fine-structure 

levels (Bartschat and Madison 1987, 1988, Zou et al 1991, 1992) was still 

unsatisfactory. 

Baum et al  (1999), in response to the lack of work on the heaviest of the alkali 

atoms, caesium, performed measurements of the parameters described in the paper by 

Burke and Mitchell (1974). These parameters, whilst being described over 20 years 

earlier had never been measured. The results for A1 and A2 were compared with the 

CCC theory, a Breit-Pauli (BP8) theory and a Dirac treatment as described in the work. 

The later two theories were relativistic or semi-relativistic treatments as non-relativistic 

approaches would yield identically zero for the parameters. The description of A2 by the 

theories shows that the Breit-Pauli theory is in good agreement with the experimental 

results while the Dirac treatment has significant deviations (figure 1.9). In terms of the 

A1 parameter, results which are sensitive to both exchange and relativistic effects are 

much more difficult to predict and both theories presented only reasonable agreement. 

The results for Ann were compared with the theoretical treatments and were found to be 

in good agreement with the measurement in all but the forward angles where all theories 

overestimate the size of the maximum. 



Figure 1.9 Elastic spin asymmetries from Cs at 3 eV taken from Baum et al (1999). The different 
theoretical curves are designated in the legend. 
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More recently Andersen and Bartschat (2002) have produced work in which they 

describe those measurements in which relativistic effects can be studied. In this work it 

was suggested that parameters that varied slightly with the inclusion of relativistic 

effects should be avoided and that parameters that are exactly zero when relativistic 

effects are not included should be studied. The paper suggested a number of parameters 

which meet this requirement. In particular it suggests measurement of the A1 and A2 

parameters (Burke and Mitchell 1974) both of which are non-zero if the LS 

approximation fails. It is important to note that A1 requires the existence of both 

relativistic and exchange effects (Farago 1974) for it to be non-zero, so measurement of 

a zero A1 does not necessarily exclude relativistic effects. In Andersen and Bartschat 

(2002) measurements of these parameters for caesium excitation (6s)2S�(6s)2P1/2,3/2 

(Baum et al 2002) were presented. Some disagreement between the CCC theory and 

experiment are evident but the measurements may contain contamination from other 

states (Andersen and Bartschat 2002). 

As a test of the related R-matrix theory (Bartschat 1998, Bartschat and Fang 

2000), measurements of the A2 parameter for excitation of the (5s)2P1/2,3/2 state in 

rubidium are presented in this work. Problems associated with contamination due to 

higher level states are avoided due to the energy resolution of the spectrometer, which 

was able to resolve the P state from higher lying states. This work was done at 20 eV, 

which coincides with the intermediate energy regime, 2 to 5 times the ionization 

threshold (4.18 eV). These energies are the most difficult for the calculations and as 

such represent the best test for the theories. These measurements represent the first 

measurements of A2 for the (5s)2S�(5s)2P1/2,3/2 transition in rubidium. 

1.6 Introductory Scattering Theory 

1.6.1 Scattering Cross Section 

y 

I

φ 

θ 
z 

x 

r 

dS 

ncident beam 
direction 

Figure 1.10 Typical configuration for a scattering experiment. The target is positioned at the origin. 
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The typical configuration of a scattering experiment is shown in figure 1.10. A 

beam of mono-energetic particles are incident on a target. The incident beam is of 

known energy and current density Jinc. The incident particles are scattered by the target 

with scattering current density, Jsc. The number of particles scattered per unit time 

through some surface element dS is Jsc⋅dS. Let dS be at some radius r from the target. If 

we define dΩ  as the vector solid angle subtended by dS about the target origin, then it 

follows that the number of particles passing through dS is 

dN = J ⋅ dS = r2 J ⋅ dΩ . (1.2)sc sc 

Since it is safe to assume that the number of particles will grow proportionally to the 

incident current Jinc, we can write 

dN = r 2 J ⋅ dΩ = Jincdσ . (1.3)sc 

The constant of proportionality dσ is known as the differential scattering cross section. 

By performing dimensional analysis of equation (1.3), we can see that the differential 

scattering cross section has the units of area. The total cross section σ can be interpreted 

as the obstructional area of scattering in all directions where 

σ = ∫ dσ = ∫ 
 dσ dΩ . (1.4)
 dΩ 4π 

1.6.2 The Scattering Amplitude 

If we consider the incident particles to be independent, each with momentum �kinc 

2 

and energy � kinc
2 

, then we can represent the incident particle as a plane wave,
2m 

ik inc ⋅rψ inc ( ) = e . (1.5)r 

When this wave interacts with the target it initiates an outgoing anisotropic spherical 

wave. The anisotropy of this wave may be described by a modulation factor f k, ,θ φ ) , 
such that 

( 

ikr 

ψ sc ( ) = f k, ,r ( θ φ ) e . (1.6)
r 

The number of particles scattered into dΩ , which is in the direction r̂ , is obtained from 

the radial component of Jsc as 

( 2�k = f k,θ ,φ ) . (1.7), Jsc r 2mr 

It follows from (1.3) that 
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2 2r J ⋅ dΩ = r J , dΩ =  Jincdσ , (1.8)sc sc r 

�kand if the incident beam current has a magnitude of  then 
m 

2r J dΩ = �k dσ . (1.9),sc r m 

Using (1.7), the following relation is obtained 

2dσ = f k , ,( θ φ ) . (1.10)
dΩ 

The problem of finding the differential cross section consequently reduces to the 

problem of finding the scattering amplitude. 

1.6.3 The Transition Matrix 
The scattering amplitude can also be represented in the integral form where, using 

Dirac notation, 

f = −  
m 

2 V , (1.11)Φk f 
Ψk i2π� 

where Ψk i 
 is the scattering wavefunction defined as  

ikr 

Ψk i 
( )  i ⋅ θ φ ) e (1.12)r →eik r  + f (k, ,r →∞ r 

and Φk f 
is a plane wave representing the final state. This representation is appropriate 

as we can consider the particles to be free in the final state. V is the scattering potential 

which contains the full interaction between the incident projectile and the target. 

Writing the scattering amplitude in terms of the transition matrix (T-matrix) we have, 

f = −  
m 

2 V = −  
m 

2 T , (1.13)Φk f 
Ψk i 

Φk f 
Φki2π� 2π� 

where the T-matrix is defined as 

T = V . (1.14)Ψki 
Φk i 

Thus by calculating the T-matrix elements the scattering amplitude can be determined 

completely. It is important to note that determining the differential cross section does 

not give the scattering amplitude as f may be complex; the differential cross section 

gives only the magnitude of the scattering amplitude without the phase information. 

1.7 Thesis Synopsis 

The project described in this thesis involved the construction and commissioning 

of a new GaAs polarized electron source and scattering chamber, and the performance 
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of measurements investigating various spin dependent processes. The aim of this project 

was to investigate some of the spin-dependent processes observable in elastic and 

inelastic scattering from the moderately heavy krypton and rubidium atoms. The targets 

and kinematics examined in this thesis present a significant challenge for modern 

theoretical treatments.  

In chapter 2 of the thesis, spin dependent observables will be discussed in relation 

to different experimental kinematics. In particular, this chapter will discuss the so called 

STU parameters accessible by elastic scattering from closed shell atoms, and the A1, A2 

and Ann parameters accessible by both elastic scattering from single electron atoms and 

inelastic scattering from single electron atoms with unresolved fine structure. The origin 

of these observables and their relation to various scattering parameters will be also be 

considered. The two theoretical treatments which are used for comparison with the 

experimental results are also summarised in this chapter. 

In chapter 3, the design and construction of the polarized electron source, 

scattering chamber and Mott polarimeter will be discussed. The design, construction 

and operation of the vacuum system, transport optics, electron spectrometers, and 

scattering chambers will be discussed at length. Details of the various power supplies, 

pulse counting electronics and computer control will also be discussed. In this chapter 

the various physical principles underlying the source and Mott polarimeter will also be 

introduced. To ensure the various measurements are correct, extensive calibrations of 

the apparatus needed to be performed. The techniques for achieving calibration and 

calibration results are also presented in this chapter. Data collection routines and 

methods used to measure the various parameters are also described. 

In chapter 4, the results of measuring the Sherman function for electrons 

elastically scattered from krypton will be presented for the incident energies 20, 50, 60, 

65, 100, 150 and 200 eV. These measurements are compared with theoretical values for 

the Sherman function calculated from direct solution of the Dirac-Fock equations. These 

calculations also include the effects of distortion of the charge cloud and absorption of 

flux into inelastic channels. A discussion of these results and the physical interpretation 

of the observed features will also be presented. The results from measuring the inelastic 

asymmetry for the (5s)2S�(5s)2P1/2,3/2 transition in rubidium at 20 eV incident energy 

will also be presented. These results are compared to a semi-relativistic Breit-Pauli 

R-matrix calculation. Again the physical interpretation of these results will be 

discussed. 
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In the final chapter a summary of the work presented in this thesis will be given. 

In this chapter a number of suggested improvements and modifications to the existing 

experimental arrangement will be discussed. Future directions for investigations on 

these and other targets will also be reviewed in this chapter. 
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Chapter TwoChapter TwoChapter TwoChapter Two Theoretical ConsiderationsTheoretical ConsiderationsTheoretical ConsiderationsTheoretical Considerations

2.0 Polarized Electron Phenomena 

2.0.1 Introduction 
Electron beams produced from thermionic emission from a filament typically 

have equal numbers of spin up and spin down electrons. Theoretically this means that 

where spin plays a role in theoretical calculations of various phenomena, averaging over 

the initial spin states had to be performed in order to compare with experiments. This 

meant that some interesting quantum effects could not be observed, and testing of 

theoretical models at the most detailed level could not be undertaken. 

In electron scattering experiments, the measured effects are dominated by the 

Coulomb force between the target and projectile. If, however, spin polarized electrons 

are used, the smaller contribution due to spin effects can become measurable. These 

spin effects can be categorised into three separate spin dependent phenomena. Normally 

these appear in combination but may be singled out by choosing specific experimental 

configurations. 

Spin orbit interaction 

Elastic and inelastic collisions of spinless atoms with spin polarised electrons may 

exhibit effects due to the spin orbit interaction. The collision process causes a change to 

the polarization vector of the incident electron beam. The collision process can be 

described by two complex scattering amplitudes, f and g. The direct scattering 

amplitude f is due mainly to the Coulomb interaction, while the spin flip scattering 

amplitude g is due to the spin orbit coupling of the electron in the field of the atom 

(Kessler 1985). From the scattering amplitudes four real parameters can be obtained 

which can completely describe the collision; the cross section d 
d 
σ , the Sherman 
Ω 

function S and two other observables T and U. The origin of these parameters and the 

relationship to the scattering amplitudes will be described in detail in section 2.0.3. 

Exchange 

Another interaction that can cause a change in polarization of a scattered electron 

beam is the exchange effect. As a consequence of the Pauli principle, polarization of the 

beam may occur. As an example, consider an unpolarized electron beam incident on an 

alkali or hydrogen target that is polarized such that all atoms have their valence electron 

with the same spin. Collisions in which the incident electrons are exchanged with those 



18 

of the atom will result in completely polarized scattered electrons, while leaving the 

atomic targets unpolarized. This may occur in both elastic and inelastic scattering. 

Exchange effects may also occur in two electron atoms where excitation is involved. 

This process will be described in detail in section 2.0.4. 

Fine structure effect 

In collisions where the fine structure is experimentally resolvable, a spin 

dependent effect may be observed for scattering from the individual triplet states for 

two electron atoms and from the individual doublet states for single electron atoms. In 

particular the fine structure effect manifests itself as a relationship between the values of 

the spin polarization, SP, (the polarization of the scattered electrons with an initially 

unpolarized beam) and the scattering asymmetry, SA, (the left-right asymmetry of the 

scattered electrons from an initially polarized beam) for different fine-structure levels. 

For the excitation to the 3P0,1,2 states of a two electron atom the following relationships 

hold (Bartschat et al  1984) 

( 3 ( 3 ( 3P0 ) = 2S , P ) = −2S , P2 ) (2.1), SP A  P A  1 P A  

SP = −SA for 3P0,1,2 (2.2) 

and for single electron atoms excited into a doublet state (Hanne 1983, Zeman, 

McEachran and Stauffer 1995) 

SP A ( 2P12 ) = −2SP A  ( 2P32 ) . (2.3), , 

2.0.2 Description of Polarized Electrons 
Spin angular momentum, as denoted by the symbol s , obeys the angular 

momentum commutation relation rules such that, 

x , �[s sy ] = i sz 

y , �[s s  ] = i sx (2.4) 
z , �

z 

[s s  ] = i syx 

These are the fundamental rules by which all other properties of spin follow. 

Considering spin half particles such as electrons, there exist two possible ms values, 

ms=+½, -½. Defining the eigenstate corresponding to (s = ½, ms = ½) as θ , the 
2eigenstate corresponding to (s = ½, ms = -½) as ρ , and noting that in this basis s  and 

sz  are diagonal, we get the eigenvalue equations (Liboff 1992) 



� 

�

� 

19 

α = αsz 2 (2.5) 
β = −  βsz 2 

Following from the relationship for the raising and lowering operators, and the 

commutation relationships for sx  and sy  we obtain four further spin operator equations 

1 
α = � βsx 2 (2.6)

i sy α = � β
2 

1 
β = � αsx 2 (2.7)

i sy β = −  � α
2 

Given these six equations and the fact that α  and β  are orthonormal, we find that 

the matrix elements of sx , sy  and sz are 

α α α β α β α α    0 1ŝx ŝx  �    �   = =   =   . (2.8)sx   2  1 0 2  β β  β αβ α β β ŝx ŝx    

Similarly 

sy = 
�

2 

 0 

i 

− 

0 

i 





 (2.9) 

and 
 1 0  sz = 

�  − 
 . (2.10)

2  0 1 

Remembering that the Pauli spin operator is defined as (Liboff 1992) 
2 

σ = s (2.11) 

we find that the matrix representation of its Cartesian components are 
 0 1  0 −i   1 0 
   

σx = 1 0
, σy =  , σz = 


0 1

. (2.12) i 0 
 

 −  

These are the Pauli spin matrices. 

If we let α  and β be our basis vectors, then we define the general state 

χ = a1 α + a β as a linear superposition of our basis vectors which we can represent2 

a as the column vector χ = 
 1 

 . If we assume, without loss of generality, that χ isa 2 

normalised then we have 
a 1 2 2*  χ χ  = (a * a2 )a2 

 = a + a = 1 . (2.13)1 1 2   
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We now define the polarisation of the general state χ to be the expectation value of the 

Pauli spin operator such that 
a 

*  
P = χ σ χ = (a * a )σ 

1 
. (2.14)1 2 a 2 

With this definition and the Pauli spin matrices from (2.12) one finds that the Cartesian 

components of the polarization are 
* *P = a a + a a1x 1 2  2  

* *P = i a a  − a a2 ) (2.15)y ( 2 1  1  

2 2P = −z a1 a2 

If the state χ is not normalised then a sensible extension of (2.14) is 

χ σ χP = . (2.16) 
χ χ  

This ensures that the magnitude of the components of P remain between 0 and 1. 

If we extend the argument above to statistical mixtures of spin states, the 

polarization of the system is determined by the average of the polarization vectors of the 

individual systems which are in a pure spin state, as described in the preceding 

paragraphs. We define the polarization as in equation (2.16) but we now sum over the 
nindividual pure spin states χ , noting that the χ n are unnormalised such that the relative 

weighting is equivalent to the amplitude. Thus the relation for polarization is 

∑ n n 
χ σ χ 

nP = . (2.17)
∑ n n 

χ χ  
n 

For a measurement in the z direction, one obtains the polarization 

∑ n n 
χ σz χ 

P = 
n (2.18)
∑ n n 

χ χ  
n 

and 
n1 0 a1  n *    − }∑(a1 n * a2 )0 1






 
n 
 ∑ { a1 n a2 

n 

P = 
n  − a2 

= n . (2.19)
+∑ { }a1 

n a2 
n 

∑(an * an * )

a1 
n 
  

1 2 a2 
n 
 n 

n   
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2 
If we define N ↑  to be the number of measurements in which we find the value + 

� and

n 
1∑ a↓ to be the number in which we find the value to be , we find that isN −

2
 n 

proportional to N ↑  and ∑ an 2 is proportional to N ↓ . The polarization as measured in 
n 

the z direction is then 

P = 
N 
N 

N 
N 

↑ −  
↑ +  

↓ 
↓ 

. (2.20) 

This is the equation used to determine the polarization of a beam of electrons which is 

polarized in the z direction. This equation will be used constantly throughout this thesis. 

Figure 2.1 shows the application of equation (2.20) to a partially polarized ensemble of 

electrons. 

8 2 

6 4 
Totally Polarized Unpolarized 

Figure 2.1 Application of (2.20) to a partially polarized beam gives P=60% 

Alternatively a density matrix approach can be used whereby we define the 

density matrix as (Kessler 1985) 
2 n n*  a a2a1 

n 

n n  1 χ χρ = (2.21)∑ =∑ 2  
.

 n* n  a a1 a2 
n 

 
n n 

2 

In this case we define the polarization as, 

tr{ρσσσσ}P = 
tr { } . (2.22)

ρ 

Further the density matrix can be expressed in terms of the Cartesian polarization 

components (2.15), using (2.12) and (2.21) as 

ρ P − iPy  1x = 
1  1+ Pz 

1− Pz 
 = 

2 
(I +  P ⋅σσσσ ) . (2.23)

tr{ }  2 
 P iPρ x + y 
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2.0.3 Spin Polarization in Elastic Scattering 
Spin orbit interaction 

By examining the equation (2.24) which is derived from the Dirac equation and 

using the assumption that the kinetic and potential energies are small compared with the 

rest energy of the electron (mc2), one can identify the physical meaning of each of the 

terms (Kessler 1985). 

 1  
2 e� 

  p−
e A

 + eφ − σσσσ ⋅B + i e� E p− 
e� σσσσ .(E p)

 
ψ =Wψ (2.24)

2 2 . 2 2 × 
 2m  c  2mc 4m c  4m c    

The first two terms above are analogues to those in the Schrödinger equation for 

an electron in an electromagnetic field. The next term describes the energy between a 

magnetic dipole µµµµ =  e� σσσσ , which is related to s through (2.11), and the external
 2mc  

magnetic field. The presence of the Pauli operator here as the operator of magnetic 

moment is further reason for its choice as the operator for spin. The next term is a 

correction to the energy due to the relativistic nature of the electron and hence has no 

classical analogue. The final term can best described as follows: an observer on an 

electron moving with a velocity v in an electric field E experiences a magnetic field B 

given by 

×B ≈ −υυυυ ×E = 
E p , (2.25)

c mc 

where terms of higher order are neglected. The energy of an electron with magnetic 

moment µ in the magnetic field B is given by 

− ⋅  ⋅  
e ⋅ ( × ×µ B = − 

e s B = − 2 2  s E p) = − 
e� σ ⋅ (E p) . (2.26)2 2mc m c 2m c 

This is equivalent to the final term in the Dirac equation except for a factor of ½. This 

factor is due to Thomas precession, which is caused by the change in reference frame, 

which changes the precession frequency of the electron spin in the magnetic field 

(Thomas 1926). 

( )If this motion takes place in a radial potential V r  , where E = − 1 ∂V r̂ , then 
e r∂ 

(2.26) becomes 

� 1 dV ˆ × 
�− 

e 
2 2  s ⋅�

� 
− 

e dr 
r p� = 

1 dV ( s l ) . (2.27)⋅ 2 22m c  � 2m c r dr 
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The right side of (2.27) illustrates why the final term in (2.24) is known as the spin orbit 

energy. At large distances from the origin this term becomes less dominant than the 

1potential due to the extra  factor and hence can be neglected. 2r

Spin dependence of the elastic cross section 

We now consider elastic scattering of relativistic electrons with spin from a 

central potential by solution of the Dirac equation. We look for solutions with the 

asymptotic form (Kessler 1985) 
ikr 

ikz ψ  ′ ,→ a e  + am (θ φ ) e , (2.28)m r →∞ m r 

where the wavefunction is the sum of an incident plane wave and a scattered spherical 

wave, in analogy to non-relativistic scattering theory. However, we now have four 

components of the wavefunction due to the requirement that solutions to the Dirac 

equation require at least 4×4 matrices (Kessler 1985). Similarly we can write the 

differential cross section as, 
4 2 

a′ (θ ,φ )∑ m 
m=1σ θ φ ) = 2 . (2.29)( , 

4 

a∑ m 
m=1 

Simplifying this expression we note that the am terms are not independent, such that 

(Kessler 1985) 

r a1 = a3 , (2.30) 
r a2 = a4 

similarly for the a′ terms. Thusm

2 2 2 22 2 2 2a1 ′ a2 ′ a1 ′ a2 ′+ + r a1 ′ + r a2 ′ + (2.31)σ θ φ ) = =( , 2 2 2 2 2 2 2 2 .
+ + r a1 + r a2 +a1 a2 a1 a2 

If we consider the incident electron wave to have spins in the ±z direction, then, 

from the wavefunctions obtained from solution of the scattering problem, we are able to 

construct all the cases. To solve the scattering problem we must therefore look for 

solutions of the asymptotic form, 

ikr1 ,ψ1 

 


   ikz  S11 (θ φ ) e e + 

 S21 (θ φ )

 r
 and (2.32) 0 , ψ 2  

r→∞→   

ikr0 ,ψ1 

 


   ikz  S12 (θ φ )  e e +  . (2.33) r→∞→ 1 ,ψ 2     S22 (θ φ )
 r 
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This form of the solution takes into account that the scattered electrons may not 

necessarily have zero spin polarization after scattering, as the spin may change its 

direction due to the spin orbit coupling. Hence S21 is known as the spin-flip amplitude. 

Further we may write in terms of the direct and spin flip scattering amplitudes (Kessler 

1985), 

S22 (θ φ ) = S11 (θ φ ) = f (θ ), , 
−2iφ −iφ ,S12 (θ φ ) = −S (θ )e = −g (θ )e 

. (2.34) 
21 , 

To treat the case where the incident wave has an arbitrary spin, we consider the 

coherent superposition of the two basic solutions (2.32) and (2.33), 

1 0 A  ikz   ikz = 
 A e + B  e  eikz and (2.35)

0 1 B       

ikr ikr ikr ikr 

A
 S11  e + B 

 S12  e = 
 Af − Bge−iφ  e = 

 a1 ′  e . (2.36)     ′  r S21 
 r  S22 

 r  Bf + Ageiφ 
 r  a2  

A 
The spin ½ state vector (spinor) χ =   is transformed by the scattering process

B 

through equations (2.35) and (2.36) to 

a1 ′ χ′ == 
   AS11 + BS12   Af − Bge−iφ  

. (2.37)     =  a2 ′    AS21 + BS22   Bf + Ag iφ 
 

This can be represented by the matrix transform 

−ge−iφa1 ′ A A   S11 S12    f  χ′ ==       =  iφ   = S χ , (2.38)
a2 ′ B B   S21 S22    ge f   

where S is the spin scattering matrix. 

The density matrix, ρ′ , of the scattered state is given by [cf. (2.21)]

2 a1 ′ ′ ′ a1 ′a a2
*   1 * †′ =   (a′ a′* ) =ρ′ =  2  a2 ′ 

1 2 χ ′ = S χ χ S . (2.39)
*′ ′  a2 ′ a a2    1 

If we recall that ρ = χ χ , then (2.39) becomes using (2.23) 

† †ρ ρρ′ = S S  = 
1 S (I + P ⋅σσσσ ) S tr{ } . (2.40)
2 

From here it becomes possible to write the dependence of the cross section on the 

polarization P. From (2.31) and (2.39), 

σ θ ) = 
tr{ρ′} . (2.41)

ρ
( , 

tr{ }  
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Therefore, on substitution of (2.40) into (2.41), the cross section becomes 

†σ θ ) = 
1 tr {S (I +  P ⋅σσσσ )S } . (2.42)( ,
2 

Following through the calculation using (2.12), (2.15) and (2.34), yields 

( ,  2 2 1 * * iφ −iφ σ θ ) = ( f + g ) − ( fg − f g ) e (P − iP ) − e (P + iP ) . (2.43)x y x y 2  

By substituting the Sherman function (not to be confused with the scattering matrix) 

which we define as 

 

* 

S ( ) = i fg * − f g 
2 . (2.44)θ 2f + 

P

g 

te
±iϕWe further define = Px ± i y where Pt is the magnitude of the transverse 

polarization component Pt as shown in figure 2.2, 

Px 

Py Pt 

ϕ 

Figure 2.2 Transverse polarization component Pt as defined above 

the differential cross section further simplifies to 

σ θ ,φ ) = I ( ) 1− PS ( )sin (φ ϕ ) (2.45)( θ  θ − t 

2 2where I ( )θ = f + g . For a beam with zero transverse polarization the cross section 

2 2is independent of the azimuthal angle φ and simply has the value f + g . 

Equation (2.45) can be further simplified if one defines the x axis to be in the 

direction of the transverse polarization component Pt. Defining the unit vector 

perpendicular to the scattering plane as, 

k k′ n̂ = × , (2.46)
k k′× 

one finds that the differential cross section for a beam with arbitrary polarization is 

given by 
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σ θ ,φ ) = I (θ ) 1+ S (θ )P n . (2.47)(  ⋅ ˆ  

Equation (2.47) will appear again when we discuss the Mott polarimeter as it is 

the basic equation that describes that phenomenon. This equation also has the 

interesting property that only components of the polarization transverse to the scattering 

plane contribute to a scattering asymmetry while longitudinal polarization components 

of the beam make no contribution. 

Modification of polarization through scattering 

Now that we have shown how the cross section is dependent on the polarization of 

the incident electron beam, it remains to be seen how the incident beam polarization is 

modified by the scattering process. Given an incident electron beam with arbitrary 
′polarization P, the polarization after scattering P is given by [cf. (2.22)], 

†tr{ } 1 tr{S (I + P ⋅σ σ σσ σσ σ} 
. (2.48)

ρ′σσσσ 2 )S 
P′ = = 

†ρ′ 2tr{ }  1 tr {S (I + P ⋅σσσσ )S } 
The denominator of this has already been calculated (2.42)-(2.47), all that remains is to 

calculate the numerator. A simple but lengthy calculation (Kessler 1985) reveals that 

(2.48) becomes 

 P n+ S ( ) n̂ +T ( )  P  P n) n̂  +U ( )(n P ) 
(2.49) . ˆ θ  θ  − ( . ˆ θ ˆ × 

P′ = 
1+ P nS ( ). ˆ θ 

where 
2 2* *f − g

S ( ) = i fg * − f g U ( ) = 
fg * + f gT ( ) = 2 , θ 2 , θ 2 . (2.50)θ 2 2 2f + g f + g f + g 

Further, if the polarization vector P is resolved into components, P�, parallel to the 

scattering plane and P
⊥, perpendicular to it such that P P  P , then (2.49) can be= || + ⊥ 

written in the form 

 θ || θ ˆ × 
P′ = P⊥ + S (θ ) n̂ +T ( )P +U ( ) (n P|| ) , (2.51)

θ1+ P S ( )⊥ 

ˆwhere the vector relationships (P n)n P and n P  n P|| have been used where. ˆ ˆ  = ⊥ ˆ × =  ×  

appropriate. 

From (2.51), we can see how the scattering process affects the polarization of the 

( ) ˆelectron beam. The vector S θ n is added to P
⊥
, perpendicular to the scattering plane; 
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the parallel component P  is changed to T θ P as T θ <1; and the polarization is ( )  

( )(n P )  which is 

� ( )  || 

also moved out of the plane defined by P and P
⊥
 by the factor U θ ˆ × || 

perpendicular to this plane. Finally the entire polarization vector is modified in length 

P S  θby the factor 1+ ⊥ ( ) which appears in the denominator. 

From (2.51) two important observations can be made. The first is, if the 

polarization before the scattering process is zero then the polarization after the 

scattering is perpendicular to the scattering plane with the magnitude given by S ( )θ , 

the Sherman function. Second, if the parallel component (P�) of the polarization is zero 

i.e. transverse polarization, then the polarization after scattering is also transverse and is 

dependent on the Sherman function. 

Equivalence of polarizing and analysing power 

Consider an electron such that it has only a  transverse component of polarization 

which is oriented in the x direction (figure 2.3). Scattering to the left and right, 

3π πφ = ,  respectively yields an asymmetry given by 
2 2  

πNl − N σ θ , 3π ) −σ θ  , 2 )( 2 (rA = = 
πNl + N σ θ , 3π ) +σ θ , 2 )

, (2.52)( 2 (r 

where Nl and Nr are the number of electrons scattered to the left and right respectively. 

φ 
θ P 

x 

z 

y 

k′ 

k 

Figure 2.3 Scattering of a transverse polarized beam. 

On substitution of (2.47) for σ θ ,φ ) , the asymmetry becomes ( 
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θ 11+ PS ( ) −  −  PS (θ ) = PS  ( ) ,A = 
θ 1 θ 1+ PS ( ) +  −  PS ( ) 

θ (2.53) 

where P is the transverse polarization and S ( )θ is the Sherman function. 

Now if scattering of an unpolarised beam is performed, one finds from the 

previous section that the polarization of the beam after the scattering process is given by 

the Sherman function. Consequently the Sherman function describes the ability of a 

target to be used both as a polarization analyser or as a source of polarized electrons. 

2.0.4 Exchange Effects in Scattering 
 Light atoms 

In the case of exchange scattering, polarization effects are caused by the Pauli 

principle as opposed to explicit spin dependent effects. Consider the scattering of 

electrons from single electron atoms such as hydrogen or the alkali metals. We assume 

that the polarizability is small compared with the Coulomb interaction. We further 

assume that the spin-orbit interaction is negligible. This approximation is appropriate 

for light atoms or at small scattering angles. 

Elementary scattering theory defines the scattering amplitude as 

− 
m ψ f T ψ , (2.54)i22π� 

where T is the transition operator (T-matrix) and ψ and ψ are the initial and final state i f

wavefunctions respectively. Writing these wavefunctions in an antisymmetric form 

allows the atomic and projectile electrons, which are identical, to be described 

appropriately (Kessler 1985), 

ψ i = 
1 ik r1 ik r2 22 
2 
e . η (1)u (r ) χ ( ) − e . η ( )u (r1 ) χ (1) (2.55)2 

ψ f = 
1 ik r1 ik  r2 11 22 

e ′ . η′( )u′(r ) χ ′(2) − e ′ . η′(2)u′(r ) χ′( ) (2.56)1 

where η andη′  are the initial and final spin wavefunctions of the free electron, χ′ and 

χ  are the initial and final wavefunctions for the atomic electron, u  and u′ are the 

atomic wavefunctions in the initial and final state respectively, k  and k′are the wave 

vectors of the incident and scattered electrons. 

On substituting these wavefunctions into (2.54), the scattering amplitude becomes 
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− 
m 1T ψ i 1= { f (k k )  η′( ) η 1 2 χ (2)( ) χ′( )ψ f22π� 2 

′,  

+ η′( ) η (2) χ ′( )2 1 χ (1)  ′, 1 1 2 2 (2.57) − g (k k )  η′( ) χ ( ) χ′( ) η ( ) 

+ η′( )2 χ (2) χ ′( ) η (1)1 }, 

where 

ik rλ ik r  λf (k k ) = −  
m′, e ′. u′( )r T r , (2.58)e . u ( )µ µ22π� 

′ . eik rµ u′( )  ik rλg (k k ) = −  
m′, T r , (2.59)e . u ( )rλ µ22π� 

with λ, µ = 1,2 or 2,1. Physically, the two parts of the scattering amplitude can be 

described as follows. f describes a process in which electron 1 which is free remains so 

and electron 2 which is bound remains bound. The complementary process is included 

as the two electrons are indistinguishable. f is known as the direct scattering amplitude. 

Similarly g describes a process in which an initially bound electron becomes free and an 

initially free electron becomes bound and its complementary process. Thus g is known 

as the exchange amplitude. It is important to note that while these are labelled in the 

same way as those scattering amplitudes described in Mott scattering, they are in fact 

quite different processes, particularly as we have made the approximation that the spin 

orbit interaction is negligible. Hence there is no left-right asymmetry of the scattered 

intensity, which is distinct from Mott scattering . 

Consider the six different processes that can occur when scattering polarized 

electrons from polarized atoms, 

e ↓ +  ↑→  ↓ AA e +  ↑  (2.60) 

e ↓ +  ↑→  ↑ +  ↓  (2.61)A e A 

e ↑ + ↑→  e ↑ + ↑  (2.62)A A 

and for atoms of the other polarization, 

A Ae ↑ + ↓→ e ↑ + ↓  (2.63) 

A e Ae ↑ + ↓→  ↓ + ↑  (2.64) 

A e Ae ↓ +  ↓→  ↓ +  ↓ . (2.65) 

If we describe the spin directions ↑ and ↓ from equations (2.60)-(2.65) by their 

1 0    
respective spin functions α =   and β =    as defined in section 2.0.2, then, for 

0 1     
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1 

each of the above processes, we can calculate the scattering amplitudes through 

application of equation (2.57). 

For example, for process (2.61) η = β , χ = α , η′ = α and χ′ = β so 

that the scattering amplitude becomes 

2 { f  α β β α  α β β α �� − g  α α β β α α β β ��}+ + 

= 
1 { f .0 − g [1+1]} = −g . 
2 

Similarly for each of the remaining five processes. As the cross section of a process is 

simply the square of the scattering amplitude, we can thus summarise the results into the 

following table. 

Process Amplitude Cross section 

e A e↓ +  ↑→ ↓ A+ ↑ f 2f 

e A e↓ +  ↑→ ↑ A+ ↓ -g 2 g 

e A e A↑ + ↑→ ↑ + ↑  f-g f g− 
2 

e A e A↑ + ↓→ ↑ + ↓  f 2f 

e A e A↑ + ↓→ ↓ + ↑  -g 2 g 

e A e A↓ +  ↓→ ↓ +  ↓  f-g 2f g− 

Table 2.1 Scattering amplitudes and cross sections for the six possible processes; scattering of polarized 
electrons from polarized single electron atoms. 

While measurement of the cross sections for each of the above processes will 

yield the two scattering amplitudes, this is not necessary. Experiments in which either 

the atoms or the electrons are initially unpolarized will suffice. From Table 2.1, the 

cross section for the occurrence of e↑ or e↓ in the scattered electron beam for each 

incident electron polarization is 

( ) 1 
2eσ θ↑ = f 2 1 

2 
+ 

2f g−  (2.66) 

and 

2 ↓ ( ) = 
1σ θ g , (2.67)e 2 
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where the cross section for scattering of unpolarized electrons from unpolarized atoms 

is σ θ  σ ↑ θ  σ ↓ ( ) . The polarization of the scattered electrons is, 0 ( ) = ( ) + e θe 

( ) − θ
P′( ) = σ ↑ θ  σ ↓ ( )e eθe ( ) + e θσ ↑ θ  σ ↓ ( ) . (2.68) 

e 

From equations (2.66) to (2.68), measurement of the polarization of scattered polarized 

electrons from unpolarized atoms will yield the exchange cross section 
2 g =σ θ( )(1− P′) . (2.69)0 e 

Similarly, by performing the same experiment and measuring the polarization of the 

atoms after scattering, such that 

↑ ( ) −θ  σ  A ↓ (θ ) (2.70)θA σ A ↑ ( ) + θ
P′ ( ) = σ A 

θ  σ  A ↓ ( ) . 

then the relationship, 
2f =σ θ  A( )(1− P′ ) (2.71)0 

2 2 2allows f to be determined. Finally f − g  can be determined by subtracting f  and 

2 g  from σ 0 . 

In reality creating a totally polarized electron beam is difficult if not impossible. 

This, however, does not change the above considerations. We can consider a partially 

polarized electron beam as a totally polarized beam and an unpolarized beam in the ratio 

P : (1  − P ) . The effect of this on the cross sections is to modify them by the electron e e 

polarization Pe such that 

( )

1− P′2 eg =σ θ
 Pe 

 (2.72)0 

2 
f =σ θ( )1−

PA ′ 
 . (2.73)0 

 Pe  

While the above arguments hold for atoms and electrons which have the 

polarization vector parallel or anti-parallel to the scattering plane, treatment of the case 

in which arbitrary polarizations are used requires the use of density matrices. The spin 

 e a1 
e 

function of the electron defined earlier χ =    can be combined with the spin 
a2 

e
 

 a1 
A Afunction of the atom χ =   to define a spin function of the two particle (atom and A 


 a2 
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electron) system. Following the arguments in Kessler (1985), we find that, by 

performing the direct product, we get the composite spin state, 
e A a a  1 1

 e A  
e ⊗ A 1 2   (2.74)χ =  

a a  
e A  a a2 1 e A  a a  

 
 2 2  

Similarly for the spin operators of the combined system we use the direct product 

of the Pauli matrices and the identity matrix such that 
e =σ ⊗ I  (2.75)µ µ 

for the electron spin operator and for the atom 
Aσ = ⊗σ  (2.76)Iµ µ 

where µ = x, y, z. The spin operators for the composite spin space are thus given by 

 0 0 1 0    0 0  −i 0   1 0 0 0  
   

σ =  
0 0 0 1  

 0 0  0  −i 
 
, σ =  

0 1 0e e e 0 
 

(2.77)x z 1 0 0 0 
, σ y = 


 

i 0 0 0   0 0 −1 0  
, 

          
 0 1 0 0    0 i 0 0   0 0 0 −1 

for the electron spin operators, and 

 0 1 0 0  0 −i 0 0   1 0 0 0  
  i 0 0 A 0 −1 0 0 

 
A Aσ =  

1 0 0 0
 
, σ y =  

0 
 
, σ = 


 

0 0 1 0  
, (2.78)x z 0 0 0 1    0 0 0 −i  

          
 0 0 1 0  0 0 i 0   0 0 0 −1 

for the atom spin operators. By considering a simple example we can better see how the 

spin of the system is defined. The combined system with electron spin − � , e ↓ and 
2 

atom spin � , A↑ both in the z direction, is represented by
2 

e Aa1 
e = 0, a2 =1, a1 

A =1, a2 = 0 . From (2.74), this system has the spin function. 

0   
 0e ⊗χ χ A =    
   
  
1 
0   

eFrom (2.77), it can be seen that the spin function is an eigenvector of σ withz

Aeigenvalue -1, and from (2.78) it is an eigenvector of σ with eigenvalue 1.z



33 

To determine the density matrix for a pure state recall the definition of the density 

matrix given in equation (2.21), such that for the composite spin space the density 

matrix is 
e A a a  1 1

 e A  
1 2   e* A* e* A* e* A* e* A*ρ =  a a  (a a  a  a2 a a1 a a2 )e A  1 1 1 2 2 a a2 1 e A  a a  

 
 2 2   

2 2A 2 A A* e e* A 2 e e* A A*  a a2 a a2 a a a a2a1 
e a1 a1 

e 
1 1 a1 1 2 1  

 2 2 e 2 A A* A 2 e e* A A* e e* Aa a a1 a a a a1 a a21 2 a1 
e a2 1 2 2 1 a2  = 

2 A A*  
(2.79) 2 2e e* A 2 e e* A A* A

 a a  a a  a a2 a a2 2 1  a1 2 1 1 a2 
e a1 a2 

e 
1 

 2 2 2e e* A A* e e* A 2 A A* A  a a  a a  a a1 a a2 1 2 1  2  a2 a2 
e 

2 1  a2 
e a2 

We also have from equation (2.22) that 
eP = tr{ρσσσσ } (2.80)e 

and 
APA = tr{ρσσσσ } (2.81) 

if the density matrix is normalised. 

If we express the density matrix (2.79) in terms of the electron and atom 

polarization as defined above, we get (Kessler 1985) 

 µe Aρ = 
1 
 I + P ⋅σ e + PA ⋅σ A +∑ P P σ σ , ,eµ ν µ ν  , ν 

 
= x y z . (2.82)e 

,4  µ ν  
A 

 

Equation (2.82) is valid also for mixtures of states. However, if there are correlations, 

then the above relation takes the form 

e Aρ = 
1 
 I + P ⋅σ e + PA ⋅σ A +∑Qµν µ ν  , ν 

 
= x y z , (2.83)σ σ

 µ 
, ,e 

,4  µ ν   

e Awhere Qµν = σ σ  is the polarization correlation tensor. For a mixed state withµ ν

( )  P ( )  ( ) ( )n n m mcorrelations, equation (2.83) remains valid however P =∑ w , PA =∑ w PAe e 
n m 

( )  (  m) ( nm) w( ,nand Qµν =∑w w Qµν where the n m) are the relative weightings for each of the 
,m n  

respective polarization states. 

In order to calculate the differential cross section, the final density matrix is 

required. Hence the scattering matrix needs to be determined. Recalling the relationship 
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between the basic spin states and the spin functions as discussed in the example given 

above, we can write the four possible states as 

1 0 0 0            
          00 1 0  ↑ ↑⇒    e A  

 
, ↓ ↑⇒    e Ae A  

 
, ↑ ↓⇒    e A  

 
, ↓ ↓⇒ .

0 0 1  0 
                 0 0 0 1            

If we also recall the transition amplitudes from table 2.1, we can see that a transition 

from the initial state 

1 1      
    0 0

χ =   to the final state χ f =   has the amplitude f-g. Hence the scattering matrixi     0 0 
     0 0   

must have the term f-g in the first column of the first row. Continuing with the same 

argument for the other processes we find that the scattering matrix 

f g  0 0 0  
 
 − 

S =  
0 f −g 0 

 
. (2.84)

 0 −g f 0  
  
 0 0 0 f − g  

Given the scattering matrix we are now able to calculate the final state density 

matrix analogous to equation (2.40). We can then use this result to calculate the cross 

section, σ θ( ) = 
tr{ρ′} , where ρ′ is the unnormalised density matrix of the final state.

ρtr{ }  

The final state density matrix can also be used to calculate the polarization of the atom 

after the collision and that of the scattered electron using equations (2.80) and (2.81). 

A simple but lengthy calculation of the trace of the final state density matrix 

yields the cross section 
2 2  f + g

σ θ  σ θ  
 

ez A  
0 ( ) 



 

(2.85)( ) = 0 ( ) 1+ P P 1− 
σ θ  ��  

where σ θ is the cross section for scattering of unpolarized electrons from0 ( )  

unpolarized atoms and P is the electron polarization along the direction of the atomicez

polarization PA. One observation that can immediately be made about the cross section 

is that if either the atom polarization or the electron polarization is zero, or the electron 

polarization is perpendicular to the atom polarization, then the cross section is the same 

as the unpolarized case. From this observation it is immediately evident from (2.85) 

that the asymmetry of scattering polarized electrons from unpolarized atoms and the 
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asymmetry of scattering unpolarized electrons from polarized atoms will be 

equivalently zero. The only asymmetry function that will be non-zero will be the 

parallel-antiparallel asymmetry for polarised electrons and polarized atoms. 

σ −σ ↑↓ ↑↑ (2.86)P P A  = ez A σ +σ ↑↓ ↑↑ 

with the asymmetry 
*fg * − f  g  (2.87)A =

2σ 0 

Given the scattering matrix S (2.84), the density matrix (2.83) and the Pauli spin 

matrices it is possible to determine the polarization of the scattered electrons (Kessler 

1985). The polarization of the scattered electrons is 
e′tr {ρ σ x} 1 2 * * * P′ = = f − fg * − f  g  ) − iP P  fg  − f  g  )ex ex ey A ( tr{ }  2σ θ  

P (2ρ′ ( )  
e′tr{ρ σ y} 2* *P′ = 

tr { }
= 

2σ θ  
iP P  fg  − f  g  ) + P (2 f − fg * − f  g  )*  (2.88)ey ex ey ρ′ 

1 
( )  A (


e
′tr{ρ σ z} 1 2 2 2 ) .P′ = = f − g + (P − PA )( f − gez ez ez tr{ }  2σ θ  
(P + PA )ρ′ ( )  

It can be seen immediately from the above relations, that unlike the spin-orbit 

interaction, the exchange interaction will not polarize an initially unpolarized electron 

beam if PA=0. As such the exchange interaction on its own without polarized atoms can 

not be used to produce a source of polarized electrons. 

 Heavy Atoms 

In the previous section we assumed that the atoms were light. If, however, the 

atoms are heavy then a slightly different treatment of the situation is required. The Pauli 

spin matrices and the composite spin function remain the same. Hence the density 

matrix of the system is equivalent to that derived above (2.83). The difference lies in the 

scattering matrix. Where two scattering amplitudes f and g were sufficient for the light 

atom case, six complex scattering amplitudes are required for the heavy atom case 

(Burke and Mitchell 1974). Burke and Shey (1962) showed that these six amplitudes 

reduced to the two familiar amplitudes (f and g) when L2 and S2 are separately 

conserved. 

Burke and Mitchell (1974) were able to define a number of scattering parameters 

in terms of the six scattering amplitudes. In particular they were able to show that the 
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cross section for scattering spin polarized electrons from spin polarized atoms is given 

by 

( ) = 0 ( ) 1+ A (P n) + A (P n  ) − A (P P ) (2.89)⋅σ θ  σ θ   1 A ⋅ ˆ 2 e ⋅ ˆ nn  A e   

where n̂ is the unit vector perpendicular to the scattering plane and PA , P  are the e

atomic and electronic polarization vectors respectively. The observables A1 and A2 

correspond to spin up-spin down asymmetries where up and down are parallel and 

antiparallel to n̂ . A1 corresponds to the asymmetry of scattering unpolarized electrons 

from polarized atoms.  Likewise A2 corresponds to the scattering of polarized electrons 

from unpolarized atoms and hence corresponds to SA, the standard asymmetry function. 

Ann corresponds to a parallel-antiparallel asymmetry for polarized electrons and 

polarized atoms. 

In terms of observing relativistic effects, both A1 and A2 require the existence of 

explicit spin-dependent effects, while Ann may be non-zero if only exchange effects are 

present, as shown in the last section. Further, it turns out that A2 is identical to the 

Sherman function derived in section 2.0.3. Farago (1974) found that for a nonzero A1 

the presence of both spin orbit and exchange effects is required. 

2.0.5 Inelastic Scattering and the Fine Structure Effect 
Previously in this chapter we have shown that unpolarized electrons can be 

polarized by the spin orbit interaction of the projectile and the target, though this is only 

significant if the atom is sufficiently heavy. The exchange effect on its own will not 

cause polarization of the scattered electrons of an incident beam which is unpolarized. It 

was widely assumed that the only way that a beam could become strongly polarized was 

with heavy atoms via the spin orbit interaction. However Hanne (1983, 1984) was able 

to show that if the fine structure states are resolvable then spin dependent effects due to 

the fine structure effect (Hanne 1983, 1984) can be observed. 

1
2 .We consider a one electron, light atom with L=1 and S= Let us further 

1
2assume that it is possible to resolve the excitation of the J=  states 3 

2 and J= 

1
2separately, but we only observe the J= . Then we have for scattering of unpolarized 

electrons from unpolarized atoms the processes shown in table 2.2. The processes 

3 
2marked forbidden are those which leave the atom in a J=  state. If we now look at the 

number of electrons that are scattered with spin up N↑, versus those that are scattered 
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2 2 2with spin down N↓ we find that  N ↑∝ ( f + g ) and N ↓∝ f g− . Hence the 

polarization after the scattering is 

NP′ = 
N ↑ − ↓  (2.90)
N ↑ + ↓N 

which will be zero when the exchange amplitude g is zero. Consequently, for 

polarization of the scattered electron beam to occur, exchange must play a role. While 

this treatment is a simplification, it serves to show how the fine structure effect can play 

a role. A formal calculation which takes into account the correct angular momentum 

coupling is given in Hanne (1983) and comes to the same conclusions as given here. 

Process Amplitude Cross section 

e A e↓ +  ↑→ ↓ A+  ↑ forbidden forbidden 

e A e↓ +  ↑→ ↑ A+  ↓  -g 2 g 

e A e A↑ + ↑→ ↑ + ↑  forbidden forbidden 

e A e A↑ + ↓→ ↑ + ↓  f 2f 

e A e A↑ + ↓→ ↓ + ↑  forbidden forbidden 

e A e A↓ +  ↓→ ↓ +  ↓  f-g 2f g− 

1
2Table 2.2 Processes for excitation of an unpolarized atom by unpolarized electrons to the J= state. 

If the two states are not resolved there is no polarization of the scattered beam. 

3 
2This implies that the polarization from the J=  state will be opposite in sign to that of 

1the J= 2 
1. As the cross section for exciting the J= 2 

3 
2 ,is half that of exciting the J= 

then the polarization after scattering an unpolarized beam is 

1 1
2 

2P′ = P′(J = ) + P′(J = 2
3 ) = 0 , (2.91)

3 3 

and hence 

P J  = 1
2) = −2P J  = 3 

2 ) . (2.92)′( ′( 
Another result of the fine structure effect is that the scattering asymmetry function, SA 

follows a similar relationship (Hanne 1983) 

S J = 
1
2) = −2S J =A ( A ( 3

2) , (2.93) 
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where SA is defined as the left-right scattering asymmetry for scattering of polarized 

electrons 

r= 
1 Nl − N (2.94)SA P Nl + N 

, 
r 

where P is the polarization perpendicular to the scattering plane and Nl and Nr are the 

number of electrons scattered to the left and to the right respectively. The polarization, 

P′, after scattering of an unpolarized beam is often referred to in the literature as SP, the 

polarization function. 

If we remove the requirement that the atom be light, then spin-orbit coupling of 

the continuum electron will cause the relationships (2.92) and (2.93) to break down, as 

both SA and P′ will now contain contributions from both exchange and the spin orbit 

effect. This contribution due to spin orbit remains even when the fine structure is not 

resolved. This provides an opportunity to determine when spin orbit effects become 

significant in inelastic collisions. Andersen and Bartschat (2002) indicated that the 

scattering asymmetry SA was a good candidate for investigating spin orbit effects when 

the fine structure is unresolved, as it is zero unless these effects are present. It should 

also be pointed out that the scattering asymmetry SA is equivalent to A2, which was 

defined earlier. Fortuitously, the statements made about the parameters A1, A2 and Ann 

for elastic scattering hold for inelastic scattering when the fine structure is unresolved. 

Consequently measurement of non zero A1 from equation (2.89) would indicate that 

both spin orbit and exchange effects are present (Farago 1974).  

2.1 Theoretical Calculation of Scattering Parameters 

2.1.1 Asymmetry for Elastic Scattering from Closed Shell Atoms 
A short introduction to the methods involved in performing calculations of the 

asymmetry for elastic scattering from closed shell atoms will be presented here. The 

numerical calculations of the Sherman function are determined from solutions to the 

Dirac-Fock equations for elastic scattering. These equations contain a potential that 

consists of real and imaginary parts. The real part of the potential includes static and 

dynamic polarization terms, while the imaginary part represents an absorption potential 

to account for losses into inelastic channels. 

In this treatment the two component wavefunction which describes the motion of 

the scattered electron is given by (McEachran and Stauffer 1986) 

κ ( ) χκm ( r̂,σ )  
(2.95)u r,σ ) = 

1 
 

f r  
k ( r  igκ ( ) χ ( r̂,σ ) r −κm  
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where fκ and gκ are the large and small radial components of the scattering 

wavefunction. The functions χ±κm ( r̂,σ ) are the usual angular and spin functions with 

quantum numbers κm . χ±κm ( r̂,σ )  have eigenvalues j and m, which are obtained by 

coupling the orbital angular momentum with the spin of the scattered electron, in order 

to form eigenfunctions of the total angular momentum. These functions are given by 
1χκm ( r̂,σ ) =∑ l 1 µ ± r̂ 1 σjm  Ylm  ( )ψ 1 ,± 2 

( )2 2 2 
µ 

jm  Y  � ( )ψ 1 ,± 2 
( ) 	

(2.96)
1χ−κm ( r̂,σ ) =∑ l� 1 µ ± r̂ 1 σ2 2 lm 2 

µ 

� r̂ 1 σwhere l = 2 j − l , Ylm ( )  are spherical harmonics and ψ 1 ,± 2 
( ) are normalized two 

2 

component spinors. The orbital angular momentum l and total angular momentum j are 

defined in terms of the quantum number κ  as follows 

 κ ,  if  κ >0  
j = κ − 1 l = 	  (2.97)2 

− −1, if κ <0 κ 

In the case where the imaginary absorption potential is included, the large and small 

components of the radial wavefunction are represented as the sum of the real and 

imaginary part such that, 
R Ir	 rfκ ( ) = fκ (r ) + if  κ ( )  
R I 

κ r	 rg ( ) = g ( ) + ig  κ ( ) . 	(2.98) 
κ r 

The large and small components must also satisfy the following four coupled first order 

integro-differential equations: (Grant 1961, 1970) 
d	 If r  κ f R( )  − α  

2 
−V r  R( )− αWQ ( ; )  = −  αV r g r  R( ) + r ( ) + ε  g r  R 

κ r I( )  ( )  κ κ 2 R κ	 κdr r α  
d I( ) + I( )− α 


 
2 

−V r  I ( )− αW  r  R 
κ I( )  ( )  f r  κ f r  2 R( ) + ε 


 g r  Q 

I( ; )  = αV r g r  
κ κ	 κ κd	r r α  (2.99)
d g r  κ R( ) + α [−V r  r  κ r IR( )− g r  ( ) + ε ] f R( ) + αW R( ; )  = αV r f r  

κ κ R κ	 κdr r	 P I( )  ( )  

I	 I 
dr
g r  

r
( ) + α [−V r  I( ) + αW  r  I( )  ( ),  

d I ( )− 
κ g r  ( ) + ε ] f r  ( ; )  = −αV r f R r

κ κ R κ P κ 
κ 

In these equations α is the fine structure constant, VR,I ( )  are the real and imaginary r

R,I parts of the potential and WP or Q  are the real or imaginary parts of the exchange terms 

(see Dorn et al  (1998) for details). Here P and Q refer to the large and small 

components of the bound-state atomic wavefunction, which were obtained from the 

multiconfigurational Dirac-Fock code of Grant et al  (1980). 

The real potential V rR ( )  is simply the sum of the usual relativistic static potential, 

a polarization potential and a dynamic distortion potential such that, 
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V r  r r  2 r( ) =Vst ( ) +Vp ( ) + 1 Vd ( ) . (2.100)R 

p ( ) and V rThe potentials V r d ( ) (McEachran et al  1977, McEachran and Stauffer 

1990) previously only contained contributions from dipole polarization potentials. 

However, in the calculations used here, all multipoles up to six were included. 

To account for loss due to inelastic processes, a phenomenological absorption 

potential discussed in McCarthy et al (1977) was used. This potential includes 

summation of the different bound state orbitals which can be simplified by using only 

the largest contributions, that is from the orbitals of outer electrons. In the krypton 

calculations performed here, this was limited to the 4p  and 4p  orbitals. An adjustable 1 3 
2 2 

parameter in the expression for the potential is then adjusted so that the experimental 

total cross sections of Zecca et al  (1991) and Buckman and Lohmann (1987) are 

reproduced. 

The asymptotic form of the large component of the scattering wavefunction fκ is 

expressed in terms of the T-matrix as 

lπ f r  r →∞→sin 
 kr  −  +Tl 

± ( )exp i  kr  − lπ  , (2.101)κ ( )
 2  

k 

 



 2  
± ± k l 

± kwhere the T-matrix elements in terms of complex phase shifts, η (k ) = δ ( ) + iγ ( ) ,l l 

are given by 

±T k  exp 2 iη ( )) −1 (2.102)( l k l 
± ( ) = 

2
1 
i  

where the T k± ( ) are the T-matrix components corresponding to spin up ( κ < 0 ,l

1 1j = +  ) and spin down (κ > 0 , j = −  ), respectively. From the T-matrix elements, l 2 l 2 

the direct and spin flip scattering amplitudes can be determined as 
∞ 

f ( ) = 
1 
∑ (l +1)T + (k ) + lT  − (k )P (cos  θ ) (2.103)θ 

k l =0 
l l  l 

and 
∞ 

g ( ) = 
1 
∑ T − ( ) −T + ( )P (cos θ ) (2.104)θ 

k l =0 
l k l k  l 

1 

1where Pl (cosθ ) and Pl (cosθ )  are the Legendre and associated Legendre 

polynomials, respectively. From these expressions the Sherman function, cross section 

and other scattering parameters can be determined (2.47)&(2.50). 
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2.1.2 Asymmetry for Inelastic Scattering from the Alkali Metals 
Measurements of the asymmetry A2, that will be presented in the following 

sections, are compared with theoretical calculations performed in a convergent R-

Matrix and R-Matrix with Pseudo States (RMPS) calculation. The reader is referred to 

Bartschat et al (1996) and Bartschat (1998) for a more detailed discussion of this 

technique. The reader is also referred to Bartschat and Fang (2000) for details of the 

application of the RMPS technique to heavy alkali metals. 

The R-matrix technique relies on being able to achieve convergence on an 

observable as a function of the number of states included in the multi-channel 

expansion. A starting assumption is that the target can be considered an inert Hartree-

Fock core together with a single valence electron. This is then expressed as an (N+1)-

electron wavefunction. The configuration space containing this wavefunction is divided 

into two regions, r ≤ a and r > a. The R-matrix radius, a, is chosen such that any 

exchange effects between the target and projectile can be neglected in the region outside 

of the R-matrix ‘box’. 

The (N+1)-electron wavefunction at energy E is then expanded in terms of an 

energy independent basis set, ψ k , such that, 

Ψ = ∑ AEkψ . (2.105)Ε k 
k 

The basis states, ψ k , are constructed as follows, 

ψ = A∑Φ (1,… , N ) 1 u rN +1 ) aijk + ∑ χ (1, … , N +1) bik , (2.106)k ι iij ( 
ij rN +1 i 

where the Φ  are the N-electron target eigenstates and pseudo-states, the uij areι

members of a complete set of numerical continuum orbitals with angular momentum, 

used to describe the motion of the scattered electron inside the box, and the χi are the 

(N+1)-electron configurations. The χi are formed from the basis of the one-electron 

orbitals which were used to describe the N-electron target.  They are included to allow 

for electron correlation effects when the scattered electron is close to the nucleus; they 

also ensure completeness of the total trial wavefunctions. 

Each of these N-electron target states and pseudo states is expanded in terms of a 

sum of orthonormal configurations so that, 
m 

Φ = ∑cijφ j , (2.107)ι
j =1 
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The φj are built up from the one-electron orbitals is such a way as to give a 

function which is completely antisymmetric under interchange of spatial and spin 

coordinates of any two electrons. These one-electron orbitals may be of two forms, 

either the physical Hartree-Fock orbitals, or suitably chosen non-physical pseudo-

orbitals. In the standard R-matrix calculations the number of these pseudo states is very 

small and are included only to improve description of the discrete target spectrum. 

The radial functions of the continuum orbitals which are used to describe the 

scattered electron are solutions to the differential equation 

 
( 

2 − 2V r  2 r r 
 d 2 

−
� � +1) ( ) + ki� 

 
ui� ( ) =∑λ Pm� ( )  (2.108)m� 

 dr 2 r  m 

For each angular momentum, � , the differential equation is subject to the boundary 

conditions 

0ui� ( ) = 0 , (2.109) 

a dui� = b , (2.110)
u a  r a=i� ( ) dr  

and orthogonality, such that, 
a 

∫ u u j� dr  = δ ij . (2.111)i� 
0 

The potential V(r) is in essence arbitrary. However it is usually chosen such that it 

is a ‘zero order potential’ resembling the static potential produced by the ground state. 

While the form of this potential is arbitrary it can affect the convergence of the 

expansion with the number of orbitals needed (Burke and Robb 1975). 

The coefficients aijk and bij in equation (2.106) are obtained through 

diagonalization of the (N+1)-electron Hamiltonian inside the R-matrix box. This allows 

calculation of the surface amplitudes 

( ) =∑aijkuij ( )  (2.112)w a  ajk 
i 

and then using these, the elements of the R-matrix can be determined through 

w a  jkRij = 
1 
∑

ik ( )w (a) 
(2.113)

a k Ek
N +1 − E 

N 1Here E is the collision energy and the Ek
+ is the kth eigenvalue of the Hamiltonian in 

Rydbergs. 

The R-matrix defined above provides the connection between the regions inside 

and outside the box. In the region outside the box a set of no-exchange close coupling 
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equations need to be solved for each collision energy, subject to standard scattering 

boundary conditions. Matching these solutions then yields the scattering (S), transition 

(T) and reactance (K) matrices from which we can determine any observable we 

require. 

The R-matrix with pseudo states (RMPS) method has been described in detail 

elsewhere (Bartschat et al 1996). The method essentially involves construction of a 

large set of pseudo states which aid in description of the physical target states. These 

pseudo states also account for the infinite number of discrete and continuum states of 

the target atom that cannot be included explicitly in the calculation. These effects are 

only represented accurately in the region bounded by the R-matrix box, due to the finite 

range of these orbitals. This, however, is generally sufficient if one is only interested in 

transitions between discrete states that are wholly contained within the box. 

The RMPS method has been applied to e-H scattering at intermediate incident energies 

with success (Bartschat et al 1996, Bartschat 1998). Inclusion of the relativistic effects 

in these calculations has also extended agreement between experiment and theory to the 

heavier caesium target (Bartschat and Fang 2000, Bartschat 1993). 
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Chapter ThreeChapter ThreeChapter ThreeChapter Three Experimental Apparatus andExperimental Apparatus andExperimental Apparatus andExperimental Apparatus and 
Measurement ProcedureMeasurement ProcedureMeasurement ProcedureMeasurement Procedure

3.0 Introduction 

The spin polarized electron spectrometer described in this chapter was used to 

perform both the elastic scattering measurements on krypton and the inelastic scattering 

measurements on rubidium. The apparatus is loosely based on the NIST spin polarized 

electron spectrometer design (Pierce et al  1980) and that of the Australian National 

University group (Shen 1995). Due to the large scale nature of the apparatus the various 

components which make up the spectrometer will be described separately in the 

subsequent subsections. Figure 3.1 shows an overview of the vacuum system, cabling 

and support frames having been omitted for clarity. The left most chamber is the source 

chamber and contains the gallium arsenide (GaAs) source. The next chamber is the 

differential pumping stage which serves to separate the ultra high vacuum source 

chamber from the high vacuum scattering chamber. The next to last chamber is the 

scattering chamber. The right-most chamber is the Mott polarimeter which is used to 

determine the electron beam polarization. Figure 3.2 shows the electron optics and other 

components contained within the various vacuum chambers. A schematic diagram of 

the vacuum system is shown in figure 3.3 to assist in description of the vacuum system. 

The spin polarized electron source used in this experiment consists of a GaAs 

crystal whose workfunction is reduced to an energy below that of the vacuum level by 

producing a negative electron affinity (NEA) surface. This is achieved by the 

application of caesium and oxygen to the crystal surface. A diode laser incident on the 

surface produces a beam of photoelectrons. The polarization of these electrons is 

determined by the handedness of the incident laser radiation. The degree of polarization 

is however limited to 50% by the P3/2 degeneracy in the GaAs crystal. For optimum 

operation of the GaAs source, source chamber pressures are kept below 10-9 Torr. 

Electrons extracted from the crystal surface initially have longitudinal polarization. The 

electron beam is deflected through 90° by a quarter sphere electrostatic deflector which 

serves the purpose of changing the electron direction while preserving the electron 

polarization vector (perpendicular to the crystal surface). The beam that exits the 

deflector hence has its polarization transverse to the direction of the beam. The electrons 

are then accelerated to a transport energy of 800 eV to reduce deviation of the beam by 



 
Figure 3.1 Overview of experiment as viewed from the side, cabling and support stand have been omitted for clarity 
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Figure 3.2 Overview of the spin polarized electron optics. 1 Diode laser, linear polarizer and liquid
crystal retarder. 2 Gallium arsenide source. 3 Transport optics. 4 Linear gate valve. 5 Deceleration
optics. 6 Hemispherical electron energy analyser. 7 Gas jet. 8 Mott acceleration optics. 9 Mott foils. 
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the Earth’s, and other residual, magnetic fields. As the beam enters the scattering 

chamber it is decelerated to the required energy and focused into the centre of the 

scattering chamber. 

The electron optics continue through the differential pumping stage and the gate 

valve and into the centre of the scattering chamber in the scattering plane. The 

scattering plane is defined as that which contains the incident beam and scattered 

electron beam vectors, the centre of which is defined by the intersection of these two 

vectors. The electron energy analyser is rotated in the scattering plane on one of two 

independent turntables which have axes of rotation collinear to the centre of the 

interaction region. The second turntable allows rotation of a Faraday cup around the 

interaction region. The scattering chamber also houses a single capillary gas jet, for the 

elastic Sherman function measurements from krypton and an atomic oven, for the A2 

measurements from rubidium. A liquid nitrogen cooled cold trap is mounted directly 

opposite the oven nozzle to reduce background atoms from the atomic oven. 

To enable the polarization of the electron beam to be independently determined, a 

100 keV Mott polarimeter is mounted on the scattering chamber, directly opposite the 

electron beam entry, such that electrons that are not scattered at the interaction region 

can have their polarization determined. The electrons are accelerated up to 100 keV 

through a three element electrostatic lens. The potentials on the accelerator elements are 

12.7 keV, 50 keV and 100 keV respectively and the elements are held at these potentials 

by a resistive voltage divider mounted externally to the lens system. The lens elements 

are insulated from one another by glass cylinders. The 100 keV electron beam is 

incident on one of a number of gold foils of varying thickness, mounted on two 

turntables which allow positioning of each foil at the focus of the beam. Electrons are 

scattered preferentially left or right from the gold foil depending on the polarization of 

the electron beam. Two silicon surface barrier detectors mounted at ± 120° to the 

forward direction collect electrons that are back scattered from the gold foil and allow 

precise determination of the electron beam polarization. 

In the following sections each of the components previously mentioned will be 

discussed in detail. A detailed description of the calibration procedures used to reduce 

systematic errors will also be presented. Finally the method of operation of the 

apparatus and experimental procedure for measurement of the Sherman function for 

elastic scattering from krypton and the spin polarized inelastic scattering from rubidium 

will be discussed at length. 
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3.1 Spin Polarized Electron Source 

3.1.1 Source Vacuum Chamber 
Figure 3.1 shows the vacuum chamber that houses the GaAs spin polarized 

electron source. It is constructed  from a commercially available 8” six-way cross. On 

the top flange of the cross a Vacuum Generators XYZ manipulator is mounted. The 

XYZ manipulator houses the crystal mount and heater assembly and electrical 

connections for monitoring crystal temperature, controlling the crystal heater and 

applying potential to the GaAs crystal. On the bottom flange of the six-way cross a 2 ¾” 

quartz glass port is mounted to allow access for laser radiation. The rear flange houses a 

Varian 250 l/s turbomolecular pump which is backed by a Varian vane type rotary 

backing pump through a Varian electromagnetic block valve. The front port has a 6” 

glass port which allows observation of the crystal position and laser alignment. The left 

flange of the six-way cross is attached to an 8”, 90° elbow, and then to a 500 l/s Varian 

ion pump and titanium sublimation pump by an extension tube. The extension tube has 

two 2 ¾” ports which house an ultra high vacuum gauge head and a Stanford Research 

Systems 300 amu residual gas analyser, which allows the vacuum quality to be 

monitored. The final flange of the cross holds three feedthroughs which allow 

application of voltages to the electron optics. This flange also contains the exit of the 

electron optics and is connected to a 6” six-way cross by a 2 ¾” bellows.  

The 6” six-way cross serves as a differential pumping stage between the UHV 

source chamber and the high vacuum scattering chamber. It is pumped by a Varian 

300 l/s turbomolecular pump and a backing pump via an electromagnetic block valve. 

A 2 mm aperture at the port connecting the source chamber provides low conductance 

between the two stages. The differential pumping stage contains transport optics for the 

electron beam, passing through to the scattering chamber. 

A schematic diagram of the vacuum system for the spin polarized electron 

spectrometer is shown in figure 3.3. The procedure for achieving UHV vacuum is as 

follows. After the system has been made vacuum tight and all gate valves closed, the 

source and differential pumping stage backing pumps are switched on. When the 

backing pressure has reduced to less than 10-3 torr, both block valves are opened and the 

system is pumped to a pressure below 10-2 torr. At this stage both turbomolecular 

pumps are started and allowed to reach operating speed. Base pressures of the order of 

10-8 torr are achieved under these conditions. The ion pump is switched on at this stage 

and baking of the source and differential pumping chambers is commenced. The 

apparatus is heated by seven heater cables which are wrapped around the two six-way 
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crosses. The current which pass through the heater cables are controlled by a purpose 

built heater control unit which equalises chamber temperatures at different points and 

slowly heats the chamber to the maximum temperature of 120° C over 12 hours. During 

this time the caesium dispensers are degassed. This is done by increasing the current 

passing through both dispensers in 0.5 A steps, holding at each step, until the 

contaminants CO, CO2 or H2O are no longer emitted from the dispensers. Once the 

dispensers are able to run at 5 A without emitting contaminants they can be reduced to a 

standby current of 1 A.  After the dispensers are cleaned and there are no contaminants 

evident in the residual gas analysis, the chamber is then cooled. After the chamber has 

reached room temperature the source chamber base pressure is generally less than 

2×10-10 torr. 

3.1.2 GaAs Crystal 
Principle of operation 

In 1974 Garwin, Pierce and Siegmann proposed a new type of polarized electron 

source based on photoemission from gallium arsenide, which has had its workfunction 

reduced by the application of caesium and oxygen. This source appeared attractive due 

to the ease with which the polarization could be reversed, the relatively high 

polarization and a high electron beam current. This meant that this type of source had a 

figure of merit (P2I) that far exceeded other sources. This source remains the most 

common type of polarized electron source in use today, however now many groups use 

the strained variety of GaAs, which provides a higher maximum polarization due to the 

removal of some of the level degeneracy (Maruyama et al 1992). 

Figure 3.4 shows the band structure of GaAs near the centre of the Brillouin zone 

(Γ point) for the (100) orientation, and the corresponding states of the GaAs crystal. The 

P band is split into a fourfold degenerate P3/2 level and a twofold degenerate P1/2 state, 

which is located 0.34 eV lower in energy. The origin of the spin polarization can be 

understood by considering the relative intensities of each transition as shown in figure 

3.4 (circled numbers). For excitation by circularly polarized light the optical selection 

rules require that ∆mj=±1 for σ ± light. Excitation from the P3/2 to S1/2 state with light of 

either helicity results in three times as many excited electrons with one spin than the 

other, the quantisation axis of which is defined by the light angular momentum 

direction. Given that the polarization of an ensemble of electrons is given by 

N ↑ −N ↓P = , the maximum polarization that is achievable with this type of source is 
N ↑ +N ↓ 
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therefore 50%. One important feature of this type of source is the ease with which the 

polarization can be reversed. Switching the handedness of the incident radiation 

externally to the source allows the polarization of the beam to be reversed without 

affecting any other beam parameters, in particular the beam intensity and direction 

remains constant through reversal of the beam polarization. 

The usual band structure of a semiconductor is shown in figure 3.5. It can be seen 

that the energy needed to excite an electron from the valence band into the vacuum (4 

eV for bare GaAs) is much greater than the band gap (Eg = 1.34eV for GaAs). The 

difference between the vacuum energy level and the band gap is known as the electron 

affinity Ea. To eject the maximum number of electrons into the vacuum it is necessary 

to reduce the electron affinity to zero or below. If the vacuum energy level can be 

reduced below the energy of the conduction band, a negative electron affinity (NEA) 

surface is formed. This can most easily be achieved for GaAs by application of Cs and 

oxygen to the surface under vacuum, producing band bending in the region of the 

surface, and effectively reducing the electron affinity (Ea) to less than the band gap (Eg) 

(figure 3.5). Other groups have had success with other workfunction reducing agents 

such as O2 and NF3 (Ciccacci and Chiaia 1991), though the application Cs and O2 is by 

far the most common. 

The process by which Cs and O2 is deposited on the GaAs surface is as follows. 

The first application of Cs covers the surface in a monolayer of Cs (Sommer et al 1970). 

Application of oxygen causes the formation of Cs2O by clearing half the deposited Cs. 

Further application of Cs fills in the gaps until the oxygen is added again; half of the Cs 

then migrates to form Cs2O. Repeated applications of Cs and O2 increase the coverage 

of Cs2O by covering half of the remaining surface after each application. It is this 

process which explains the typical ‘Yo-Yo’ activation that is observed when producing 

a NEA surface (Uebbing and James 1970, Bell 1973). 

The angular spread of the photoemitted electrons is discussed in detail in Bell 

(1973). In the absence of scattering in the band bending region, the cone half angle of 

the emitted electrons is calculated through the relation, 

1 kT 
 m * 2  m  

θ ≈ tan( ) =θ 
Ec − E 

, (3.1) 
∞ 

* 
where T is the temperature, m is the ratio of the electron effective mass to its rest mass,

m 

which for GaAs is of the order 0.4, Ec is the energy of the conduction band minimum, 

and E• is the vacuum level energy. The kinetic energy of the electron in the vacuum is 
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Figure 3.5 Band structure of GaAs (top). Band structure of GaAs with Cs-O coating producing band 
bending (lower), electrons excited from the valence band thermalise to the conduction band minimum 
before diffusing to the surface and escaping into vacuum. 
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the difference in these two values and is about 0.2 eV for emission into a field free 

region. At room temperature, θ evaluates to 5°. Though this calculation may be valid 

locally, real surfaces are not perfectly flat. Scratches and pitting caused by polishing and 

etching will increase the cone angle (Bradley et al 1977). The space charge of the 

electrons exiting the surface will also cause the cone angle to increase. The accelerating 

potential of the electrons also needs to be considered as this will reduce the cone half 

angle. Bradley et al (1977) measured the cone half angle to be approximately 30° for 

emission into a field free region from a real surface.  

The two factors that most affect the quantity and quality of the photoexcited 

polarized electrons are the quantum yield and depolarization effects. Electrons are 

excited from the valence band, in a region determined by the absorption length 1 ~1 
α

µm (Pierce et al 1980), by light of energy just greater than the band gap (1.52 eV). The 

electrons thermalise to the conduction band minimum, taking a time of the order of a 

picosecond, from where they can then diffuse to the surface and be emitted. The 

emission of each electron is limited by a number of factors, the first being the diffusion 

length L of the electron, which is also of the order of 1 µm. As the electron diffuses 

towards the surface, it is accelerated in the band bending region (caused by the Cs and 

O2 on the surface). The degree of the band bending is determined by the doping of the 

crystal (Pierce 1995). Once the electron reaches the surface it can either escape into the 

vacuum or be reflected back into the crystal. A reflected electron can be subsequently 

scattered by phonons and turned around for another attempt at exiting the crystal, or it 

may recombine with a hole. The probability that any electron will escape is denoted 

Pesc. For an NEA photocathode, the quantum efficiency or yield of the cathode, Y, given 

by this simple description of the process, is (Pierce et al 1980) 

Y = 
Pesc 
1 . (3.2) 

1+ 
αL

This equation becomes most valid for photon energies near those of the band gap 

(1.52eV). As control over the absorption depth is limited by the electronic structure of 

the crystal, the only way to improve yield is by increasing the diffusion length such that 

it is greater than the penetration depth. This is best achieved by using epitaxially grown 

GaAs crystal with minimal defects. Typical diffusion lengths of ~3 µm are achievable if 

the crystals are produced this way.  The final and most dominant factor affecting the 

yield of the photocathode is Pesc and this depends mostly on the surface quality, 
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specifically, the cleaning and activation. The yield of the GaAs source used in this 

work, using 780 nm excitation, was of the order of 1.5×10-2 electrons/photon. 

The polarization of the electrons emitted from the crystal depends on a number of 

factors including the wavelength of the exciting radiation and the time which an 

electron spends in diffusing to the surface. The minority carrier lifetime, τ, of an 

electron diffusing in a GaAs crystal is related to the diffusion length L through the usual 

relation for the distance of a random walk, L = Dτ where D is the diffusion constant. 

As electrons diffuse to the surface they can be depolarized by a number of mechanisms. 

These mechanisms include depolarization at the bottom of the conduction band, spin 

orbit interaction in the bulk and hyperfine coupling of the electron spin to the atomic 

nucleus (Yashin et al 1989, Fishman and Lampel 1977). These mechanisms can be 

characterised by a single parameter, the spin relaxation time τs. The polarization of 

photoemitted electrons P can be related to the theoretical polarization Pth by the relation 

(Pierce et al 1980) 

1 
α + 

P = Pth 
Dτ . (3.3)

τ + τs 
α + 

Dττs 

From this relation it is evident that the polarization of the photoemitted electrons is 

limited by the time they spend in the crystal. Thus an increase in polarization can be 

obtained by artificially constructing a cathode with a thin active semiconductor layer. 

Experiments to confirm this by using a 0.2 µm active layer produced a photoemitted 

electron polarization of 49% (Maruyama et al 1989). However the higher polarization 

from the thinner active semiconductor layer is achieved at the sacrifice of quantum 

yield, due to the reduction in the number of carriers (Yashin et al 1989).

 Photocathode Preparation 

For maximum yield it is imperative that the crystal surface be smooth and free 

from contaminants. To achieve the cleanliness and surface quality required, a number of 

cleaning and etching procedures have been utilised. The method adopted by most 

groups utilises a mixture of H2SO4, H2O2 and H2O followed by an etch in concentrated 

HF, then a slow etch in a solution of NaOH and H2O2 (Pierce et al 1980). In this work 

we used a simpler procedure with success. Our procedure uses NH3 as the etch and 

cleaning solution. This method was also used by the Australian National University 

group (Shen 1995) with equal success. In all of the cleaning procedures it is important 

that the quality and cleanliness of the solutions and rinse water be kept high, and that all 

beakers used be free from contaminants. The GaAs wafers used in this work were 
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purchased from Atomergic Chemetals, have a thickness of 350 µm and are cut on the 

(100) plane. The GaAs wafer is doped p-type with zinc, with a carrier concentration of 

1-2×1019 carriers/cm3. 

Eight clean beakers (which have only been used for crystal preparation), one each 

for the crystal and mounting tools and three each for ammonia etching and rinse water, 

are washed in methanol using an ultrasonic cleaner, then rinsed with house deionized 

water and dried using a heat gun. The beakers are then rested upside down on a sheet of 

aluminium foil to cool. In one beaker the tools required for mounting the crystal are 

ultrasonically cleaned with research (AR) grade methanol. The methanol is drained and 

the beaker covered with foil in preparation for use. Four 5 mm × 5 mm pieces of GaAs 

crystal, which are cut from a 50 mm diameter wafer, are placed shiny face up in a large 

beaker. The crystals are then covered with AR methanol and placed in the ultrasonic 

cleaner for ~2 minutes. During this time it is important that the vibration of the 

ultrasonic cleaner does not flip the crystals, as this can scratch the active surface of the 

GaAs. A large beaker is filled with highly deionized water (conductivity 0.035 µS/cm) 

and covered with foil to reduce contamination; this is set aside for use in rinsing the 

crystals later. Under a fume hood, one of the beakers is filled with ammonia and the 

four crystals are placed in it. The ammonia is ‘swirled’ for 5 minutes after which time 

the crystals are transferred to a beaker containing ‘fresher’ ammonia. The process is 

repeated twice more before placing the crystals into a beaker of deionized water for 

rinsing. The wafers are rinsed in deionized water three times using new water in each 

beaker. During the process of moving the wafer from one solution to another it is 

important to keep the shiny face up and covered with a droplet of the solution to protect 

it from oxidation. The best crystal is then selected from the four, based on a visual 

examination, and is dried using a dry nitrogen stream. The crystal is then mounted onto 

the heater assembly (figure 3.9) under a nitrogen cloud. When mounting the crystal, it is 

important that the retaining ring not be overtightened as this will crack the crystal. The 

XYZ manipulator which holds the crystal mount-heater assembly is then immediately 

replaced in the vacuum system and pumping commenced. 

 Source Peripherals 

For activation and operation of the gallium arsenide source a number of 

peripherals are needed including a heater for the crystal, a source of caesium, a source 

of oxygen, and a source of circularly polarized radiation.  

As discussed previously, for best possible performance it is imperative that the 

GaAs crystal surface be clean. This is achieved by first etching the crystal and then later 
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by heat cleaning under vacuum. In this experiment the crystal is mounted on an AISI 

310 grade stainless steel block, which is in turn mounted on a Heat Wave brand ultra 

high vacuum button heater. The heater is constructed from molybdenum and consists of 

a resistively heated wire, passing through pure alumina potting contained within the 

heater button. The maximum temperature attainable with this heater is 1200 °C, which 

is adequate for achieving the 660 °C needed to heat clean the crystal. 

To produce the negative electron affinity surface, a source of caesium is needed. 

This is often produced by heating caesium metal and passing the vapour into the 

vacuum via a leak valve. This method is dangerous due to the highly reactive nature of 

caesium when exposed to air. Another alternative, and one that is used by most groups 

to provide a source of caesium under vacuum, is to use commercially available alkali 

metal dispensers (AMD’s). Our group uses AMD’s purchased from SAES Getters. 

These dispensers are constructed of a mixture of caesium chromate and a reducing agent 

contained within a metal channel. A nichrome wire runs along one edge of the channel, 

which serves to contain the mixture within. When current is passed through the wire the 

mixture is heated and undergoes a reaction which releases pure Cs. This method is 

convenient because of the ability of the caesium to be handled safely, and for the 

amount of caesium emitted into the vacuum to be controlled. Figure 3.6 shows the flow 

rate of Cs as a function of applied current (Succi et al 1985). Some variation in the 

amount of caesium dispensed is observed depending on the age and amount of use of 

each dispenser. This is overcome by simply increasing the dispenser current. 

To further assist in the production of a negative electron affinity surface, a source 

of oxygen is needed to complement the Cs. There are two main ways in which this can 

be done. The first is using a heated silver rod which becomes porus to oxygen when 

heated. We originally used this source but after a number of catastrophic vacuum 

failures due to overheating of the silver rod, we reverted to leaking the gas into the 

vacuum chamber through a leak valve. Ultra high purity oxygen, purchased from Linde 

Gases, is admitted into a small storage tank which is evacuated and filled a number of 

times to ensure the purity of the oxygen is maintained. The gas then passes into the 

source chamber through a Granville Phillips series 203 variable leak valve. Admission 

of gas by this method allows good control of the amount of oxygen admitted, as can be 

seen in figure 3.7 which shows the partial pressure of oxygen (as measured by the 

RGA) as a function of the valve setting. 

The final piece of equipment needed to operate the gallium arsenide source is a 

source of circularly polarized laser radiation. In the past the irradiation of a GaAs source 
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Figure 3.6 Cs flow as a function of applied current (Succi et al 1985) 
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was achieved by the use of a high intensity xenon lamp, which has its emitted light 

passed through an interference filter. Nowadays diode lasers are available cheaply and 

readily, with wavelengths suitable for operation of a GaAs source. In this work we 

utilise a Sharp (model GH07885D2C) diode which produces up to 85 mW of laser light 

at a wavelength of 780 nm, and a Sharp (model LT016MD0) diode which produces up 

to 40 mW of laser light at a wavelength of 810 nm. The diode is mounted in a 

collimation and alignment package which was purchased from Schäfter & Kirchhoff. 

This assembly also allows focusing and tilt adjustment of the laser. This module is in 

turn mounted in a Thorlabs X-Y translator which allows the laser spot to be positioned 

at different points on the crystal surface. The diode is driven by a constant current 

supply which was designed and constructed ‘in-house’. The supply allows the operation 

of a variety of different size diodes and diode configurations, whilst providing for 

monitoring of the internal photodiodes, for those diodes which contain them. 

To prepare circularly polarized radiation, the diode laser output is first passed 

through a Glan Taylor prism which produces linearly polarized light. The light then 

passes through a Meadowlark Optics variable liquid crystal retarder (LCR) before 

striking the crystal surface. This arrangement allows selection of either left or right hand 

circularly polarized light, using quarter and three quarter wave retardation depending on 

the setting of the LCR. 

In
te

ns
ity

 (A
rb

itr
ar

y 
U

ni
ts

) 

3 

2 

1 

0 

Half maximum intensity 

0 2000 4000 6000 8000 10000 12000 14000 16000 

LCR Voltage (mV) 

Figure 3.8 Calibration of the liquid crystal retarder (810 nm laser light). Circles show the ¼ � and ¾ � 

voltages of 1425 mV and 2165 mV respectively. 
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The LCR was calibrated to determine the voltages required to produce one quarter 

and three quarter wave retardation. Laser radiation at the wavelength used in the source 

operation was passed through a linear polarizer, then the LCR, and finally through a 

second polarizer whose transmission axis was set perpendicular to the first. Minimum 

transmission through the LCR was achieved by successively varying the applied voltage 

and LCR angle. This process allows the voltage for half wave retardation and the 

fast/slow axis to be aligned at 45° to the polarizer transmission axis. The applied voltage 

was then varied over the 16 V range and the transmitted intensity measured, (figure 

3.8). The voltage values for which the transmission intensity was half its maximum 

were recorded, as these indicate that the LCR is operating at one quarter and three 

quarter wave retardation respectively. It is important that this calibration be performed 

at the wavelength for which it is intended to be used, as the retardation varies 

considerably as a function of wavelength.   

Activation of the Source 

After pumping for about four days, the source chamber pressure falls below 10-8 

torr. At this pressure heating of the crystal can begin. This should be performed before 

baking of the source chamber commences to ensure that the crystal temperature is 

greater than that of the chamber at all times. The crystal is slowly heated by passing 

increasing currents through the molybdenum heater mount. The current is increased 

over a number of hours to reduce the chance of the crystal cracking under rapid heating. 

The current is increased in steps of 0.3 A every 30 minutes until the current reaches 1A; 

then 0.25 A every 30 minutes until the current has reached 2A; then 0.2 A every 30 

minutes until the current reaches 2.6 A, at which time the crystal is at 550°C. At this 

temperature baking can begin.  

Two caesium AMD’s are mounted 15mm either side of the first aperture (Figure 

3.9) and provide the caesium for activation of the GaAs crystal. After baking and 

cooling the chamber pressure should have fallen into the 10-10 torr range; at this stage 

the final heat clean of the crystal can begin. One of the Cs dispensers is ‘opened’ by 

passing 2-3 A  through it. After the dispenser has stabilised and we are sure there are no 

contaminants being emitted, the crystal is heated from 550°C in small steps until a 

temperature of 660 °C (as measured by the thermocouple mounted in the crystal block) 

is reached. This temperature is used because it is at this point both gallium and arsenic 

are boiled from the surface in equal quantities. The Mo heater current required to 

achieve this temperature is ~2.8A but varies from crystal to crystal. The temperature is 
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maintained at 660°C for 1 minute before the crystal is cooled to 600 °C. Cooling of the 

crystal is accomplished by a reverse of the heating procedure. 

 

Figure 3.9 Cutaway of the 90° deflector and crystal mount showing the position of the caesium 
dispensers.  

Photoelectron current can be observed by measuring the current passing through 

the circuit to the crystal with a pico-ammeter. At temperatures below 75 °C an 

indication as to wether the crystal is activating or not can be seen by shining a torch 

onto the crystal, which will cause an increase in the photo-current. As the crystal cools 

below 50 °C the first sign of emission current from the crystal can be seen. Over a 

number of days/ hours, depending on the caesium dispenser age, the current increases to 

a maximum value. As the current begins to drop, oxygen is leaked into the chamber at a 

partial pressure of ~1×10-9 torr. The current continues to drop momentarily, then begins 

to climb again. As the current reaches a new maximum, the oxygen is stopped and the 

current allowed to rise again under Cs only. This process of applying Cs then oxygen is 

repeated up to ten times or until the current no longer increases. The oxygen is then 
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turned off and the crystal allowed to stabilise under a Cs cloud only. There is usually a 

small drop in current as the crystal reaches a more stable condition. This activation 

cycle produces a reasonably stable current that can last a number of weeks without 

reactivation. 

Source Operation, Properties and Characteristics 

After the current has stabilised, little more needs to be done to the source for its 

continuing operation. After a week, the photocurrent begins to reduce; if it falls too 

much it can be ‘peaked up’ by the addition of more Cs. It is important, however, when 

adding more Cs that the temperature of the crystal does not increase, as an increase in 

temperature always leads to a reduction in photo-current. The usual operating 

temperature of the crystal is 40 °C, however this may be 1 or 2 °C higher when the 

dispensers are run at the higher current required as the Cs dispenser is exhausted. 

Typically the photocurrents available from the crystal range from 5 µA to 30 µA 

depending on the age of the crystal and the number of times it has been activated. The 

‘half life’ of the crystal (time for the emission current to reduce to half that of the 

original current) is of the order of one week. The stability of the crystal is dependent on 

the activation time. Where the crystal takes more time to activate, a larger current is 

available for a longer time, while crystals that are activated quickly tend to not reach as 

high a current and have short half lives. The main factor, though, that affects the half 

life of the crystal is the temperature. Temperature increases of as little as 5 °C can 

decrease the current by half and cause the crystal to stop producing photoelectrons after 

a short period of time. Under these conditions, the current falls to below 0.5 µA within 

12 hours. 

The polarization of the electron beam was found to be dependent mainly on the 

wavelength of the laser used to produce the photoelectrons. When using the 780nm 

diodes this was found to be 15%, as measured by the Mott detector. When an 810nm 

diode was used, the polarization was found to be 35% as measured by the Mott detector. 

While it is possible that mechanisms which were discussed earlier contributed to the 

loss in polarization, it is evident the biggest factor affecting the polarization in this work 

was the incident laser wavelength. The maximum polarization for a GaAs source of this 

type has been shown to occur when the incident radiation has a wavelength of 830 nm 

(Pierce et al 1975). 
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3.1.3 Transport Optics 
Principles of Operation 

Electrostatic lens systems are analogous to light optics in that elements exist in 

which an electron beam can be focused, refracted and collimated. Thorough 

descriptions of the principles behind electron optics can be found in Granneman et al 

(1983) and Grivet (1965), and only a brief description of some of the theory relevant to 

the current apparatus will be given here. 

90° Deflector 

A deflector enables the direction of the electron beam emitted from the source to 

be rotated through 90°. Figure 3.10 shows such a 90° deflector. Herzog plates at the 

entrance and exit of the deflector set the pass energy of the deflector, where the pass 

energy is the energy of electrons that will pass through the deflector along the central 

axis. A 12 electric field is created between two half hemispheres such that the centre 
r

potential is equivalent to the pass energy. Given inner, outer and central radii R1, R2 and 

R0 respectively, the potential applied to the inner hemisphere can be calculated via 

V1 = V0 

 
2R0 − 1

  where V0 is the central potential of the hemisphere. Similarly the
 R1 

potential applied to the outer hemisphere given by the relationV2 = V0 

 
2R0 − 1 . R2  

Herzog Plates 

R0 
R1 

R2 

Figure 3.10 The 90° deflector showing the focussing of a parallel beam into the exit aperture. 

The deflector ensures that electrons emitted from the crystal in a downward 

direction with longitudinal polarization are travelling horizontally with transverse 
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polarization after passing through the deflector. The use of such a deflector has the 

disadvantage that the aperture at the exit excludes electrons that are not axial at the 

entrance of the deflector. However, this arrangement is required to produce transverse 

polarization from the GaAs source. The deflector also has the advantage of providing 

energy selection of the electrons, excluding electrons with energy other than the pass 

energy, thus reducing the energy width of the electron beam.  

For maximum transmission through a 90° deflector it is ideal for the incident 

electron beam to be parallel to the deflector central axis. This is achieved with the use of 

a small aperture lens system immediately after the crystal and prior to the deflector 

entrance. The form of this system is a Calbick lens (Klemperer and Barnett 1971), 

which consists of a plate containing an aperture separating two regions in space with 

different electric field strengths. In this apparatus this lens is provided by the first 

aperture after the crystal (figure 3.9). The focal point of this configuration is given by 

the relation f = 

4E0 , where E0 is the electron energy, q is the electric charge, e1 is 
q(ε − ε )2 1 

the electric field in the region before the aperture, and e2 is the electric field in the 

region after the aperture. 

 Electron Lens 

Lens elements in electron optics are formed by the positioning of two different 

potentials in close proximity to one another, forming a field such that the force on an 

electron is proportional to the distance of the particle from the central axis. This field 

allows the electron beam to be focused. The focusing is described by a relation 

analogous to Snell’s law. In (3.4) the familiar Snell’s law relation for electron lenses is 

given, where α1 and α2 are angles of incidence and refraction at an equipotential 

separating V1 and V2. 

=α 
α 

sin 1 

sin 2 

2V 
V1 

(3.4) 


In this work a number of cylindrical triple element lens arrays are used. The triple 

element lens allows the acceleration of the beam to be varied without changing the 

focus conditions of the lens. In this configuration the lens parameters are functions of 

the ratios of the potentials on the second and third elements with respect to the first 

element. In the case where the first and third lens elements are held at the same 

potential, the lens is known as an ‘Einzel’ configuration. The more general case where 
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the three potentials are different are known as ‘asymmetric voltage’ lenses. Parameters 

for these types of lenses can be found in published tables, (eg. Harting and Read 1976), 

for a wide range of voltage arrangements.  

Apertures 

Dw 

L 

Dp 

Pencil angle Beam angle 

Figure 3.11 Windows and pupils, showing how pencil angles define the radial and angular size of a 
beam. 

Apertures are used in this apparatus to define the electron beam and work in 

exactly the same way as apertures in normal light optics. Apertures are used in pairs to 

define the radial and angular extent of the beam. The first aperture (window) defines the 

radial size of the beam. The second aperture (pupil) defines the angular extent of each 

point in the window. This is known as the pencil angle (figure 3.11). 

From figure 3.11 it can be seen that the pencil angle, in the small angle approximation, 
D Dis given by the relation p , and the beam angle is given by . In this case it w 

L
θ θbLp 2 2 

is assumed that both window and pupil are in a field free region, though this is not 

necessary as it is possible to have a virtual window and pupil if a lens is placed between 

the two apertures. 

For large lens systems such as that required in this apparatus, it is usual to use 

numerical simulation software (Simion 7: Idaho National Engineering and 

Environmental Laboratory) in conjunction with lens tables to design and refine the lens 

system. Simion utilises finite difference methods over a three dimensional grid to solve 

the Laplace equation. Virtual ions can then be placed inside the refined potential array 

and flown to determine the trajectory. 

≈ ≈ 
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Overview and Dimensions 

The electron transport optics in this experiment are based on a number of previous 

sources of spin polarized electron sources, in particular that of the National Bureau of 

Standards (Pierce et al 1980) and that of the Australian National University Group 

(Shen 1995). The electron optics were designed to produce a stable electron beam with 

a high throughput for a range of electron energies from 20-500eV. Scale diagrams of the 

electron optics are given in figures 3.12 (90° deflector) and 3.14 (transport optics). 

Simulations of the electron extraction and the transport optics were performed in 

Simion 7 and are given here (figure 3.13 and figure 3.15)  to aid in description of the 

electron transport system. 

The extraction apertures of the lens system are constructed from 316 SS, as are 

the two halves of the 90° deflector. The deflector is mounted directly below the crystal 

in the centre of the 8” cross. This is mounted at the start of the acceleration optics on the 

end of the lens mounting bracket. The electron lens elements are manufactured from 

310 SS. They are mounted in an aluminium channel and insulated from the channel by 

two ceramic cylinders. The elements are attached to the channel by 316 SS screws 

which are insulated from the channel by ceramic grommets. In addition to fixing the 

electron lens elements, these screws provide electrical connection for the lens elements. 

Electrical connection to feedthroughs is provided by oxygen free copper wire with 

Kapton insulation. 

Physical alignment of the electron optical system is performed by adjusting the 

position of the chamber in which they are contained, except for those elements 

contained within the scattering chamber, which are adjusted by XYZ manipulation of 

the lens mount. The alignment of the electron transport system is achieved through 

optical means by utilising a surveyor’s level to sight down the length of the transport 

optics into the interaction region. Each section of the apparatus is then aligned by 

ensuring that all apertures and cylindrical lens elements lie on the same axis, and 

coincide with the centre of the interaction region. 

In this apparatus the lens system is divided into three sections: acceleration optics, 

transport optics and deceleration optics. The acceleration optics start at the GaAs crystal 

where the electrons are extracted into vacuum. The beam is then passed through the 90° 

deflector to produce a beam of transverse polarization. The beam is then accelerated 

again before passing into the transport optics. The transport optics take the electron 

beam at ~1 keV and convey it through the relatively high magnetic field of the earth and 

into the magnetically region inside the scattering chamber. The magnetic shielding of 



Figure 3.12 Dimensions of the 90° deflector used in this work (all measurements are in mm). 



Figure 3.13 Simion simulation of 90° deflector. The aperture lens system produces a parallel beam 
incident at the entrance, which is imaged to a point at the exit of the deflector.  
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Figure 3.14 Electron transport optics simulation (Top) and Figure 3.15 Dimensions of electron optics (Bottom) 
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the source chamber will be described in detail in section 3.2.3. The deceleration optics 

then decelerate the beam to the required energy and focus the electrons into a parallel 

beam in the interaction region. 

Acceleration Stage 

Electrons from the GaAs source are emitted in a cone of half angle less than 30° 

(Bradley 1977) from a spot 1.5 mm in diameter. Figure 3.12 shows the dimensions and 

figure 3.13 the Simion simulation of the 90° deflector, for electrons emitted with these 

characteristics. The extraction of electrons from the crystal is achieved by a number of 

apertures. The first aperture after the crystal forms a Calbick aperture lens (Klemperer 

and Barnett 1971) separating regions of different electric fields. It is set at a high 

negative potential with respect to the crystal such that it forms converging lens with the 

focal point 1.2 mm behind the crystal face, at the apparent emission point of the 

electrons. This arrangement produces a parallel beam from the diverging source. A 

second aperture between the first aperture and the entrance Herzog plate is held at or 

near the pass energy of the deflector and the potential of the Herzog plate. The 

placement of this aperture allows more control of initial focusing of the electron beam 

and enhances transmission through the deflector. 

A strongly collimated beam is required to achieve maximum transmission through 

the 90° deflector, as electrons which enter the deflector perpendicular to the front 

Herzog plate will be focused to a point at the exit plate. The deflector has its pass 

energy set at 250 eV to lessen angular dispersion and  to maximise transmission through 

the deflector. This relatively high potential also allows the beam to pass through the 

deflector without being unduly affected by the Earth’s magnetic field at this point. 

A set of beam steering deflectors mounted 35 mm from the exit aperture of the 

deflector allow the beam direction to be adjusted. From this point, the beam passes 

through two three-element lens systems which accelerate the beam to 800 eV and focus 

the electron beam 40 mm before the first defining aperture, Tap (figure 3.15), which is 

the last element in the acceleration stage. This aperture is the only defining element of 

the system, and its purpose is to define the beam pencil angle. It is constructed from 

molybdenum sheet with a 2mm diameter opening at its centre. The aperture serves two 

purposes: the first is to act as a diaphragm to allow differential pumping; the second is 

to reduce the angular spread of the beam by removing electrons with a large transverse 

velocity. All elements in the acceleration stage float on the crystal potential, which is 

held positive with respect to ground. This allows the electron energy to be adjusted 

without changing the focussing conditions of the lens system. 
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Transport Stage 

The 800 eV transport stage allows transmission of the electron beam through the 

non-magnetically-shielded components of the apparatus. Transport at this high energy 

also minimised divergence of the electron beam. A second set of steering deflectors is 

mounted in the 800 eV stage immediately behind the defining aperture. A single three 

element lens is situated 270 mm further along the lens system. This lens produces a 

virtual object for the first lens in the deceleration stage. Part of the transport stage lens 

system is formed by a 2 ¾ inch gate valve, which is isolated from the rest of the 

chamber by a polymer isolation flange. The gate valve separates the scattering chamber 

and source chamber and allows each to be brought up to air separately when the valve is 

closed. It forms an integrated part of the electron optics, being connected with the rest 

of the electron lens system by two copper cylinders.  

Deceleration Stage 

The deceleration stage serves to reduce the electron energy from 800 eV to the 

required value in the 20-500 eV range. The beam is first focussed by a three element 

lens such that the image is at the focal point of the last lens. Other elements in this stage 

are used to reduce the electron energy further. The final three elements form a lens with 

the focal point at the focus of the previous lens, such that a parallel or near parallel 

beam is produced in the interaction region. All elements in the deceleration stage are 

floated on the crystal potential. This arrangement allows the electron energy to be 

changed without changing the focussing conditions of the lens system. However, as the 

last element is held at ground, some adjustment of the final three elements is required 

for different electron energies. Steering optics in the third-last element of the 

deceleration stage facilitate adjustment of the electron beam to coincide with the 

interaction region centre. 

Electronics and Power Supplies 

The electronics for the electron transport system are provided by a combination of 

commercially available and ‘in-house’ constructed units. Each of the units was selected 

to ensure that the voltage output was stable, with a low voltage ripple, over the voltage 

range required. These properties ensure that the electron beam has the highest stability 

possible. Voltage connections from the power supplies are made by BNC cable 

connectors through RG-174 coaxial cable  to Amphenol multi-pin connectors to the 

vacuum feedthroughs. From the vacuum side of the feedthroughs, gold plated pins are 
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used on either end of Kapton insulated, oxygen free copper wire to complete the 

connections to the lens elements. 

The float potential on which the crystal and all other supplies float is provided by 

a Bertan (model 205B-01R) high voltage power supply. This unit has a voltage range of 

0-1 kV. Voltage drift is below 0.01% per hour (which was measured over a 12 hour 

period) and the ripple characteristics were found to be ~10 mV rms. The supply has a 

resolution of 200mV over the 0-1 kV range. In cases where this resolution was found to 

be too coarse, a small 0-5 V battery supply adjustable from a 10 turn trim pot is used in 

series with the Bertan supply to enable resolutions of better than 10 mV. 

The voltage supplies for all lens elements except the 800V transport elements are 

provided by supplies that were manufactured ‘in house’ using a Bertan (model 

PMT-20C-P) high voltage power supply to power six outputs through resistive voltage 

divider circuits. The supply works over a voltage range 0-2 kV, with voltage drift below 

0.005% and with quoted ripple characteristics of 2 mV rms. The divider circuit provides 

a number of different voltage ranges to allow for the different configurations required 

by the electron optics. Each unit contains six switchable voltage ranges, two each of 0

300 V and 900-1200 V and four 0-600 V and 600-1200 V ranges. The supplies are 

adjustable coarsely over 30 V steps for the 300 V ranges and 60 V for the 600 V ranges. 

Fine adjustment of the output over each step is  provided by 10 turn trim pots. Voltage 

monitoring of the supplies is provided on a digital display or can be monitored 

externally from outputs on the front panel. The supply used for the 800 V transport 

section is a Fluke (model 410B) high voltage supply which has an operation range of 

0-10 kV. It has a quoted stability of ±0.005% of the output voltage per hour.   

The potentials on each of the XY steering deflectors are produced by an isolated 

deflector supply unit, of which three are used in the current configuration of the 

experiment. Each unit is powered from a ±22 V transformer that is full wave rectified to 

±18 V. The zero point on the output side of each transformer is connected externally to 

the float supply for that particular lens element and provides a ground for the deflector 

circuit. Each supply has four outputs, two for the X-deflectors and two for the Y-

deflectors, which are attached to the deflector elements. The potentials for the X and Y 

deflectors are separately adjusted by a pair of 10 turn trim pots mounted on the front 

panel. The supply drift is 0.01% of the output voltage per hour, and the ripple was 

measured to be 4 mV rms at 10V. 
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3.2 Scattering Chamber 

3.2.1 Scattering Chamber Vacuum 
The scattering chamber as shown in figure 3.1 is constructed from 304 grade SS. 

The bottom flange is made from 12mm thick plate. It has eight zero length 2 ¾” ports 

and a 8” flange mounted in the centre of the flange. The eight ports accommodate the 

two stepper motor and gearbox units; feedthroughs for the electron transport optics and 

high voltage connections; the Bayard-Alpert gauge and the gas admittance valve for the 

gas jet. The bottom flange is attached to the bottom cylinder, which has eight 2 ¾” ports 

mounted around it’s circumference. One of these ports contains the entrance electron 

optics from the source, another contains the exit electron optics for the Mott analyser. 

One of the remaining ports contains the cold trap feedthrough. The five remaining ports 

are blank but will be utilised in other experiments. The top cylinder has three 2 ¾”ports 

mounted in a quadrant with a 6” flange mounted at 45° to cylinder axis on the final 

quadrant. A glass viewport is mounted on this flange and allows the interaction region 

and analyser to be viewed. The top flange contains mounting points for the lifting 

mechanism and a single glass port mounted at the centre. The top cylinder may be 

separated from the bottom cylinder enabling access to the scattering chamber, by raising 

the top cylinder via a hand operated winch. 

The scattering chamber is pumped by a Varian 750 l/s turbo molecular pump 

which is backed by a rotary backing pump, as shown in the schematic diagram of the 

vacuum system (figure 3.3). The pumping procedure for the scattering chamber is 

similar to that of the source chamber. The rotary pump is first used to pump the 

chamber to <1×10-2 torr before the turbo molecular pump is switched on. When the 

pressure has reached ~10-7, torr experiments can proceed. If lower pressures are 

required, four heating coils mounted around the chamber circumference can be used in 

conjunction with the baking unit described earlier to bake the scattering chamber. 

Dual independent turntables are mounted on the base of the scattering chamber. 

The scattering chamber is also magnetically shielded on the inside with a 1.5 mm thick 

shield made from Hypernom alloy (Austral Wright Metals), a magnetic shielding 

material similar to mu-metal. Active shielding of the magnetic field is performed by the 

use of six, 1.8 m diameter Helmholtz coils mounted externally to the chamber. The 

scattering chamber also contains electric field shielding in the form of a Faraday cage 

around the interaction region. Below the interaction region a gas nozzle defines both the 

scattering centre and the centre of the turntables. The hemispherical electron energy 

analyser is mounted on one of the two turntables, the second turntable holds the Faraday 
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cup. On the inside diameter of the turntables, the rubidium vapour oven is mounted at 

45° to the straight through position.  

3.2.2 Dual Independent Turntables 
To enable measurements at different scattering angles, the electron energy 

analyser needs to be rotated about the interaction region. This is achieved by utilising a 

pair of independent turntables, the energy analyser being mounted on one, with the 

facility for a second analyser on the other. The second turntable is currently used for 

mounting of the Faraday cup. The turntable base plate also allows for mounting of the 

deceleration stage electron optics, target gas nozzle, Faraday cage and the rubidium 

oven. 

The turntables consist of a base plate and two turntables. The base plate and 

turntables are constructed from 5083 grade aluminium. The base plate is attached to the 

bottom flange of the scattering chamber by three 50mm high posts. A circular v-groove 

in the base plate houses eight 6 mm diameter ruby balls, which are held in constant 

angular separation by a 316 grade stainless steel carrier. The inner turntable sits on top 

of the baseplate such that the ruby balls are located in a matching v-groove in the 

bottom of the turntable. The inner turntable has a spacer plate attached such that when 

the outer turntable is mounted, both inner and outer turntables have the same height. 

The inner turntable also has a circular v-groove cut into the upper face to allow a similar 

bearing system to be applied for the outer turntable, which is mounted on top of the 

inner turntable. 

Both turntables have gear teeth cut into the circumference to allow them to be 

driven by stepper motors. The 200 step per revolution stepper motors operate through a 

9:1 reduction gearbox (Vacuum Generators model RD6MGI) through Delrin universal 

joints. The universal joint drives an anti backlash gear which then turns the turntable. 

This combination gives an effective drive ratio of 24060 steps per revolution of the 

turntable or ~69 steps per degree. When measured it was found that the number of steps 

per revolution was actually 24120 which is most probably due to the stepper unit 

making more than 200 steps per revolution. When the direction of the turntable rotation 

was reversed it was found that backlash in the drive system caused a 2° error on the 

inner turntable and 3° error on the outer. This is overcome in operation by always 

driving the turntables in the same direction when performing measurements and also by 

moving the turntable 5° below the first angle in each scan so that the backlash is taken 

up by moving forward to the desired angle. 
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A number of mounting points on each turntable and on the turntable base are 

available for peripherals. The mounting platform for the deceleration electron optics is 

mounted on the underside of the base plate and extends above the turntables. The 

support for the gas nozzle is also mounted beneath the baseplate, as is the mounting 

bracket for the rubidium vapour oven. On the turntables themselves, the electron energy 

analyser is mounted in a slot which ensures that the analyser is aligned with the 

interaction region. The Faraday cup is mounted on the inner turntable on a pair of posts 

which allow the cup and analyser to be rotated within 15° of one another.  

3.2.3 Magnetic Field Cancellation 
The cancellation of the earth’s magnetic field in the scattering chamber is 

performed by two methods. The field is statically reduced by a high permeability alloy 

shield inside the chamber and actively by three sets of mutually perpendicular 

Helmholtz coils. 

The inner shield is constructed of Hypernom alloy (Austal-Wright Metals). This is 

a high permeability alloy consisting of nickel 80%, iron 15% and molybdenum 4.2%, 

with the remainder being made up of carbon, manganese and silicon. The sheet is 1.5 

mm thick and is formed into two cylinders, each of which are closed at one end, with 

one attached to the top flange and the other to the bottom. The cylinders are made to fit 

one inside the other such that when the chamber is closed an overlap of 50 mm occurs. 

Holes cut into the shield allow access to each of the ports in the scattering chamber. 

Additional holes cut into the cylinder ends allow for mounting of the shield. To achieve 

maximum shielding, the material was annealed in a vacuum furnace after manufacture 

of the cylinders. The procedure for annealing is as follows. The shield is heated to 1177 

°C at a rate suitable to avoid distortion. This temperature is held for four hours before it 

is cooled to 600 °C. The shield is then cooled from 600 °C to 300 °C at a rate of 3-6 °C 

per minute. 

The magnetic field in the interaction region is further reduced by the use of 

Helmholtz coils. The coils, when current is passed through them, produce a magnetic 

field which is uniform over a small region. The coils used in this experiment are square 

in shape and measure 1.8 m on a side. Each coil is made from 25 turns of copper wire 

which is held in shape by aluminium channel that is formed into a square. Each pair of 

coils is connected in series and current from a regulated current supply is passed 

through them such that the coils produce a magnetic field which is equal and opposite to 

that of the residual field in the interaction region. 
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By the combination of the Hypernom shielding and the Helmholtz coils, the field 

in the interaction region is reduced to less than 6 mG. The field strength was determined 

by a Barington Instruments model MAG-01 magnetometer. The magnetometer was also 

used during construction of the apparatus to ensure that all electron lens elements and 

other ferrous based materials used in close proximity to the electron beam are not 

magnetic. 

3.2.4 Electric Field Shielding and Faraday Cup 
To ensure that the momentum of the electrons is undisturbed, other than through 

the interaction with the target, the interaction region has to be free from stray electric 

fields. In many cases it is desirable to shield the sources of electric field. However, in 

this work it was decided to shield the interaction region by using a Faraday cage. 

A 50 mm diameter cage was installed that sits above and below the scattering 

plane with an 8 mm gap between the two halves. The cage is constructed from 5083 

grade aluminium and stainless steel mesh with 65% transparency. The cage is coated in 

colloidal graphite, which reduces the possibility of charging. 

A smaller Faraday cage is mounted on the analyser entrance aperture, which sits 

~20mm further out from the cage. This cage is constructed from 316 grade stainless 

steel with 90% transparency stainless steel mesh. This cage ensures that scattered 

electrons are shielded from external potentials when they exit the interaction region 

Faraday cage, but before entering the electron energy analyser. This cage is also coated 

in a graphite coating to inhibit charging. 

A double Faraday cup is utilised in this experiment in order to measure the 

electron beam current into the interaction region, and to also serve as a beam dump for 

electrons which are not scattered from the target. The Faraday cup is constructed from 

two cylinders of 316 grade stainless steel, mounted coaxially inside a Macor block. The 

Macor block is also mounted inside a shield constructed from stainless steel which 

allows the cup to be mounted at the appropriate position. The dimensions of the outer 

cup are 5 mm diameter with a length  of 70mm. The inner cup is 2 mm in diameter and 

is 50 mm long. Electrical connections for both inner and outer cups allow electron 

currents falling on each to be monitored individually. The Faraday cup, like the Faraday 

cage, is also coated in colloidal graphite to prevent charging. 

3.2.5 Target Gas Delivery System 
The target gas is delivered to the interaction region from a single capillary nozzle, 

mounted such that the nozzle end sits 7 mm below the scattering plane, and is coaxial to 
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the turntables. The nozzle is held in place by six screws, which also provide fine 

adjustment of the alignment. Gas is fed into the nozzle through a Granville Phillips 

series 203 variable leak valve, via a Teflon tube. The gas is stored in a  stainless steel 

tank, which has two further mounting points, one for a Pirani gauge and the other for a 

line to a backing pump. The backing pump is used to purge the tank a number of times, 

refilling with target gas after each evacuation. This procedure is carried out to ensure 

that the gas used is of purity comparable to that supplied. 

During the experiments on elastic scattering of spin polarized electrons from 

krypton, the gas tank was filled to a pressure of atmospheric pressure. The leak valve, 

which has a dial indicator on the body, was set to 26-27, which corresponds to a 

pressure in the scattering chamber of 3×10-6 torr, compared to a typical base pressure of 

1×10-7 torr. Unfortunately in this design there is no facility for leaking the gas into the 

chamber other than through the interaction region, so background measurements were 

performed with the target gas off. 

3.2.6 Rubidium Vapour Oven 
Figure 3.16 shows a cross section of the rubidium vapour oven. The construction 

of a metal vapour oven is, in principle, simple. All that is required is a reservoir to 

produce a metal vapour at a particular vapour pressure, an exit for the metal vapour and 

apertures to define the angular and radial beam size.  Problems arise in constructing a 

suitable vessel so that the required heating can be achieved and that reactions with the 

target metal do not occur. This is particularly important with rubidium which is 

extremely reactive. It is also important to consider the material and design of the oven if 

it is to be placed near the interaction region, where the magnetic and electrical 

characteristics of the construction become important. 

The rubidium vapour oven is made in two parts, a reservoir and a nozzle. The 

base is constructed from 316 grade stainless steel as is the nozzle base. The nozzle itself 

is constructed from 310 grade stainless steel and welded to the nozzle base. 310 grade 

stainless steel is used as the nozzle is near the interaction region and this grade of 

stainless steel has a low characteristic magnetic field. The oven reservoir and nozzle are 

resistively heated by 2 mm diameter thermocoax that is mounted in helical channels 

machined into the surface. The thermocoax contains two tungsten wires suspended in a 

mineral paste. Current is passed through the wires in opposite directions for each wire, 

which effectively cancels any magnetic field produced by the current.  Temperature 

monitoring of the reservoir and nozzle is achieved by the use of two K-type glass fibre 



Figure 3.16 Scale diagram of the rubidium oven used in performing inelastic scattering measurements 
from rubidium. 
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insulated thermocouples that are mounted against the oven body. The reservoir is able 

to hold 30 cm3 of rubidium or approximately 40 g. The reservoir to nozzle junction is 

sealed by the use of a copper gasket with a knife edge seal in the reservoir and nozzle.  

The beam defining element of the oven is the nozzle and consists of a long bore 

drilled into the resistively heated nozzle. The hole is 1 mm in diameter and is 13 mm 

long, which yields a geometric beam profile that has a 9° beam angle, and a beam width 

at half maximum intensity of 7.4° under molecular effusion conditions. When operated, 

the oven reservoir is run at a temperature of 180 °C while the oven nozzle is run at a 

temperature of 260 °C. From the equation for the average velocity (Ross and Sonntag 

1995) 

T v = 145.51  m/s, (3.5)
M 

for a temperature T and atomic mass M, the average velocity is calculated to be 370 m/s. 

3.2.7 Electron Energy Spectrometer 
Overview and Dimensions 

R0 
R1 

R2 w 

Figure 3.17 Typical hemispherical deflector. The diagram on the left shows the central path and the paths 
of off-axis electrons through the hemispherical deflector. The diagram on the right shows the path of 
electrons with energy above and below the pass energy. 
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An hemispherical electron deflector was used as the electron energy analyser. A 
1 electric field is created between the hemispheres, with the central potential2 r 

determining the pass energy. Such fields allow electrons of energy equivalent to the 

centre potential to pass through the analyser without being diverted from the central 

path. Figure 3.17 shows a typical hemispherical deflector. Electrons which enter the 

deflector at an angle to the central path are focused at the same position at the exit of the 

analyser. Electrons with lower or higher energy travel with smaller and larger radii 

respectively and are usually collected at the exit aperture. Given the inner, outer and 

central radii R1, R2 and R0 respectively, the potential applied to the inner hemisphere is 

given by the relation, V1 = V0 

 
2 R0 − 1   where V0 is the central potential of the

 R1 

hemisphere. Similarly the potential applied to the outer hemisphere is V2 = V0 

 
2 R0 − 1  . R2  

These relationships are the same as those used for a 90° deflector, which is essentially 

half of a 180° deflector. 

The energy resolution of the 180° hemispherical analyser is given by the relation 

(Granneman and Van der Wiel 1983) 

1 E∆ = E0 

 
w 

+ ∆α 2 + 
w2 

 (3.6)
2 R0 3 2 R02 

where E0 is the pass energy, w is the aperture diameter, R0 is the central radius and Dα is 

the half beam angle at the entrance aperture. In most cases electron optics are used to 

prepare the beam before it enters the hemispherical analyser, reducing the beam angle 

such that the term containing Dα can be neglected, as can the higher order terms in w .
R0 

Thus equation (3.6) simplifies to 
w 

∆ =  E0 2 R0 
. (3.7)E 

In order to accelerate or decelerate the incident electrons, and to improve the 

intensity of the electron beam at the entrance to the analyser, a simple five element 

aperture lens system is used to focus the beam. Apertures at the entrance and exit of the 

electron lens also provide collimation of the beam which, reduces Dα further. Figure 

3.18 shows a sectioned view of the analyser, with Figure 3.19 showing a simulation of 

the electron energy analyser which was performed in Simion (Simion allows the paths 

of electrons in electrostatic fields to be simulated using a computer). Given the 

dimensions of the hemispherical deflector, it is possible to calculate the energy 



Figure 3.18 Dimensions of the hemispherical electron energy analyser used in this experiment 
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Figure 3.19 Simion simulation of the energy analyser for 20 eV incident electrons. Labels indicate lens designation used in Appendix A 
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resolution (3.7) and hemisphere potentials for a number of different pass energies (table 

3.2). Calibration of the hemispherical electron energy analyser revealed that the energy 

resolution was 650 meV at a pass energy of 40 eV. The reason for this large difference 

is attributed to irregularities in the electric field in the region of the aperture. This 

problem can often be overcome by the use of Jost correctors (Jost 1979), which help 

maintain a uniform radial potential across the aperture.  

Inner 
hemisphere 

diameter 

Outer 
hemisphere 

diameter 
Pass 

energy 

Outer 
hemisphere 

voltage 

Inner 
hemisphere 

voltage
 Energy 

resolution 
65 mm 125 mm 10 eV 5.2 V 19.2 V 0.05 eV 
65 mm 125 mm 20 eV 10.4 V 38.5 V 0.10 eV 
65 mm 125 mm 30 eV 15.6 V 57.7 V 0.15 eV 
65 mm 125 mm 40 eV 20.8 V 76.9 V 0.21 eV 
65 mm 125 mm 50 eV 26 V 96.2 V 0.26 eV 

Table 3.1 Energy resolution of the 180° hemispherical analyser for different pass energies.  

The analyser lens stack is constructed from 310 SS while apertures contained 

within the lens elements are made from molybdenum sheet. The electron lens elements 

are insulated from the aluminium carriage by ceramic rods which run the length of the 

lens stack. The front plate of the hemispherical analyser is constructed from 316 SS 

which was checked for residual magnetic fields with the fluxgate magnetometer. The 

inner and outer hemispheres are constructed from molybdenum mounted on 316 SS 

retaining rings. The hemispheres are insulated from the front plate, on which they are 

mounted, by 3 mm diameter ruby balls. The analyser is mounted on an XY translator 

which allows the analyser height and distance from the interaction region to be adjusted. 

Metal shims are used to adjust tilt of the analyser. The analyser is geometrically aligned 

with the interaction region by using a surveyors’ level to ensure that all apertures are 

parallel with the scattering plane and that alignment of the analyser with the interaction 

region is maintained through the full range of movement of the turntables.  

Electronics and Power Supplies 

The supply for the electron energy spectrum analyser was constructed ‘in house’. 

It is a single unit that houses the various supplies needed for the five element electron 

lens, the front plate, inner and outer hemispheres, and a set of deflectors used for beam 

steering in the electron lens. These deflector supplies are identical to those used in the 

electron transport optics. All units in the analyser supply are floated on an external 

potential which defines the energy of the scattered electron. This supply is a Bertan 

(model 205B-01R) which has characteristics similar to that used in the polarized 
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electron source. Electrical connections to the analyser elements are made through 

Teflon insulated copper wire through gold feedthrough pins. The pins are in turn 

connected to a 20 pin feedthrough to which the analyser power supply is connected. 

Teflon insulated RG-174 is used to make the high voltage and ground connections to 

the channel electron multiplier. Lemo-type coaxial connectors are used in vacuum to 

connect to the channel electron multiplier which is mounted in a grounded shield. At the 

high voltage feedthrough custom made shielded pins are used to make the connection. 

The individual units that make up the analyser power supply are identical, except 

in the voltage range they can supply. The output voltage of each unit is controlled by a 

coarse and fine control which alter the output voltage through a resistive voltage divider 

circuit. A switch on the power supply allows the polarity of the output voltage to be 

reversed before it is finally passed to a BNC plug on the back of the unit. 

3.3 Experiment Control and Data Collection 

3.3.1 Data Collection Electronics 
A schematic diagram of the data collection electronics and computer control is 

given in figure 3.20 for reference. Electrons which pass through the hemispherical 

analyser are collected at the exit by a Phillips (model X318B) channel electron 

multiplier (CEM). The front cone of the CEM is held at ground while the rear is at a 

high voltage which is supplied by an Ortec (model 660) dual bias supply. The CEM is 

generally biased at 2.5 kV, referenced positive with respect to ground. Pulses from the 

CEM are fed through a simple pick-off circuit (figure 3.21) and to a Phillips (model 

6950) preamplifier. An Ortec (model 473A) constant fraction discriminator (CFD) then 

modifies the preamp output pulse into a NIM standard pulse which can be used by the 

pulse counting electronics. From the CFD the pulses are passed to a pair of Ortec 

(model 996) timer counters which are gated by a dual gate generator that was 

manufactured ‘in house’. The output of the dual gate generator is also passed to the 

personal computer . Count rates are monitored on an Ortec (model 541) rate meter count 

rates to be optimised. 
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Figure 3.20 Schematic diagram of the 
electronics and computer control. 1 996 
Timer counter, 2 Dual gate generator, 3
996 Timer counter, 4 541 Ratemeter, 5
474A Constant fraction discriminator, 6
660 Dual bias supply, 7 Phillips pre-
amplifier, 8 Pickoff circuit, 9 Channel 
electron multiplier, 10 PC74 and PC14 
breakout box, 11 Celeron-based personal 
computer, 12 Stepper motors and 
gearbox, 13 Stepper motor control unit. 



73 

1 nF

 Channeltron front 

Channeltron rear 

1 MΩHigh Voltage

   Signal output 

Figure 3.21 Channel electron multiplier pick-off circuit for electron pulse counting 

3.3.2 Computer Control 
Modern atomic physics experiments are often performed over a number of hours, 

if not a number of days, and as such manual collection of data is now for the most part 

impractical. In the experiment described in this work, a Celeron-based 500 MHz IBM-

compatible PC is used to control the experiment and collect data. The PC contains 

hardware that allows interfacing to the experiment, including a number of transistor-

transistor type logic inputs and outputs (TTL) which are used in the experiment to 

monitor the various pulse counting electronics. A general purpose interface bus (GPIB 

IEEE-488) is also used in the experiment. The GPIB enables communication between 

the computer and timer-counters through simple commands. The computer is also used 

to control a number of external control units. The liquid crystal retarder is controlled 

through the standard parallel port via an interface which creates the signal necessary to 

drive the retarder. An optically isolated stepper motor controller is connected to the 

computer’s built-in serial port. The controller allows operation of the two stepper 

motors that drive the scattering chamber turntables. 

3.4 Mott Polarimeter 

3.4.1 Principle of Operation 
The majority of the theory concerning the principles behind the Mott polarimeter 

have been described previously in section 2.03 and as such will not be described here. 

Recalling that the polarization of an electron beam is related to the asymmetry through 

equation (2.53) such that 

θA( ) = PS  (θ ) . 
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Thus if the Sherman function S(θ ) is known and the asymmetry can be measured then 

the polarization of an electron beam can be determined. 
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Figure 3.22 Angular and energy dependence of the Sherman function for scattering from gold (Motz et al 
1964). 

Various calculations of S(θ ) have been made starting with the work of Mott 

(1929,1932). Sherman (1956) carried out a comprehensive study of Mott scattering by 

examining relativistic electron scattering from a point Coulomb field; it is for this 

reason that S(θ ) is known as the Sherman function. The typical form of the Sherman 

function is shown above (figure 3.22). The main features are the large values of the 

Sherman function at large angles, and the increasing magnitude as the energy increases. 

Also evident from the figure is the broad minimum at ~120°, at an energy of 0.1 MeV. 

This broad minimum allows the Sherman function to be considered constant over the 

acceptance angle of the detectors used in the Mott analyser, indicating why this is the 

most popular configuration for Mott polarimeters. 
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In reality, knowing the Sherman function is insufficient, as the finite thickness of 

the foil introduces multiple and plural scattering, reducing the analysing power of the 

gold foil. The finite angular resolution of the detectors also has a role in decreasing the 

analysing power, as the Sherman function has to be averaged over the angular resolution 

and beam profile. To overcome these difficulties, it is often more appropriate to 

determine the effective Sherman function Seff which takes these factors into account. 

The effective Sherman function can be calibrated by measuring the asymmetry of a 

source with known polarization (Uhrig et al 1989), or by performing double scattering 

experiments where the electron beam is scattered twice from equivalent gold foils at 

identical scattering angles (Mayer et al 1993). 

(a) 

(b) 

R 

L 

Figure 3.23 Reversal of polarization method for removing instrumental and detector asymmetries: (a) 
initial polarization (spin up), (b) polarization reversed (spin down). 

Instrumental asymmetries and detector differences cause problems with the 

measurement of the polarization with a Mott polarimeter. To overcome these difficulties 

a number of calibrations need to be performed (Gellrich et al 1990). However, if it is 

possible to reverse the polarization without changing the beam alignment, such as is 

possible with a GaAs source, then the majority of these problems can be eliminated. 

Consider the case where we have two detectors arranged as in figure 3.23 such that 

there exists an experimental asymmetry A, and the electrons are scattered from a foil 

target with Sherman function S. 



76 

Let the detector efficiency of the left and right detectors be effL and effR 

respectively. The intensities for the two detectors for both polarizations are (Gay and 

Dunning 1992) 
L ↑∝ effL (1 + PS  )(1 + A) 

R ↑∝ effR (1 − PS  )(1 − A) 
, (3.8)

L ↓∝ effL (1 − PS  )(1 + A) 

R ↓∝ effR (1 + PS  )(1 − A) 

where A is the instrumental asymmetry, P is the beam polarization and S is the Sherman 

function. If we then take the geometric mean of the intensities such that 

L = L ↑ R ↓  (3.9) 

and 

R = R ↑ L ↓  (3.10) 

we then obtain the asymmetry 
L − R

A = = PS  , (3.11)
L + R 

which is free from either the instrumental asymmetry or the detector efficiencies. 

3.4.2 Mott Polarimeter Description 
A schematic diagram of the Mott polarimeter can be seen in figure 3.1. This Mott 

detector was designed and constructed at Universität Münster in Germany. Figure 3.2 

shows the Mott detector internals, including the foil carousels and the two silicon 

surface barrier detectors. The Mott polarimeter consists of two main parts, the 

acceleration optics and the Mott chamber. The chamber is contained within a metal box 

which has rounded edges so as to reduce the chance of point discharges. The pulse 

preparation electronics and detector amplifiers are also mounted inside this box and are 

held at 100 kV when the Mott is operated. The signals from the pulse electronics are 

passed to grounded counters via insulated optic fibres. The entire apparatus is also 

contained within a grounded wire mesh cage for safety. A 150 kV cascade power supply 

provides the potential for both the accelerator and Mott chamber. 

The acceleration optics consists of a four-element electron lens. The first element 

of the lens is held at ground with the last element held at 100kV. The second and third 

elements are at 12.7 kV and 50 kV respectively. The elements of the lens are insulated 

from one another by glass cylinders. A resistor chain runs along the outside of the 

accelerator to provide potential to each of the lens elements. A small, three-element 

electron lens system is also situated at the exit of the scattering chamber to increase the 

energy of the electron beam if necessary, and to provide collimation. The accelerator is 
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used to accelerate the electrons up to the energy required for Mott scattering, and to 

focus the electron beam onto the gold foil. The focussing conditions of the accelerator 

are almost independent on the initial energy of the electrons, which can be varied from 

10 eV to 100 keV without noticeably affecting the focus. 

The Mott chamber is cylindrical in shape with a diameter of 200 mm and a length 

of approximately 450 mm, and is constructed from 304 SS. Access to the inside of the 

chamber is possible by a 10” flange at both ends of the chamber, or by either of the two 

6” flanges on the sides. Two carousels mounted on the front flange allow selection of a 

number of gold foils. The front flange also has the two silicon surface barrier detectors 

mounted on it. The inside of the chamber is coated in colloidal graphite to reduce 

background noise from scattered electrons. The rear flange houses a phosphor-coated 

glass port which allows beam quality to be monitored when there is no foil mounted in 

the beam path. 

 Gold Foils 

The gold foils used in the Mott polarimeter are produced by evaporation of gold 

onto low-molecular-weight hydrocarbon carrier foils. The foils are mounted into a pair 

of carousels. The carousels are constructed with a ratchet mechanism which ensures that 

each station in the carousel is aligned with the beam path. The thickness of each foil is 

given in table 3.3, and is determined by weighing the gold foil. The effective Sherman 

functions for the above gold foils were determined by linear extrapolation (figure 3.24), 

assuming Seff = -0.352 for zero foil thickness, which is the integration of the theoretical 

value over the acceptance cone of the detector.  
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Figure 3.24 Extrapolation to zero foil thickness to determine the effective Sherman function for the gold 
foils used in this experiment (these measurements were performed at the Universtät Münster). 

When the Mott polarimeter is operated under humid conditions it is often difficult 

to operate at 100 keV. In these cases we operate at 80 keV in which case the Sherman 

function is 5% less. Operating at 120 keV the Sherman function is 5% more. It is 

possible to use this approximation due to the linear relationship between the Sherman 

function and the electron energy about 100 keV.  

Turntable position Foil thickness 

(nm) 

Effective Sherman function Seff 

8 19.2±0.2 -0.336±0.010 

6 21.9±0.2 -0.330±0.010 

7 38.3±0.2 -0.319±0.010 

5 49.7±0.2 -0.314±0.010 

1 76.1±0.2 -0.288±0.009 

2 116.1±0.2 -0.255±0.009 

4 139.8±0.2 -0.232±0.008 

Table 3.2 Effective Sherman function for the various thickness gold foils used in this experiment, at 
100 keV. 
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Silicon Surface Barrier Detectors 

A pair of silicon surface barrier detectors are mounted at ±120° to the electron 

beam (figure 3.2).  The detectors are made of a bare crystal of n-type silicon that has 

been coated on one side with a thin layer of gold. A potential applied across the 

semiconductor sets up a high electric field in the thin sheet of silicon. The border 

between the gold and silicon forms a p-n junction. Electrons which strike the active 

layer lose  ~3.6eV for each electron-hole pair that is created. The thickness of the active 

layer should be enough to stop all electrons. A charge pulse of ~4.4×10-15 As-1 per 

incident electron is generated. The detectors are positively biased at 40 V. Care should 

be taken when applying the potential to the detectors, as quick changes in voltage can 

result in breakdown across the active layer. The pulses from the detectors are amplified 

by a pair of Tennelec (model TC 171) preamplifiers, from where they are passed to a 

Tennelec (model TC 246) single channel analyser. The pulses are then sent to ground 

through optic fibres. At the grounded end of the electronics, the pulses are counted into 

a pair of Ortec (model 773) counters, one for each detector. 

High Voltage Supply 

The high voltage is provided by a Sames (model CR 1501) 150 kV supply. The 

power supply uses a Cockcroft-Walton voltage multiplier (Cockcroft and Walton 1932) 

to generate a variable voltage  up to 150 kV. The potential is applied to the Mott 

chamber through an insulated cable. A high voltage 1:1 isolation transformer is used to 

provide a 240 V supply to the Mott detector when it is floating at high voltage. This 

transformer is used to power the Nim electronics which control the pulse counting. Care 

has to be taken when charging the Mott detector as, if the air in the lab is humid, 

breakdown to ground may occur. This causes failure of many of the electronics 

controlling the experiment.  

3.5 Experimental Calibration 

3.5.1 Scattered Electron Energy 
In electron scattering experiments it is usually important that the energy of both 

scattered and incident electrons be known precisely. This is particularly important when 

there is a strong dependence on the electron energy in the features observed. The 

electron energy analyser calibration was achieved by measurement of the well-known 

krypton (M4,5N2,3N2,3 manifold) Auger lines (Werme et al  1972) in the 50-55 eV 

region. Auger lines are an ideal reference for the calibration of the analyser as they are 

independent of the incident electron energy, relying only on the decay path of the Auger 
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electron. This manifold was chosen as it was of similar energy to that at which the 

analyser was operated, and it was on the same target gas. 

Figure 3.25 shows the measured manifold with the Auger line energies 

indicated.  A comparison of a multiple Gaussian fit performed on the data, using the 

Auger line energies presented in Werme et al (1972), revealed that the analyser energy 

was 0.76 eV above the real scattered electron energy. 
In
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Figure 3.25 Krypton (M4,5N2,3N2,3 manifold) Auger lines. The values given above each peak are the 
actual energies of each Auger line. 

The measured line width of the Auger lines was compared with the known 

natural line width of the Auger lines to determine the energy resolution. By performing 

a deconvolution of the measured Gaussian and the known width of the Auger line, the 

energy resolution of the analyser was found to be 650 meV full width half maximum 

(FWHM).    

3.5.2 Incident Electron Energy 
Since the workfunction of the source (GaAs coated in Cs and O) is very different 

from that of the last element in the electron transport system (stainless steel), it is 

expected that a large contact potential exists between the two. This contact potential 

causes an offset in the indicated electron energy and the true electron energy. It is for 

this reason that a calibration of the energy of the incident electron beam needs to be 

carried out. 

The incident electron energy calibration was performed by measuring elastically 

scattered electrons from krypton. As the energy calibration of the scattered analyser was 

performed independently of the incident electron energy, this was just a matter of 
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scanning the incident electron energy over the fixed analyser energy. From the data the 

indicated incident electron energy was found to be 3.45 eV above the real energy. 

A deconvolution of the elastic peak with a Gaussian of the same width as the 

analyser resolution allowed the incident electron energy width to be found. By this 

method the incident electron energy resolution was found to be 250 meV FWHM at 

50eV. 

3.5.3 Angular Calibration 
In order to accurately measure differential cross sections, the angular calibration 

of the hemispherical electron energy analyser must also be made. Geometrical 

alignment of the analyser turntable is insufficient for this purpose so an experimental 

method must be used. In this work the critical minimum in the argon elastic cross 

section at 60eV was determined and compared with the measurements of Panajotovic et 

al (1980), who found the minimum to occur at 64°. Figure 3.26 below shows a 

comparison between the two measurements of the cross section. Our measurement of 

the argon elastic cross section has been normalized to the maximum at 100° and the 

angular offset has been adjusted for best visual fit of the two data sets. 
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Figure 3. 26 Measurement of the argon elastic cross section at 60 eV for determination of angular 
calibration. 

A double check of this measurement was performed (figure 3.27) by examining 

the symmetry of the argon cross section about 0°. A Gaussian fit was applied to the 

cross section and used to check the zero point. Using this method, the angular offset was 

found to be 2°, agreeing with the offset determined by measuring the critical minimum. 
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Figure 3.27 Measurement of the argon elastic cross section at 60 eV about 0°. + are the data points, the 
continuous line is a Gaussian fit to the data. 

3.5.4 Electron Polarization 
In order to measure asymmetries, it is essential that the polarization of the incident 

electron beam be known. In this work a Mott polarimeter was used to measure the 

incident beam polarization. Electrons enter the Mott accelerator at between 20 eV and 

500 eV and are accelerated up to 100 keV before they are incident on gold foils. By 

measuring the relative intensities of electron scattered left and right for both up and 

down incident polarizations, the polarization of the incident beam is given by 

application of equations 3.14 - 3.17, using the Sherman function for the particular foil 

used. The polarization was measured immediately after each measurement of the 

krypton elastic asymmetry and was found to be 15±3%. This polarization is 

considerably lower than that of other groups who use the same source. Reasons for this 

could include rotation of the polarization by the earth’s magnetic field, which could 

account for up to 2% depolarization, and depolarization at the surface due to collisions 

with phonons. The most likely reason is the choice of a non-optimal wavelength for the 

photoemission process. This polarization was later increased by changing the laser 

diode to one that produces 810 nm radiation. The polarization under these conditions 

was measured to be 35±3%. 
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3.6 Measurement Procedure 

3.6.1 Measurement of the Elastic Scattering Sherman function from Krypton 
After the electron source is emitting electrons, the electron optics are ‘tuned up’ 

for maximum current into the interaction region, as measured by the Faraday cup. This 

may involve measuring the current falling on lens elements at various stages along the 

beam, until the beam passes into the interaction region. The beam current in the 

interaction region is approximately 20% to 30% of that emitted at the crystal, the exact 

figure depending on the energy. 

The leak valve is then opened while the scattering chamber pressure is monitored, 

until a pressure between 5×10-6 to 1×10-5 torr is achieved. The high voltage bias supply 

for the channeltron is then switched on and the count rate of scattered electrons is 

monitored. Both the hemispherical electron energy analyser and electron transport 

optics are then adjusted until the scattering rate is optimised and the background, 

determined by the scattering rate without gas, is minimised. 

The Pascal program that controls the data collection is then started and the 

experiment is run under computer control until completion of one measurement cycle. 

The flow chart shown below (figure 3.28) outlines the measurement procedure for 

measurement of the elastic scattering asymmetry from krypton at a particular energy. 

Typically a measurement proceeds as follows. The electron polarization is switched 

once every 10 seconds by changing the RMS voltage on the LCR controller. Pulses that 

have been amplified and converted to NIM standard pulses are collected into one of two 

counters, depending on the electron spin. This procedure is repeated for a number of 

‘spin reversals’, usually 10 at each scattering angle. The analyser is then moved to the 

next scattering angle and the process repeated. Once the analyser has completed one 

angular scan (30° to 130°)  the analyser is returned to forward scattering angles and a 

new scan is started. At the end of measurement for each scattering angle the data is 

written to file. Once a number of scans is completed, usually 10, the program finishes. 

This procedure usually takes 8 hours to complete. 

The electron polarization is measured immediately after completing a 

measurement using the Mott polarimeter. 

3.6.2 Measurement of the A2 Parameter for Excitation of the 52S�52P State of 
Rubidium 

The procedure for performing the rubidium measurements is identical to that of 

the krypton measurements, except that instead allowing gas to enter the interaction 

region via the gas jet, the rubidium oven is slowly heated to operating conditions. When 
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Figure 3.28 Experimental procedure flow chart for measuring the elastic scattering of spin polarized 
electrons from krypton. 



84 

the oven has reached operating conditions the channel electron multiplier is switched on 

and the electron beam is ‘tuned up’ onto the rubidium beam. 

Prior to measuring the A2 parameter an energy loss spectrum is measured to 

ensure that the individual states and the elastic peak are sufficiently resolved. The 

electron energy analyser is then set to detect electrons which have excited the combined 

52P1/2,3/2 state. The Pascal program that is used to collect the data is then operated as 

described above. 
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4.0 Measurement of the Elastic Sherman Function from Krypton 

4.0.1 Introduction 
The measurement of the Sherman function for electrons scattered elastically from 

noble gases has been performed now for many years, with Mehr (1967) performing the 

first measurements of the Sherman function from argon at 40 eV. In recent times the 

heavy noble gas xenon has been investigated in detail (Dorn et al 1998). This work built 

on a considerable body of previous work investigating the same target for spin orbit 

effects (Schackert 1968, Kessler et al 1977, Klewer et al 1979, Berger et al 1982, 

Wübker et al 1982, Möllenkamp et al 1984, Berger and Kessler 1986, Müller and 

Kessler 1994, Dümmler et al 1995). Similarly, a great deal of work has investigated 

xenon theoretically (Walker 1971, Sin Fai Lam 1982, McCarthy et al 1977, Awe et al 

1983, McEachran and Stauffer 1986, Haberland et al 1986, Sienkiewicz and Baylis 

1991, Szmytkowski and Sienkiewicz 1994). The recent results of Dorn et al (1998), 

while exhibiting good agreement between theory and experiment, still displayed 

discrepancies at some energies. These discrepancies are most evident around incident 

energies of 50 and 60 eV where neither the Dirac-Fock calculation with an included 

polarization potential, nor the Dirac-Fock calculation with polarization and absorption, 

predict the observed measurements. 

The lighter target krypton was investigated originally by Schackert (1968). He 

performed a comprehensive set of measurements on a variety of noble gas targets for a 

range of experimental kinematics (50, 100 and 150 eV) over an angular range of 30

130°. These measurements were performed by scattering unpolarized electrons from the 

gas target (He, Ne, Ar, Kr and Xe) and then analysing the polarization of the scattered 

electrons by further measuring the intensity of electrons scattered from mercury at a 

fixed angle. Unfortunately, there is no mention in this work as to the angular or energy 

calibrations that were performed. 

In 1977 calculations of the differential cross sections and asymmetry functions for 

helium, neon, argon, krypton and xenon were performed using the optical model 

(McCarthy 1977). This semi-phenomenological approach found relatively poor 

agreement with the measurements of Schackert (1968), with improved agreement for 

larger energies and for increasing target mass. 
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Later Beerlage et al (1981) extended the measurements of Schackert (1968) down 

to 10 eV with measurements on krypton and argon in the 10-50 eV energy range over 

an angular range of 40-110°. Beerlage and co-workers also used the double scattering 

experiment as used by Schackert, but measured the polarization of the scattered 

electrons using a Mott polarimeter and 90° energy selector combination which rejects 

inelastically scattered electrons. The quoted energy resolution of their experimental 

results was 1 eV. The angular resolution of the apparatus was given as ±6.5°. These 

measurements were compared to the calculations of Walker (1971) which were 

performed by solving the Dirac equation. These calculations included a polarization 

potential to account for perturbation of the bound state wave functions by the 

electrostatic field of the incident electron. These calculations were found to be generally 

in good agreement except at lower energies. For example, at 10 eV a large peak 

observed in the measurements was not predicted by the theory. At energies 20, 25 and 

30 eV, an offset was found in the zero crossings of the asymmetry which could not be 

accounted for experimentally; these discrepancies were attributed to the ad hoc manner 

in which the polarization potential was included in the theory. At these lower energies, 

the polarization potential begins to play a larger role, and needs to be carefully 

considered. Including too much polarization potential will shift the zero crossings in the 

asymmetry to smaller angles (Walker 1970). Later calculations by Sin Fai Lam (1982) 

using a semi-relativistic approach for krypton, xenon and radon agreed with those 

calculations of Walker (1971) but did not improve on the agreement between 

experiment and theory. 

In 1983 further calculations (Kemper et al 1983) for krypton and argon were 

performed in order to resolve these discrepancies. Three treatments were presented in 

this work, the first being a calculation involving solution of the single-particle Dirac 

equation. The second included an exchange correlation potential which accounted for 

exchange and polarization effects. Thirdly this work included for the first time an 

imaginary component to the scattering potential in order to account for loss of flux into 

inelastic channels. The inclusion of this imaginary potential improved agreement in the 

10 and 20 eV measurements compared with the other calculations. This improvement 

however deteriorated at the higher energies, particularly those at 40 and 50 eV, where 

large “plus-minus” features were introduced in the Sherman function. 

More recent calculations of the Sherman function for elastic scattering from 

krypton (McEachran 2002) pointed to large values of the asymmetry that change sign 

over a small (<5 eV) energy range. These so called critical points have been observed 
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previously in xenon calculations (Dorn et al 1998). These calculations prompted the 

experimental reinvestigation of krypton, paying particular attention to the critical points. 

These calculations also prompted us to perform further measurements of the Sherman 

function for elastic scattering from krypton over a wide energy and angular range. 

4.0.2 Experimental Considerations 
The measurements presented here of the Sherman function for elastic scattering of 

spin polarized electrons from krypton were performed with the apparatus described in 

the previous chapter. All energies discussed in this chapter have the units of electron 

volts. The angular convention used is that angles measured anticlockwise from the 

electron beam direction as viewed from above are positive, with the straight through 

direction defined as zero. The angular calibration of the apparatus was confirmed by 

measuring the elastic cross section of argon across the zero degree crossing and the 

cross section minimum for elastic scattering at 60 eV (figure 3.26). 

The electron energy analyser was found to have a geometrical acceptance angle of 

±2° which corresponds to a field of view of ~5 mm at the interaction region. 

Measurements of the well known krypton (M4,5N2,3N2,3 manifold) Auger lines (Werme 

et al 1972) in the 50-55 eV energy range revealed that the energy resolution of the 

analyser (pass energy 40 eV) is 650 meV FWHM (figure 3.25). This also allowed 

measurement of the energy offset of the analyser which is found to be 0.7 ± 0.1 eV. 

The angular range of the analyser was 30°-130° inclusive. The angular range is limited 

at forward angles by the Faraday cup, which is positioned at 0°, and is limited at 

backward angles by the deceleration optics for the polarized electron source. The 

accuracy with which the analyser can be positioned at a particular angle is fixed by the 

angular resolution of the turntable drive mechanism to ~0.1°. 

Krypton is introduced into the chamber via a 0.7 mm diameter single capillary 

nozzle mounted such that the tip sits ~4 mm below the interaction region. The gas 

nozzle is mounted in the centre of the turntables. The krypton gas was sourced 

commercially with a purity in excess of 99.997%. In the interaction region, the gas jet 

diameter was estimated to be 2 mm, by reference to the work of Buckman et al (1993). 

The incident electron beam from the  spin polarized electron source was calibrated 

by observing the elastic signal from krypton at 50 eV with the now calibrated electron 

energy analyser. The resulting energy offset was found to be 3.4±0.1 V. The energy 

width of the incident electron beam was determined by measuring the krypton 50 eV 

elastic peak and performing a deconvolution of the resultant Gaussian with the known 
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energy width of the analyser. From this method, the incident energy width was 

determined to be 250 meV FWHM. The electron beam diameter was estimated to be 

2mm at the centre of the interaction region. This was determined by rotating the 

Faraday cup in the scattering plane to examine the beam profile. 

The measurement for the elastic scattering of spin polarized electrons from 

krypton proceeded as outlined in detail in the previous chapter. At each scattered angle, 

a series of measurements for each electron polarization were performed and summed 

into individual timer counters. The scattered electron energy analyser was then moved 

to the next angle and the process repeated. This was repeated a number of times until 

the maximum angle (130°) was reached. At this point the scattered electron energy 

analyser was returned to 30° and the process repeated until a number of angular scans 

were completed. The typical measurement consisted of 10 polarization swaps, each 10 

seconds long, for a total of 10 scans. At 20 eV this was increased to 20 polarization 

swaps at 20 seconds each for a total of 20 scans, to account for lower count rates. 

4.0.3 Results and Discussion 
The definition of the Sherman function is given by 

* 

S ( ) = 
1 N ↑ −N ↓ fg  * − f  g  θ = i 2 2 , (4.1)
P N  ↑ +N ↓ f + g 

where P is the electron polarization, N↑ and N↓ are the number of electrons scattered 

with incident electron polarization up and down respectively and f and g are the direct 

and spin-flip scattering amplitudes. From (4.1) it can be seen that the Sherman function 

is inversely proportional to the cross section. Thus features observed in the Sherman 

function are largest at the angular positions where the cross section is a minimum 

(Kessler 1985). 

The results for the Sherman function measured by elastic scattering of polarized 

electrons from krypton are given in figures 4.1-4.7. The elastic differential cross section 

is also given in each figure to aid in describing the observed features. Where available, 

data from other experiments have been given for comparison. Also, values for the cross 

section and Sherman function calculated by the Dirac-Fock calculations of McEachran 

(Went et al 2002) are shown for comparison. The Sherman function calculations have 

been convoluted with our experimental angular resolution to aid in comparison with the 

results. The error bars are calculated by propagation of the errors of counting statistics 

and electron polarization determination through the expression for the Sherman 

function. Error bars are not shown where they are smaller than the data points. Details 
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of the error analysis method are given in Appendix B. The two theoretical calculations 

presented here are those obtained through solution of the Dirac equation, one with the 

inclusion of a distortion potential to account for distortion of the charge cloud in the 

collision; the second includes an additional absorption potential to account for loss of 

flux into inelastic channels. These calculations have been described in detail in section 

2.1.1. 

The graph of the Sherman function at 20 eV is given in figure 4.1b, with the 

differential cross section shown in figure 4.1a. It can be seen that there is very good 

agreement with theory except at the lower angles, where the theory underestimates the 

value of the Sherman function. The position of the zero crossing is described well by 

both theories. The experimental data of this measurement is also in good agreement 

with the measurements of Beerlage et al (1981). At this energy there is very little 

difference between the theory with or without absorption, as the total inelastic cross 

section is almost zero. 

At 50 eV (figure 4.2a,b) the conclusion is not so clear, as scatter in the data makes 

an unambiguous comparison with theory difficult. In comparing our measurements of 

the differential cross section with those of Williams and Crowe (1975), we find a 

possible explanation for the scatter observed in our results at 50 eV. At the cross section 

minima there appears to be background that was not accounted for. This could partially 

be explained by the difference in angular resolution between our group (5° FWHM) and 

theirs (1.5° FWHM), but would not fully account for the differences observed. As this 

background is most evident at backward angles, it is possible that this is due to electrons 

scattered from the apparatus. There is good agreement with our 50 eV results and those 

of Beerlage et al (1981) except around 60° where our results deviate from the 

measurements of both Beerlage et al (1981) and Schackert (1968). In the 30-50° angular 

range Schackert (1968) found a much larger asymmetry than we measured. This 

difference was also noted by Beerlage et al (1981). At the larger scattering angles, large 

differences between this work and that of Schackert (1968) become evident, where 

Schackert measures a large asymmetry. It is difficult to believe that this asymmetry 

exists, as large values of the Sherman function are only usually found in the cross 

section minima. Neither our measurements nor those of Beerlage et al (1981) support 

the large value of the Sherman function predicted around 120-135° by the theories. This 

discrepancy can be explained by examining the use of the phenomenological absorption 

potential in the calculations. The absorption potential is based on measurements of the 

total inelastic cross sections, which may be in error by as much as 10%. At this energy, 
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Figure 4.1a 20 eV elastic cross section of krypton. Closed circles are this work. Open circles are taken 
from (Williams and Crowe 1975). The dashed curve is the Dirac-Fock calculation with distortion only, 
while the solid line is the same calculation with an included absorption potential. Experimental data is 
normalized to the work of Williams and Crowe (1975) at 105°.  
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Figure 4.1b Sherman function for elastic scattering from krypton at 20eV. Closed circles are this work. 
Open squares are the work of Beerlage et al (1981). The error bars from the work of Beerlage et al have 
been omitted for clarity; in all cases they are larger than the error bars on the present results. The dashed 
curve is the Dirac-Fock calculation with distortion only, while the solid line is the same calculation with 
an included absorption potential. 
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Figure 4.2a 50 eV elastic cross section of krypton. Closed circles are this work. Open circles are taken 
from (Williams and Crowe 1975).  The dashed curve is the Dirac-Fock calculation with distortion only, 
while the solid line is the same calculation with an included absorption potential. Experimental data is 
normalized to the work of Williams and Crowe (1975) at 80° . 

0.15 

0.10 

0.05 

S
he

rm
an

 fu
nc

tio
n

0.00 

-0.05 

-0.10 

-0.15 

0  20  40  60  80  100  120  140  160  180  

Angle (Deg) 

Figure 4.2b Sherman function for elastic scattering from krypton at 50eV. Closed circles are this work. 
Open Triangles are the work of Schackert (1968). Open squares are the work of Beerlage et al (1981). 
The error bars from the work of Schackert and Beerlage et al have been omitted for clarity; in all cases 
they are larger than the error bars on the present results. The dashed curve is the Dirac-Fock calculation 
with distortion only, while the solid line is the same calculation with an included absorption potential. 
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where this cross section is a maximum, there are large variations between the theory 

with and without this absorption potential included. Thus small errors in the total 

inelastic cross section can potentially cause erroneous values of the Sherman function.  

At 60 eV (figure 4.3a,b) there is good agreement with the theory including 

absorption and our measurements, though the theory appears to overestimate the 

Sherman function around 120°. As with the 50 eV case, there are large differences 

between the two theories, which are only attributable to the addition of the absorption 

potential.  

At 65 eV (figure 4.4a,b), the theories with and without absorption begin to 

converge as the total inelastic cross section becomes smaller. Both theories now 

adequately describe the measurements over the entire angular range. At 110°, the peak 

predicted by the theory without absorption best describes the size of the Sherman 

function at that point, however the peak appears wider, suggesting that the theory with 

absorption gives a better description of the Sherman function. 

At 100 eV (figure 4.5a,b) the falling total inelastic cross section is evident in the 

similarities between the theories. Agreement between the results of this work and both 

calculations of the Sherman function are excellent over the entire angular range. 

Comparison with the work of Schackert (1968) shows a discrepancy, particularly in the 

forward angles where Schackert (1968) fails to measure the dip at 40°. Schackert also 

measured a larger Sherman function in the 80-90° region. 

At 150 eV (figure 4.6a,b) agreement between the theories and this work is 

excellent over the entire angular range even at the small negative peak at 30-40°. Both 

theories for the Sherman function are now almost identical. Again Schackert (1968) 

measures larger values for the Sherman function than we observe. 

At 200 eV (figure 4.7b), agreement between both theories and experiment are 

excellent over the entire angular range. By examining the differential cross-section 

(figure 4.7a) around 80°, the experimental results tend to favour the calculations with 

only distortion, as the theory with absorption predicts the minimum to occur closer to 

85°. 

Overall, the agreement between theory and experiment is good. The main areas 

where the theory has difficulty predicting the observed Sherman function is in the 

region where absorption into inelastic channels plays a greater role, 50-70 eV. These 

discrepancies, however, can be explained by the phenomenological nature of the theory 

which is reliant on experimental measurements of the total cross section.  
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Figure 4.3a 60 eV elastic cross section of krypton. Closed circles are this work. The dashed curve is the 
Dirac-Fock calculation with distortion only, while the solid line is the same calculation with an included 
absorption potential. Experimental data is normalized to the calculation (Dirac-Fock with distortion and 
absorption potential) at 70°. 
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Figure 4. 3b Sherman function for elastic scattering from krypton at 60eV. Closed circles are this work. 
The dashed curve is the Dirac-Fock calculation with distortion only, while the solid line is the same 
calculation with an included absorption potential. 
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Figure 4.4a 65 eV elastic cross section of krypton. Closed circles are this work. The dashed curve is the 
Dirac-Fock calculation with distortion only, while the solid line is the same calculation with an included 
absorption potential. Experimental data is normalized to the calculation (Dirac-Fock with distortion and 
absorption potential) at 70°. 
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Figure 4.4b Sherman function for elastic scattering from krypton at 65eV. Closed circles are this work. 
The dashed curve is the Dirac-Fock calculation with distortion only, while the solid line is the same 
calculation with an included absorption potential. 
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Figure 4.5a 100 eV elastic cross section of krypton. Closed circles are this work. Open circles are taken 
from (Williams and Crowe 1975). The dashed curve is the Dirac-Fock calculation with distortion only, 
while the solid line is the same calculation with an included absorption potential. Experimental data is 
normalized to the work of Williams and Crowe (1975) at 60°. 
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Figure 4.5b Sherman function for elastic scattering from krypton at 100eV. Closed circles are this work. 
Open Triangles are the work of Schackert (1968). The error bars from the work of Schackert have been 
omitted for clarity; in all cases they are larger than the error bars on the present results. The dashed curve 
is the Dirac-Fock calculation with distortion only, while the solid line is the same calculation with an 
included absorption potential. 
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Figure 4.6a 150 eV elastic cross section of krypton. Closed circles are this work. The dashed curve is the 
Dirac-Fock calculation with distortion only, while the solid line is the same calculation with an included 
absorption potential. Experimental data is normalized to the calculation (Dirac-Fock with distortion and 
absorption potential) at 55°. 
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Figure 4.6b Sherman function for elastic scattering from krypton at 150eV. Closed circles are this work. 
Open Triangles are the work of Schackert (1968). The error bars from the work of Schackert have been 
omitted for clarity; in all cases they are larger than the error bars on the present results. The dashed curve 
is the Dirac-Fock calculation with distortion only, while the solid line is the same calculation with an 
included absorption potential. 
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Figure 4.7a 200 eV elastic cross section of krypton. Closed circles are this work. Open circles are taken 
from (Williams and Crowe 1975).  The dashed curve is the Dirac-Fock calculation with distortion only, 
while the solid line is the same calculation with an included absorption potential. Experimental data is 
normalized to the work of Williams and Crowe (1975) at 110°. 
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Figure 4.7b Sherman function for elastic scattering from krypton at 200eV. Closed circles are this work. 
The dashed curve is the Dirac-Fock calculation with distortion only, while the solid line is the same 
calculation with an included absorption potential. 



91 

The Dirac-Fock theory had similar success with xenon (Dorn et al 1998) which 

had considerably larger magnitudes of the Sherman function. The trend of decreasing 

magnitude of the Sherman function with decreasing mass is confirmed, with these 

measurements for krypton being smaller than those of xenon (Dorn et al 1998) but 

larger than those for argon (Mehr 1967, Schackert 1968, Beerlage et al 1981). The 

magnitude of the Sherman function for krypton does not exceed 0.25 in any of the 

angular or energy ranges investigated. 

At energies where the total inelastic cross section is large, the inclusion of the 

absorption potential in the Dirac-Fock theory improves agreement with the data 

measured here, however, addition of this potential tends to overcompensate, particularly 

at the energies 50, 60 and 65 eV. At these energies the Dirac-Fock theory without 

absorption predicts large features around 120°. With the inclusion of an absorption 

potential, these features are eliminated. While these features do not appear in the 

experimental results, the measurements appear to lie between the two theories 

suggesting that neither theory is correct at this point. 

On comparison of our measurements of the elastic differential cross section from 

krypton with those of Williams and Crowe (1975), we find that there is excellent 

agreement, except at 20 eV and 50 eV. At these energies deviations from the results of 

Williams and Crowe are evident at large scattering angles, suggesting that there is some 

source of background that was not accounted for. The effect of this background is to 

reduce the Sherman function. This could also be the reason for the discrepancy between 

these results and those of Schackert (1968) and Beerlage et al (1981) at 50 eV around 

60° scattering angle. This may also have reduced the asymmetry at large scattering 

angles for the 20 eV case, bringing the measurements closer to the two theories in the 

120°-130° region. At the other energies, 100 eV and 200 eV, the agreement between the 

measurements and calculations of the differential cross section is excellent, suggesting 

that under these experimental conditions this background is small. 

4.1 Measurement of the A2 Parameter for Rubidium 52S����52P1/2,3/2 

4.1.1 Introduction 
The investigation of scattering of spin polarized electrons from hydrogen-like 

atoms (alkali metals) has to date mostly been via the elastic channel. Investigation of 

inelastic scattering of spin polarized electrons by these targets has been restricted to the 

light atoms sodium, lithium and the heavy atom caesium. To date the inelastic scattering 
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of polarized electrons from the intermediate mass alkalis (rubidium and potassium) has 

not been investigated. 

There are a variety of ways in which inelastic scattering can be investigated. The 

superelastic technique (Hertel and Stoll 1974) has been one of the more popular 

methods. The use of spin polarized electrons for this method extends the work done 

previously with unpolarized electrons. As such, many of the parameters measured are 

extensions of the unpolarized parameters to the two channels available when polarized 

electrons are used. 

The NIST group (McClelland et al 1989) are the only group to have performed 

spin polarized superelastic measurements on an alkali target. They scattered polarized 

electrons from laser excited sodium atoms and then collected scattered electrons which 

had gained energy in the collision. This allows them to measure a number of scattering 

parameters, in particular the triplet and singlet angular momentum transfer LT
⊥ and LS

⊥ . 

However in terms of examining relativistic effects, it was suggested by Andersen 

and Bartschat (2002) that  parameters that are exactly zero in a non-relativistic 

framework should be investigated. In particular they suggested that the spin 

asymmetries measured by the Bielefeld group  (Baum et al 1989) are ideal. 

The measurement of spin asymmetries can be done with either the fine structure 

resolved or unresolved. If the fine structure is unresolved then the spin asymmetries 

give information about the presence of relativistic and exchange effects. If the fine 

structure is resolved, then in addition to relativistic effects, the fine structure effect due 

to exchange can be examined. The spin asymmetries measured are called A1, A2, and Ann 

equation (2.89). Farago (1974) was able to show that for a non-zero A1, both relativistic 

and exchange effects need to be present. For a non-zero A2, only relativistic effects need 

to exist. Finally, Ann, the ‘exchange’ asymmetry may be non-zero if exchange effects 

alone are important. 

Baum et al (1989) were the first to use this method to measure these parameters 

for S�P excitation in an alkali target. Using polarized electrons and polarized atoms 

they measured the Ann ‘exchange’ asymmetry for lithium at fixed angles of 65, 90 and 

107.5°. They found that over the energy range investigated, there was good agreement 

with both the five state close coupling calculation of Moores (1986) and a four state 

close coupling calculation (see Baum et al 1989). 

In terms of experimental specifications except for the use of polarized atoms, 

these measurements (Baum et al 1989) and those presented in this thesis were 

performed under similar conditions. The polarization of the electron beam in Baum et 
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al’s measurements was 0.3, with an energy width of 250 meV FWHM. The atomic 

beam, which was polarized via a hexapole magnet, produced a polarization of 29%. 

Energy selection of the scattered electrons was performed by a hemispherical electron 

energy analyser with an energy resolution of 200 meV FWHM and a geometrical 

acceptance angle of ±3.5°. These experimental conditions allowed the elastic and first 

inelastic peak to be completely resolved. 

The Bielefeld group have recently (Baum et al 2002) extended these 

investigations to include measurements of the three spin asymmetries, A1, A2 and Ann, 

from the 6P state of caesium, at an incident energy of 10 eV. These measurements were 

performed over the angular range 40-140°. The analyser used in these measurements 

had an energy resolution ∆E/E of 5% and an angular resolution of 9° FWHM. It was 

later reported (Andersen and Bartschat 2002) that these measurements may have 

included contributions from the 5D state, which will have contaminated the 

measurements. 

4.1.2 Experimental Considerations 
The experimental considerations for the measurement of the A2 parameter for the 

S�P transition in rubidium are similar to that used for the measurement of the elastic 

scattering of spin polarized electrons from krypton, with the exception of an increased 

polarization and an increased electron energy analyser resolution. Angular calibration 

was performed by measuring the elastic cross section of argon at 60 eV as previously 

discussed. 

The geometrical acceptance angle of the electron energy analyser was ±2°. The 

energy resolution of the analyser was 390 meV FWHM. This increased resolution was 

necessary to resolve the 52P state from the ground state and higher excited states. This 

was achieved by reducing the electron energy analyser pass energy to 10 eV. The 

energy offset of the electron energy analyser was the same as in the previous 

measurements . The angular range of the analyser was reduced to 30°-110° inclusive to 

account for the atomic beam which passes through the 135° position, making 

measurement of the scattered electrons at large angles difficult. The angular range was 

limited at forward angles by the Faraday cup which was positioned at 0°. The angular 

resolution of the turntable drive mechanism limits the analyser angular positioning to 

±0.1°. 

The rubidium oven was mounted at -45°. Residual rubidium was collected at 135° 

by an oxygen-free copper cold trap which was operated at liquid nitrogen temperature. 
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The oven, as described in the previous chapter, is usually operated under the following 

conditions. The oven top and nozzle were held at 260°C, while the bottom was held at 

between 180° and 190°C. These conditions correspond to a vapour velocity of around 

370 m/s. The rubidium was sourced commercially with a purity greater than 98%. The 

major impurity in the rubidium is Cs (~1.5%) and trace amounts of the other alkali 

metals making up ~0.5%.  

As with krypton, the calibration of the incident electron beam was performed by 

measuring the elastic signal from the rubidium target. The resulting energy offset was 

found to be 3.4±0.1 V. The incident energy width was determined to be 250 meV 

FWHM. At the centre of the interaction region, the electron beam diameter was 

approximately 2mm. This was determined by using the Faraday cup to examine the 

beam profile. 

The procedure for measuring the A2 parameter for the 52S�52P transition for 

rubidium is outlined in detail in the previous chapter. Before proceeding, a 

measurement of the energy loss spectrum was performed (figure 4.8b) and the 

experiment tuned for measurement of electrons scattered from the combined 52P1/2,3/2 

state. The measurement then proceeded as for krypton. A series of measurements at 

each scattering angle for each of the two polarizations, up and down, were performed. 

This was repeated at each angle in the accessible angular range 30-110°. This process 

was then repeated for a number of angular scans until sufficient data was achieved. The 

typical measurement consisted of 10 polarization swaps each 10 seconds long for a total 

of 60 scans. The total number of scans was considerably higher than that used for 

krypton due to lower count rates from the inelastically scattered electrons. The 

background for inelastically scattered electrons was very much lower, <5%, than the 

krypton experiments. The majority of background electrons were scattered elastically. 

4.1.3 Results and Discussion 
The results for measurement of the A2 parameter for 5S�5P excitation of 

rubidium at 20 eV are presented in this section. Figure 4.8 shows the Grotrian diagram 

for rubidium and the energy loss spectrum for scattering of 20 eV electrons. In figure 

4.9, the differential cross section is shown with the measurement of A2 to assist in the 

discussion of the results. Where appropriate, results from other experiments are 

included for comparison. 

A measurement of the energy loss spectrum for scattering of 20 eV electrons from 

rubidium at a scattering angle of 30° is shown in figure 4.8b. The energy scale has been 
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adjusted for the known offset in the energy determination. The first peak centered on 20 

eV is the peak due to electrons scattered elastically from the rubidium atoms. The next 

peak is due to scattered electrons that have resulted from excitation of the combined 

52P1/2,3/2 states at 1.56 and 1.59 eV respectively. This peak is centered at 1.58 eV below 

the elastic peak. The next peak is from scattered electrons that have excited the 

combined 6S and 4D states of rubidium and have lost an energy of 2.49 and 2.40 eV 

respectively. This peak is centered at 2.40 eV below the elastic peak.  

Due to the finite resolution of the incident electron beam and the resolution of the 

electron spectrum analyser, these combined peaks appear as a single peak. A further 

broad peak is evident in the data below the 6S+4D peak, which is attributable to the 

higher level states. By performing a multiple Gaussian peak fit to the energy loss 

spectrum it is evident that the combined resolution of the apparatus allows observation 

of electrons scattered from the combined 52P1/2,3/2 state without any contribution from 

either the elastic or the 6S+4D peak. 

The measurement of the inelastic cross section for excitation to the 52P state by 

20 eV incident electrons is shown in figure 4.9a. The results are normalised to the 

absolute measurements of Vǔsković et al (1984). The calculations performed by 

Bartschat using the RMPS method (Bartschat et al 1996) are also shown for 

comparison. It is evident from these results that there are significant differences 

between the theoretical calculation and the measurements beyond 20°. In this region the 

theoretical calculations overestimate the size of the differential cross section by an order 

of magnitude. Agreement between our measurements and those of Vǔsković and co

workers is within experimental error depending on our normalization. The other 

discrepancy between the calculations and the measurements is in the location of the 

cross section minimum, which we measure at 80°. The calculations predict this 

minimum to occur at approximately 85°. Otherwise the general shape of the cross 

section is predicted well by the calculations. 

The measurement of the A2 parameter for 52S�52P excitation at 20 eV is given in 

figure 4.9b. The overall agreement with theory is good. However the angular offset that 

was observed in the differential cross section produces an identical offset in the A2 

parameter. This offset is approximately 5°. The overall magnitude of the parameter is in 

excellent agreement if the offset is ignored. This may be considered surprising since the 

A2 parameter is inversely proportional to the cross section, which the theory predicts so 

poorly in this region. However, the asymmetry depends on the difference between 

spin-up and spin-down cross sections so overall changes in the magnitude of these cross 
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sections will not change the asymmetry. It is important to note that the magnitude of the 

asymmetries measured in this case are considerably smaller than those of caesium 

(Baum 2002), which were approximately three times larger. 

An explanation for the poor agreement between the RMPS calculation and 

experiment may lie in the fact that the calculations are relatively preliminary. The 

current calculations do not yet contain a large number of pseudo states, and while it is 

believed these calculations are close to convergence, this has not yet been achieved.  

It is interesting to note that there are similarities between the measurement of the 

Sherman function for krypton and the measurement of the A2 parameter from rubidium. 

Both have a similar shape and have a zero crossing at 80°. It is thought that this is most 

likely due to the similar electron configuration, rubidium being krypton with an extra 

weakly bound electron. Thus in terms of the core, the two are identical except for the 

nucleus. It would be expected that the differences between the targets will become more 

evident as the incident electron energy is increased. Under these conditions the 

projectile electron penetrates deeper into the core and ‘sees’ more of the nucleus.  
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Chapter FiveChapter FiveChapter FiveChapter Five ConclusionsConclusionsConclusionsConclusions

5.0 Summary 

The aim of this thesis has been to investigate spin asymmetries by collisions of 

spin polarized electrons with heavy atoms, namely krypton and rubidium. In order to 

investigate these targets, a new spin polarized electron source and scattering chamber 

were designed and constructed, the details of which were discussed in chapter three. 

The polarized electron source was based on the standard UHV GaAs crystal source. The 

electron source was designed to produce a collimated beam of polarized electrons at the 

centre of the scattering chamber, over an energy range of 20-500 eV. Photoemitted 

electrons from the source were transported through a differential pumping stage into a 

scattering chamber. The scattering chamber also contained a 180° hemispherical 

deflector, used to analyse the scattered electrons. This analyser was mounted on a rotary 

turntable that allowed detection of electrons scattered at various angles in the scattering 

plane. For the krypton measurements, a single capillary mounted perpendicular to the 

scattering plane and concentric to the turntable allowed gas to be admitted into the 

interaction region. For the rubidium measurements, an oven able to produce a beam of 

rubidium atoms was positioned in the scattering plane. Stray rubidium atoms were 

collected directly opposite the atomic oven nozzle by a liquid nitrogen cooled cold trap. 

In order to perform the rubidium measurements, the polarization of the source was 

increased from 15% to 35% by changing the wavelength of the exciting laser used in the 

source. A 150 keV Mott detector, on loan from the Universität Münster, was employed 

to measure the electron polarization. 

Measurement of the Sherman function for elastic scattering of electrons from 

krypton was performed over an incident electron energy range of 20-200 eV. These 

measurements have been compared with calculations of the Sherman functions obtained 

from solution of the Dirac-Fock equations. These equations, in addition to the usual 

dipole polarization potential, also included higher order polarization and dynamic 

distortion potentials. Inelastic processes were modelled by the inclusion of a 

phenomenological absorption potential. The results indicated that inclusion of this 

potential is most important where inelastic processes dominate. This occurs where the 

total inelastic cross section is at a maximum (50, 60 and 65 eV). At these energies, 

neither of the two theories presented here agreed with the observations, which tend to 

lie between them. At all other energies, the Sherman function determined from the two 
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theoretical methods are similar, and agreement with the experimentally determined 

values is excellent, particularly at the higher energies. Overall the trend of decreasing 

Sherman function for decreasing mass is confirmed, with the krypton measurements 

being significantly smaller in magnitude than those of xenon. 

In order to improve on these measurements, it would be advantageous to perform 

a more detailed study in the range 50-100 eV, where the inelastic processes are 

dominant and the Sherman function seems to vary rapidly with energy. This detailed 

study would also require a more detailed theoretical treatment over this range. In order 

for the maximum information to be obtained from this detailed study, the source of 

background noise that appears at backward angles in this energy region would need to 

be located and removed. 

Measurements of the A2 parameter for excitation between the ground state and the 

combined 52P1/2,3/2 excited state showed some deficiencies in the R-matrix calculations. 

An angular shift of approximately 5° was found between the measurements and the 

theory. Good agreement between the theory and experiment in the overall shape of the 

parameter was found, even though the differential cross section magnitude is poorly 

predicted. However, the theory is preliminary. A complete calculation would include a 

large number of pseudo states in an R-matrix with pseudo states (RMPS) calculation, 

and would need to be tested for convergence. 

Further measurements of this parameter at other energies are currently being 

performed. These measurements are intended to provide a comprehensive data set to 

allow for comparison with various theoretical treatments. 

5.1 Future Directions 

The majority of the extensions to this work simply require performing similar 

experiments at other ‘interesting’ energies. Also, measurements below 20 eV should be 

performed as a more stringent test of the theoretical models. At these energies, the lower 

end of the intermediate energy range (3-5 times the ionization energy) can be 

investigated. These regions present the most challenge for theoretical models and as 

such a complete set of experimental data is required in this regime for comparison. 

For the Sherman function measurements of krypton, it would be beneficial to 

investigate the energies around where the Sherman function changes sign (60-65 eV). 

This would best be investigated by examining the energy region 50-70 eV in 5 eV steps 

to locate the point at which the sign of these large values changes, and then investigate 
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this point in more detail, similar to the measurements on xenon performed by Dorn et al 

(1998) near 100 eV. 

Measurements at energies below the inelastic threshold of krypton will provide a 

further test of the theories. Below this energy the differences between the theory with 

and without absorption should disappear. This will test the base Dirac-Fock theory as 

the Sherman function measurements would be independent of losses into inelastic 

channels. 

In terms of the rubidium measurements, a current series of measurements of the 

A2 parameter from the 5P1/2,3/2 state at different incident energies is underway. These 

measurements are intended to extend the very limited pool of these type of data. 

To be able to perform these measurements at lower energies, some remaining 

technical problems with the apparatus need to be overcome. These problems include 

modification of the electron optics to allow operation at lower energies, increased 

electron polarization, elimination of elastically scattered background electrons and 

improve cryogenic-pumping of the rubidium vapour by an improved cold trap. 

In order to lower the incident electron energy, modifications to the electron 

deceleration optics are required. At the moment, these optics are operating at their lower 

limit at 20 eV. This causes problems in that the beam profile becomes broad and 

uncollimated in the interaction region. One possible modification would involve the 

addition of an aperture in the beam line and then redesigning the deceleration optics 

from that point on to produce a well collimated beam in the interaction region. This 

will, in turn, reduce the electron beam current into the interaction region. To offset this 

an improvement in the magnetic shielding of the source chamber is expected to improve 

transmission through the electron optics and hence increase the current into the 

interaction region. Correspondingly an increase in electron polarization will have the 

equivalent effect of improving statistics. 

An increase in the electron polarization using the standard GaAs crystal is 

possible, but it may be more beneficial to replace the current crystal with a strained 

GaAs crystal, which allows a theoretical maximum polarization of 100%. Many groups 

have had success with this type of source in producing polarizations as high as 80% (see 

for example Maruyama et al 1992). It is, therefore, not unlikely that we could achieve 

similar success with this type of source in our apparatus. 

The other problem discussed in the previous chapter is the evidence of electrons 

elastically scattered from the apparatus into large scattering angles. This background 

affects measurements of the Sherman function, reducing the values measured at the 
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angles where this background occurs. This background was eliminated to some extent 

for the 20 eV measurements on krypton by coating possible sources of the scattering 

with colloidal graphite. However some background is still evident. It is thought that the 

source of this scattering is most likely the Faraday cup mount which is bulky and 

directly in line with the incident beam. In further modifications, it will be a simple task 

to redesign the Faraday cup mount so that back scattered electrons are reduced. This can 

be achieved by replacing the current mounting system with one that is not in the direct 

path of the incident electrons. Another possible source of the background which was 

considered was from electrons scattered from the inside of the Faraday cup. This was 

tested by putting a +10V potential on the inner cup and covering the front of the outer 

cup with a fine stainless steel mesh to prevent the field from penetrating outside the cup. 

This modification actually amplified the problem. 

Persistent technical problems related to the rubidium oven will also need to be 

improved in order to perform measurements at lower energies. Currently, the cold trap 

that is used to collect stray rubidium atoms is located ~250mm from the oven nozzle. 

While this is sufficient for the current measurements, some problems are associated 

with the continued operation of the oven. These include shorting of electron lens 

elements within the scattering chamber and drifting of energy offsets due to changing 

contact potentials. These problems will need to be addressed before the proposed 

measurements can be made. To improve the efficiency of the cold trap, it is suggested 

that a new cold trap mounted closer to the interaction region be commissioned. This will 

improve pumping of the rubidium vapour and hopefully alleviate some of the problems 

associated with this background vapour. It is also suggested that the existing electron 

energy analyser and electron deceleration optics be modified to allow resistive heating 

of the elements to increase their resistance to coating by the rubidium. 

In the longer term it may be pertinent to investigate the other parameters (A1 and 

Ann) as investigated by the Bielefeld group. In order to do this, a source of polarized 

atoms needs to be implemented. The simplest method by which this can be achieved is 

by using a laser to optically pump the rubidium in a method similar to that of the 

Bielefeld group (Baum et al 1999,2002) and the NIST group (Lorentz et al 1991). 

Using polarized atoms also means that a method by which the atom polarization can be 

determined needs to be implemented. The simplest method of doing this would be by 

the use of a Stern-Gerlach magnet and hotwire detector. 
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Appendix AAppendix AAppendix A

Electron Optic Settings Electron Analyser Settings 

Energy 20 eV Energy 20 eV 

Float Potential 23.5 V Float Potential 20.8 V 

NA1 91 V V(outer) 21 V 

NA2 294 V V(inner) 76 V 

N1(inner) 335 V V2 200 V 

N0(outer) 182 V V3 81 V 

N(pass) 250 V V4 97 V 

S0 26 V V5(pass) 40 V 

S1 396 V 

S2 187 V 

S3, T0, L0, L2 800 V 

T1 556 V 

L1 532 V 

L3, L4 380 V 

L5 110 V 

L6 0 V 

Table A.1 Electron optics settings for elastic scattering from krypton at 20 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 50 eV Energy 50 eV 

Float Potential 53 V Float Potential 49.2 V 

NA1 85 V V(outer) 21 V 

NA2 149 V V(inner) 77 V 

N1(inner) 334 V V2 180 V 

N0(outer) 180 V V3 47 V 

N(pass) 254 V V4 62 V 

S0 835 V V5(pass) 40 V 

S1 1205 V 

S2 394 V 

S3, T0, L0, L2 800 V 

T1 571 V 

L1 555 V 

L3, L4 371 V 

L5 111 V 

L6 0 V 

Table A.2 Electron optics settings for elastic scattering from krypton at  50 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 60 eV Energy 60 eV 

Float Potential 63.5 V Float Potential 60.8 V 

NA1 71 V V(outer) 21 V 

NA2 255 V V(inner) 77 V 

N1(inner) 336 V V2 174 V 

N0(outer) 182 V V3 47 V 

N(pass) 250 V V4 62 V 

S0 893 V V5(pass) 40 V 

S1 1194 V 

S2 363 V 

S3, T0, L0, L2 808 V 

T1 581 V 

L1 555 V 

L3, L4 315 V 

L5 103 V 

L6 0 V 

Table A.3 Electron optics settings for elastic scattering from krypton at  60 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 65 eV Energy 60 eV 

Float Potential 68.5 V Float Potential 65.8 V 

NA1 71 V V(outer) 21 V 

NA2 255 V V(inner) 77 V 

N1(inner) 336 V V2 174 V 

N0(outer) 182 V V3 47 V 

N(pass) 250 V V4 62 V 

S0 893 V V5(pass) 40 V 

S1 1194 V 

S2 363 V 

S3, T0, L0, L2 808 V 

T1 581 V 

L1 555 V 

L3, L4 315 V 

L5 103 V 

L6 0 V 

Table A.4 Electron optics settings for elastic scattering from krypton at  65 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 100 eV Energy 100 eV 

Float Potential 103.5 V Float Potential 100.8 V 

NA1 71 V V(outer) 21 V 

NA2 255 V V(inner) 77 V 

N1(inner) 336 V V2 174 V 

N0(outer) 182 V V3 47 V 

N(pass) 250 V V4 62 V 

S0 893 V V5(pass) 40 V 

S1 1194 V 

S2 363 V 

S3, T0, L0, L2 808 V 

T1 581 V 

L1 555 V 

L3, L4 315 V 

L5 103 V 

L6 0 V 

Table A.5 Electron optics settings for elastic scattering from krypton at  100 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 150 eV Energy 150 eV 

Float Potential 153.5 V Float Potential 150.8V 

NA1 202 V V(outer) 21 V 

NA2 224 V V(inner) 76.7 V 

N1(inner) 335 V V2 200 V 

N0(outer) 182 V V3 71.6 V 

N(pass) 254 V V4 67.3 V 

S0 31 V V5(pass) 40 V 

S1 370 V 

S2 232 V 

S3, T0, L0, L2 800 V 

T1 684 V 

L1 616 V 

L3, L4 449 V 

L5 137 V 

L6 0 V 

Table A.6 Electron optics settings for elastic scattering from krypton at  150 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 200 eV Energy 200 eV 

Float Potential 203.5 V Float Potential 200.8V 

NA1 202 V V(outer) 21 V 

NA2 224 V V(inner) 76.7 V 

N1(inner) 335 V V2 200 V 

N0(outer) 182 V V3 71.6 V 

N(pass) 254 V V4 67.3 V 

S0 31 V V5(pass) 40 V 

S1 370 V 

S2 232 V 

S3, T0, L0, L2 800 V 

T1 684 V 

L1 616 V 

L3, L4 449 V 

L5 137 V 

L6 0 V 

Table A.7 Electron optics settings for elastic scattering from krypton at  200 eV Sherman function 

measurements. Refer to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for 

specific lens designations. 
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Electron Optic Settings Electron Analyser Settings 

Energy 20 eV Energy 18.42 eV 

Float Potential 20.3 V Float Potential 19.88 V 

NA1 79.4 V V(outer) 5.3 V 

NA2 299 V V(inner) 19.3 V 

N1(inner) 348 V V2 122 V 

N0(outer) 186 V V3 68 V 

N(pass) 250 V V4 40 V 

S0 129 V V5(pass) 10 V 

S1 277 V 

S2 246 V 

S3, T0, L0, L2 800 V 

T1 565 V 

L1 566 V 

L3, L4 389 V 

L5 91 V 

L6 0 V 

Table A.8 Electron optics settings for Rubidium 20 eV (5S1/2-5P1/2,3/2) A2 parameter measurements. Refer 

to figure 3.15 (electron optics) and figure 3.19 (electron energy analyser) for specific lens designations. 
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The error analysis for the Sherman function and the A2 parameter follow 

duplicate lines, as the relationships used to determine them are identical. In the 

following argument, S, will be used to denote both the Sherman function, S, and the A2 

parameter. Here P is the electron polarization and the N’s are the number of events 

corresponding to each electron polarization ↑ and ↓. The relationship for S is then 

1 N ↑ −N ↓S = .
P N ↑ +N ↓ 

From the laws of propagation of errors (Bevington 1969) the error in S is 

( ) ( ) ( ) 
2 2 2 

2 2 2S S SS N N P
N N P 
∂ ∂ ∂     ∆ =  ∆  ↑  +  ∆  ↓  +  ∆     ∂ ↑  ∂ ↓  ∂      

. 

If we take N∆ ↑  to be the usual statistical errors N ↑  this then becomes 

( ) ( ) ( ) ( ) 
2 2 2 

2 
2 2 2 

2 2N N N NS N N P 
P N  NP N  N  P  N  N  

     ↓ − ↑ ↑ − ↓     ∆  =  ↑ +  ↓ +  ∆
     ↑ +  ↓↓ +  ↑  ↓ +  ↑       

, 

this however can be further simplified if we set N = N ↑ +N ↓ , such that 

2 
2 

2 3 

4N N PS S
P N  P  

↑ ↓ ∆ ∆ =  +   
  

. 

This was the error expression used in the determination of the errors in this work. 

NFurther if we assume to a first approximation that N ↑≈ N ↓= . 
2 

2 
2 

2 

1 PS S
P N  P  

∆ ∆ =  +   
  

, 

1which contains two terms the first is proportional to 
P N

, the second proportional to2 

1 
P 

so in order to minimise the error it is necessary to increase P2 N . With the number2 

of events N being proportional to the electron current I; this argument is the basis 
2behind choosing P I  as the figure of merit for polarized electron sources. 
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