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Abstract

This thesis presents the results of the experimental study of super-elastic
scattering from laser-excited calcium and silver atoms. The studies performed
with calcium were carried out at energies of 10 eV and 12 eV in a scattering
chamber evacuated to a pressure of ~3 x 107 mbar. A well-collimated beam of
calcium atoms, produced by a resistively heated oven at ~800°C, was excited
from the 4'S; to 4!P; state, by a resonant continuous wave laser beam at ~423
nm. Electrons of well-defined energy were directed onto the optically pumped
target atoms which relaxed to ground state while the electrons were scattered.
The electrons that gained energy equivalent to the transition in the atom were
detected by an electron analyser.

The rate of super-elastically scattered electrons was measured as a function
of laser polarisation and scattering angle, from which a set of atomic collision
parameters, Py, Y and L and their associated uncertainties were determined.
The data obtained over the angular range of 25° to 140°, were compared to
predictions from theoretical models. The agreement thus obtained was not sat-
isfactory. After a 2 eV discrepancy in the energy of the electrons was identified,
the experimental results at 12 eV were compared to theoretical predictions at
10 eV and the 10 eV data with available 8 eV theory. Overall, better agreement
was noted between experiment and theory, and the CCC model was found to
show excellent agreement.

To conduct similar experiments using silver as a target, a new high tem-
perature oven was constructed. With the oven operating at ~1200°C, a well-
collimated beam of silver atoms was produced which was excited from the 52S; /2
ground state to the 5*P3, excited state using circularly polarised light at ~328
nm. The excited atoms were collisionally de-excited by incident electrons of
well-defined momentum and energy. The super-elastic count rates were mea-
sured as a function of laser polarisation and scattering angle over a range of
20° to 130°, at outgoing energies of 20-100 eV. The data obtained was com-
pared to CCC calculations. Generally, good agreement was observed between
experiment and theory especially at higher energies.
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Chapter 1
Introduction

Collisions between electrons and atoms are at the basis of numerous natural
as well as man-made phenomena. Complete understanding of these processes
can only be achieved by studying the interactions between the atomic systems
and electrons. Detailed investigation of such collisions is needed in order to
enhance our understanding of various processes in other areas of physics such
as astrophysics, astronomy and plasma physics [1]. For example, laser heating
of a plasma occurs as a result of collisional effects. The Sun and stars are made
of plasma hence the importance of recreating plasmas in attempting to further

decipher our Universe.

Collision studies are valuable tools that also help us gain insight into the in-
ternal structure of atomic systems. To date, many technological advances have
been possible as a result of our deepened and ever increasing understanding
in collision physics. The gas laser is one device that has emerged as a result
and so is the more commonplace fluorescent lamp. In turn, the fundamental
electron-atomic collision process has been more deeply probed over the last
few decades owing to the newer, improved experimental techniques which come

from progress in technology.

Experimental investigations of particle-atomic interactions have aided our
fundamental understanding of the underlying physics and provided a means of
testing theoretical predictions since the early experiments. As far back as 1911,

James Franck and Gustav Ludwig Hertz carried out one of the first experi-
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ments to investigate collisions between electrons and atoms, using vapourised
mercury [2]. This demonstrated the existence of discrete energy levels which,
at the time, provided support for Bohr’s model of the atom. The practical
techniques and apparatus used have since greatly improved, for instance with
the notable invention of the laser in the 1960s and new atomic sources and
detectors, and so the link between theory and experiment is ever more impor-
tant. Extensive experimental studies of electron-impact excitation of atoms
have been performed over the last three decades using increasingly sophisti-
cated techniques. The experimental data collected from these studies provide

a useful tool to test and compare different theoretical models [3].

1.1 Electron-atom collision experiments

In general, a scattering experiment constitutes of a projectile directed into
a target. By observing the effect of the incident projectile after the collision,

information can be gathered about the structure of the target.

In electron impact interactions with atoms, a number of processes may occur
as a result of the interaction of the electron with the atom, depending on the

energy of the incoming electron. These are:

i. Ionisation
If the energy of the electron exceeds the ionisation energy of the target
atom, sufficient energy may be imparted to the atom to cause it to ionise

by ejecting a bound electron.

ii. Elastic scattering
This is the most common process. The electron is elastically scattered
when no net transfer of energy occurs between the colliding particles. In
this case, the energy of the electron after the interaction is the same as
that of the incident electron beam, but the momentum of the particles

may change.

iii. Inelastic scattering

The electron may be inelastically scattered if it imparts its energy to an
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atom such that the latter is promoted to a higher internal energy state.

The electron therefore leaves the interaction with lower energy.

The third outcome lays the foundation for one of the principal experimental
techniques in atomic physics known as the electron-photon coincidence experi-
ment. This requires the detection of the inelastically scattered electron in de-
layed time coincidence with the fluorescence emitted from the excited atom as
it subsequently relaxes to a bound state of lower electronic energy [4]. The first
experiment of this type was conducted by Imhof and Read in Manchester [5]

where they measured helium atomic lifetimes.

In principle, such an electron impact experiment may be carried out to de-
termine a set of atomic collision parameters (ACPs) that fully describe the
quantum state of the system. For an atom excited to a P-state, these are:
v-the alignment angle of the excited state charge cloud relative to the incident
electron beam axis;

Pjin- the linear polarisation of the charge cloud in the scattering plane;

L, - the orbital angular momentum perpendicular to the scattering plane that
is transferred to the atom during the collision;

Poo- the relative height of the atomic charge cloud perpendicular to the scat-

tering plane. These are further discussed in Chapter 2.

These parameters can be compared to predictions from theoretical models
once they have been measured experimentally. These parameters were for-
malised in a review by Andersen et al. [4]. The first group that determined
parameters which are related to the above mentioned ones was Kleinpoppen
and co-workers who investigated the 2'P; and 3'P; states in helium [6, 7].
They compared their experimental findings to theoretical predictions available

at the time and reported good agreement with a distorted wave calculation.

In practice, coincidence experiments are conducted inside an evacuated
chamber. Generally, in such electron-atom scattering experiments, an elec-
tron gun is used to produce a beam of mono-energetic electrons. The target

is usually provided by vapourising the sample in a purpose built oven fitted
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with a collimator in the case of metals, or by a gas jet for gases. The electron
beam with energy E, intersects the atomic beam at the interaction region. The
incident electron collides with the atom, imparting energy AE, equivalent to a
transition in the target such that the atom is excited to a higher internal energy
state. The electron is scattered with energy (E.-AE). The photon emitted by
the excited atom as it relaxes to a lower energy state is detected by a photon
detector, in coincidence with the detection of the inelastically scattered outgo-

ing electron.

Photon
Detector

Detected photons

5 Undetected photons

Undetected photons
TS
Electron gun _

Incident % [
.; (A . ...............................

Excited state

Scattered electron Electron Analyser

Figure 1.1: Geometry adopted for a typical electron-photon coincidence experi-
ment illustrating the randomness of photon emission direction as a result of the de-
excitation of the atom through spontaneous emission. The probability of a photon
being emitted in the direction of the detector is low.

The analyser and photon detector are aligned to point to the interaction re-

gion so as to be efficient in the detection of the electron and photon respectively.
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The interaction region is defined as the point of intersection of the atomic beam
and the beam of electrons. A schematic diagram of a general electron-photon
coincidence apparatus is shown in figure 1.1. By measuring the polarisation
state of the emitted photons, the electronic structure of the excited state can

be inferred.

The electron-photon coincidence experiment has since been extensively used
and tested against various theories. Since the first experiments with helium,
interest has shifted to more complicated atomic structures including but not
limited to H, Hg, Na and the rare gases [8-15]. The data thus obtained have
stimulated the development and improvement of various theoretical models that
seek to predict the outcomes of the scattering process. The groundwork for the
theoretical modelling of these experiments includes that which was carried out
by Macek and Jaecks [16]. Fano and Macek defined the alignment parame-
ters [17]. The theoretical models can be broadly classified into two categories:
a distorted wave approximation method (DWA) [18] and a close-coupling ap-
proach (CC) [19]. The DWA is a higher order improvement on the Born ap-
proximation which assumes that the interaction between the electron and the
atom is weak. The First-Born approximation (FBA) was the first model to
use this assumption and it models the collision between the electron and the
atom as a binary encounter between the incident electron and the target atom.
The incident and outgoing electrons are modelled as undisturbed plane waves.
On the other hand, the DW method improves from the FBA by considering
as a perturbation the distortion of the electron wave function by the atomic
potential. The CC treats the interaction problem in a different way to the
Born Approximation and the DWA. It obtains a number of coupled equations
by expanding the wave function of the scattering process. In order to find solu-
tions using these coupled equations, it is assumed that the scattering process is
dominated by a particular set of strongly interacting states only. These states

usually lie close to the initial and final states.

Despite being a well tested technique, electron-photon coincidence exper-
iments suffer from a major drawback: slow data acquisition time. This is a

result of the intrinsic method utilised for the data collection. In order for a
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coincidence event to be registered, the outgoing electron must be scattered in
the direction of the analyser but also the resulting photon must be emitted
into the photon detector. In actual fact, the excited atom emits photons ran-
domly in all directions as it relaxes to a lower state, which implies that the
photon may not necessarily hit the detector, as is illustrated in figure 1.1. For
this reason, the probability of an electron being detected in coincidence with
a photon is low and this results in long running times. For this reason, data
from electron-photon coincidence studies only cover a limited range of mostly

forward scattering angles where the cross sections are high.

One way to overcome this problem is to employ the super-elastic scattering
technique which can be regarded as the time-inverse of the electron-photon
coincidence process, based on the principles of quantum micro-reversibility [20].
Hertel and Stoll were the first to postulate that the coincidence process is

reversible [21].

@ Scattered electron (b) Incident electron

Eicoinc_ I—V EiSUper = Eicoinc _ h@/

Atom Atom

. 0.
.9.---- } __________

Scattered electron
ES + ho

Incident electron E; %"

ho

Emitted photon Pump photon

Figure 1.2: Fquivalence of the electron-photon coincidence process and the super-
elastic scattering process.

In simple terms this can be explained as follows. Consider an electron
impact with an atom. Let the atom be in an initial state [¥) as shown in figure
1.2.

Upon collision with an incoming electron of energy E;®™¢, the atom is ex-
cited to a state with higher internal energy [W'). As the excited atom relaxes to

a lower state which is not necessarily the ground state, it emits a photon while
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the electron is inelastically scattered with energy FE; — hw.

Figure 1.2(b) shows the process reversed in time. In this case, the atom has
been radiatively excited to the |¥') prior to collision with an incident electron
of energy E;""P°". The energy released by the atom as it relaxes to a lower lying

state is imparted to the outgoing electron which leaves with energy E;*"P*"+ hw.

In this way it is possible to define a so-called equivalent energy which relates
to both the coincidence experiment as well as the super-elastic process. This
represents the energy of the incident electron in the electron-photon coincidence
experiment and on the other hand, the energy of the outgoing scattered elec-
tron in the super-elastic scattering process. Considering the examples in figure
1.2, this implies Ecquivalent= Ei*"P+ hw = E,c0ine,

Generally, super-elastic experiments proceed in the following sequence. Light
from a laser of well-defined polarisation and frequency, is used to prepare atoms
in an initial excited state. The atoms are usually provided by an atomic beam
oven or a gas jet. The frequency of the laser matches a transition of interest in
the target. For example, in the case of calcium, the laser system provided blue
light at ~ 423 nm corresponding to the 4!S, to 4'P; transition. In this case,
the laser provides the “pump photon” shown in figure 1.2(b), which is effec-
tively taking the place of the photon detector in the traditional electron-photon
coincidence experiment. Upon impact with incident electrons of well-defined
energy, generated by an electron gun, the atom may relax to a lower lying state.
The electron then collisionally gains energy and is hence super-elastically scat-
tered. The two incident particles are the photon and electron which correspond

to the scattered particles in the conventional coincidence experiment.

The pioneering work in super-elastic scattering was conducted by Hertel
and Stoll who reported spectra showing the inelastic as well as the first super-
elastic peak from laser-excited sodium atoms [22]. The authors used circu-
larly polarised radiation from a continuous wave dye laser to excite the sodium
atoms. Collisions of the excited target atoms with incident electrons of energy

6 eV were then carried out. The spectra presented from their measurements
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showed the detection of electrons that have gained energy of 2.1 eV, corre-
sponding to the 32P to 3%S transition in sodium. This was the first experiment
to detect super-elastically scattered electrons from a laser-excited target. Since
these initial experiments, further studies involving various processes in sodium
were studied using the super-elastic technique. The work of Hermann and col-
leagues [23] followed, where super-elastic scattering results within a range of 3
to 20 eV were taken over the angular range of 0° and 20°. The results were
compared to Born Approximation calculations available at the time and fairly
good agreement was reported for small angles. Further work by the same group
in 1980 over a slightly extended range of angles from 0° to 22.5°, measured the
orientation in sodium for the 3%S to 3?P transition from 3 eV to 20 eV [24]. The
results were compared to close-coupling calculations which showed good agree-
ment especially for the data at 3 eV. When a comparison between the data was
made with a distorted-wave theoretical model, poor agreement was obtained
particularly at lower energies. Sodium has since been extensively studied by
several groups including McClelland et al. [25,26], Farrell et al. [27], Teubner
et al. [28], Scholten et al. [29,30], Sang et al. [31], Jiang et al. [32] and Masters
et al. [33].

Beyond sodium, other alkali metals were also the chosen targets for addi-
tional super-elastic scattering studies. For instance, lithium was investigated
by Karaganov and co-workers in 1996 at 22 eV [34], in 1998 at 7 and 14 eV [35]
and subsequently in 1999 at lower energies [36]. Their results showed excel-
lent agreement with the convergent close-coupling (CCC) theoretical model of
Bray [37-39]. Super-elastic scattering investigation from potassium has been
reported by Stockman et al. in 1998 [40]. Scattering from laser-excited barium
atoms was carried out by Register et al. in 1978 [41], also by Li and Zetner in
1994 [42] and Johnson and co-workers in 1999 [43], and 2005 [44]. A complete
set of ACPs was also determined for rubidium by Hall et al. in 2004 [45]. Alkali
metals are relatively easy targets in that they can be vapourised and delivered
using beam ovens at relatively low temperatures. Sodium requires the highest
temperature to reach a vapour pressure of 102 mm Hg at 290° [46]. In addi-
tion, the interest in alkali metals also stems from the fact that their theoretical

treatment is simplified by treating them as hydrogen-like targets, since they
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consist of a single valence electron orbiting an inert core.

An important finding obtained through the extensive study of sodium was
the fact that the so-called optical pumping parameters play an important role
in the scattering process when using laser-excited atomic targets. This realisa-
tion resulted from a comparison of scattering data obtained using the coinci-
dence method and the super-elastic technique. The optical pumping parameters
are multiplicative constants required to take into account laser-induced optical
pumping processes and enable accurate determination of ACPs in super-elastic
experiments [36,47]. The importance of quoting the so-called optical pumping
parameters was emphasised by Farrell et al. [27] which prompted the experi-
mental investigation of the behaviour of the pumping parameters by Farrell et
al. [47] and Meng et al. [48].

Several groups have extended the super-elastic scattering research beyond
the alkali metals. Other targets such as ytterbium [49,50] have also been in-
vestigated. Super-elastic scattering from laser-excited caesium has also been
reported [51]. The targets have mostly been restricted to alkali and alkali-earth
metals. This has been imposed by the availability of commercial laser systems
whose primary wavelengths range from ~400 nm to ~ 1000 nm. It is possible
to extend this range into the UV by frequency doubling the laser radiation
however the power is considerably reduced, making super-elastic experiments
challenging. The focus has hence been on atomic targets which are relatively

easily accessed by commercially available lasers.

Of particular interest to this project is the work undertaken to investigate
super-elastic scattering from laser-excited calcium atoms. This was carried out
for the first time by Law and Teubner who determined the ACP L, at 25.7
eV and 45 eV over an angular range of 3° to 100° [52]. Their experimental
findings were compared to the theoretical predictions of Srivastava et al. who
accounted for relativistic effects in their Relativistic Distorted Wave calculation
(RDWA) [53]. Furthermore, two more sets of theoretical calculations were com-
pared, also based on the distorted wave model, by Clark and Csanak [54]. The

conclusion they drew from the comparisons was that the distorted wave model
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was only partially successful in predicting the results at small angles wherein
good agreement was seen at both energies investigated. In general, poor agree-
ment was observed at higher scattering angles and lower energy. Teubner and
co-workers also presented results conducted with calcium where they measured
the atomic alignment parameter 7 [55] and compared their results to theoretical

calculations [53].

Further super-elastic scattering work with calcium was conducted by Mur-
ray and Cvejanovic at Manchester [56]. They presented a set of ACPs at 20,
25 and 35 eV, which they compared to RDW calculations provided by Stauffer
and co-workers [53]. The theoretical calculations were seen to be in agreement
with the data at higher energies but there were increasing discrepancies as the
energy decreased. At lower energies, there was poor agreement between theory

and experiment.

These experimental works in the study of calcium prompted further focus
on the theoretical modelling of the scattering process by other groups. An ad-
ditional model called the R-matrix was put forward by Kawazoe et al. who
applied their model at 10, 20 and 25 eV [57]. An enhanced model based on
the R-matrix, called the R-matrix B-Splines was developed by Zatsarinny and
colleagues [58]. Additionally Chauhan et al. considered the relativistic effects
in their distorted wave model calculations [59]. A convergent close-coupling

(CCC) model was also proposed by Fursa and Bray [60].

Meanwhile, the group in Manchester undertook the construction of a new
super-elastic spectrometer [61]. The work that then followed determined the
ACPs for calcium at 45 eV and 55 eV [61]. This was achieved for the first time
over the full angular range by using a magnetic angle changing (MAC) device
also developed in Manchester by Read et al. [61-63]. Super-elastic scattering
from calcium at 65 eV has also been investigated by the group at Manch-
ester [64].

It has been seen that the DW calculations fail to accurately predict results

over the full energy range in the case of calcium. Although the agreement
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between theory and experimental data was promising at higher energies, the
discrepancies observed at lower energies justified the need for further research
in the low energy regime. Indeed, the first part of this project focused on de-

termining the ACPs at 8 eV and 10 eV equivalent incident energy.

The principal advantage of the super-elastic scattering technique is its much
higher data collection rate compared to the electron-photon coincidence pro-
cess. This stems from the fact that the atomic state is coherently excited by
the continuous wave (CW) laser beam which always propagates in the same
direction with respect to the scattering plane. This is in direct contrast to the
equivalent photon detection process in the conventional coincidence experiment,
as already discussed. A measurement process in the coincidence experiment is
only registered if the photon is emitted in the direction of the photon detector

and the electron emitted towards the analyser.

Additionally, the laser radiation used is of the order of hundreds of milli-
watts and is therefore sufficiently powerful to ensure a high density of atoms in
the excited state of interest in the interaction region. The signal rate, given by
the detection of scattered electrons, is high as a result of the high probability
of laser excitation of the target. Signal counting rates are many thousands of

times greater than the equivalent coincidence rates.

A further advantage of the super-elastic technique is the higher resolution
achievable owing to the use of CW lasers [65]. The linewidth of these laser
systems can be as small as 10 kHz, as was the case with the lasers used in
this project for the super-elastic scattering experiment with silver. The cor-
responding energy resolution is ~0.1 neV. Even though the actual resolution
of the scattering experiment also depends on the Doppler profile of the target
atoms, resolutions better than 0.1 eV are possible in a super-elastic scattering
experiment. Consequently, detailed electron impact measurements are feasi-
ble using super-elastic scattering geometry whereby close-lying states can be
probed that would otherwise appear as one unresolved feature in a coincidence

measurement [65].
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The principle of the super-elastic experiment imposes the need for the laser
frequency to be resonant with a transition in the target atom, that couples
with its ground state. In order to successfully conduct these experiments, the
laser has to be tuneable, stable over long periods of time and must be able to
deliver sufficiently high power to enable super-elastic studies. Only a selected
range of commercially available continuous wave lasers are able to meet these
requirements. As a result of the above demands, the wavelength range is lim-
ited to ~220 nm to ~1000 nm and therefore the number of targets that can
be accessed is also restricted. For targets that cannot be excited using laser
radiation, the coincidence method is still necessary to carry out electron impact

excitation studies.

1.1.1 Motivation

This project investigates super-elastic scattering of electrons from two dif-
ferent atomic targets, namely calcium [66] and silver [67]. Calcium is a group
IT element otherwise known as alkaline-earth metals and can be compared to
helium in having two valence electrons orbiting a charged core. Calcium is com-
posed of 97% °Ca [68]. On the other hand, silver is a transition metal with
an incomplete d-electron sub-shell. It exists naturally as two stable isotopes,
51.83% '97Ag and 48.16% ?Ag [68]. Both isotopes have nuclear spin I=1/2

and therefore possess hyperfine structure.

Despite the obvious dissimilarities in the two atomic systems, there is one
common reason that justifies the need for the experimental study of both ele-
ments. These experiments are able to provide accurate data to test theoretical
calculations. There are numerous models that seek to predict the outcomes of
the interactions of electrons with atomic systems. However, quantum mechani-
cally every different atom displays different behaviour as a result of its distinct
atomic structure. Generally, numerical methods are employed but these become
more complicated as the atomic structure evolves into more complex systems.
The calculations relating to these systems then become increasingly lengthy,
often requiring large quantities of computing power. In the process, approxi-

mations are usually made to simplify the interaction model. Different models
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use diverse approximations, and the only way to effectively test the validity of
these assumptions is to put the theories to test by comparing their predictions

with actual experimental data.

To date, super-elastic scattering from calcium has been investigated by var-
ious groups over a series of energies as discussed above, and existing theoretical
predictions have been compared to the data. One conclusion that could be
drawn from these previous studies is that the agreement between experiment
and different theories is best at intermediate to high energies. It has been shown
that the agreement with theory breaks down at incident equivalent energy of
20 eV [56]. This has warranted the need for low energy super-elastic scattering

from calcium so as to further test emerging models.

During this project, super-elastic scattering data from silver has been ob-
tained for the first time. At the time of writing, only one model has predicted
these data. It is expected that this new experimental data will encourage fur-
ther modelling of the scattering process in silver using additional theoretical
models. By comparing their predictions to the data, it is hoped that the de-
velopment of a general theory may be achieved which will be applicable to all
elements from low to high energy regimes. The ultimate goal would be that
this unified theory can be used to make predictions for targets that cannot be

easily studied experimentally.

1.1.2 Structure of the thesis

This thesis is divided into two parts namely the experimental investigation
of super-elastic scattering of electrons from laser-excited calcium and silver
atoms. The thesis consists of eight chapters including this introduction to the
project as well as a concluding summary. The above introduction has briefly
reviewed the experimental and theoretical works in this field that have paved
the way for the current project and has stated the reasons that justify these

investigations.

Chapter 2 covers the theoretical framework that underlies the experimental
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work of this thesis. It describes the theory relevant to the scattering experiment
using calcium as an example. Quantum Electrodynamics (QED) calculations
that treat the interaction of the laser system with calcium are provided. By
contrast, the excitation process from silver is more complicated, given the ad-
dition of hyperfine structure. For the purpose of this thesis, which concerns the
measurement of only one of the ACPs, the theory pertinent to silver has been

referred to existing literature.

In Chapter 3, the equipment employed for the scattering experiments with
calcium is presented. The experiments were performed inside an evacuated
chamber within which most of the necessary components such as the atomic
beam oven and the electron source and detector, were contained. These are
individually described in separate sections. The laser system that provides the

suitable radiation for the super-elastic experiments is also detailed.

Chapter 4 details the methods and procedures of the experiments conducted
with calcium. These were performed for the first time in the low energy regime
at 8 eV and 10 eV equivalent incident energy of the electron. The results ob-

tained are presented and are compared to available theoretical calculations.

Chapter 5 describes the custom-built, high-temperature atomic beam source
developed during the course of this project, for use with either silver, copper
or gold. The design and construction of this resistively heated oven are therein
illustrated. In addition, the preliminary tests conducted to establish the be-
haviour of the oven are also detailed. It was concluded that the oven is able
to operate successfully at a temperature of ~1200°C and a pressure of 3x107

mbar which are satisfactory conditions for the work on silver.

Chapter 6 describes the apparatus used for the experiments with silver as
the atomic target. The spectrometer employed had previously been used for
coincidence studies at Manchester and was modified for the purpose of this
project. The atomic beam source described in Chapter 4, was fitted into this
apparatus. The remaining components for super-elastic studies in the spec-

trometer are also described. A dye laser operating at 328.1 nm was used to
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excite the silver atoms prior to super-elastic collisions with electrons, and this

is also presented here.

Chapter 7 then reviews the measurement processes involved in acquiring
super-elastic scattering data using silver as a target. These were carried out at
six different outgoing energies namely 20, 25, 30, 40, 50 and 100 eV. The results
from these investigations are presented in this chapter. Theoretical calculations
kindly provided by I.Bray [69] are also shown and a comparison is made to the

experimental results obtained.

The final chapter of the thesis concludes with a summary of the work con-
ducted in the two distinct parts of this study. Directions for possible future
works, specially pertinent to the use of silver as atomic target, are also sug-

gested.



Chapter 2

Theory

2.1 Introduction

This chapter provides an analysis of the theoretical treatment of the inter-
action of laser radiation and electrons with atoms during the electron super-
elastic scattering process. In particular, it presents the scattering theory that
describes the inelastic process, whose analysis can also be applied to the super-
elastic event, as the two processes can be regarded as the time inverse of each
other. The S-P transition is considered here which is relevant to both calcium
and silver. The density matrix formalism is introduced to describe the resulting
excited P-state. The elements of the density matrix are then related to align-
ment and orientation parameters that are used to describe the super-elastic

scattering process.

The second part of the chapter briefly reviews the quantum electrodynamics
(QED) model of the interaction of the laser field with calcium as the atomic
target whereby both the laser field and the atom are treated quantum mechan-
ically. The general equations of motion are employed in order to determine the
density matrix elements that describe the evolution of the system with time.
The relationship between the density matrix elements and the experimental

measurements is then established.

Different approaches have been used to model the interaction between the

atomic system and the laser field. The first model was proposed by Hertel and
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Stoll [21] who solved a simple set of rate equations under steady state conditions.
However, this approach is only valid for low laser powers, and is thus inadequate
for modelling most laser assisted collision processes. The rate model was super-
seded by a semi-classical density matrix approach by McClelland and Kelly [25],
who used optical Bloch equations to describe the interaction of atomic sodium
with coherent laser light. In this case the laser was treated classically while the
atomic system was given a quantum mechanical treatment. This method does
not include relaxation terms which had to be added in an ad hoc manner. The
most rigorous and complete theoretical interpretation of the collision process is
the QED model which was proposed by Farrell et al. [47] where a fully quantum
mechanical approach was employed for the atom (sodium) as well as the laser.
Since then, the QED model has been extensively used for the interaction of
the laser radiation with the atom in the super-elastic studies of various targets,
among which are the publications of Teubner et al. [55] and Hall et al. [70]. In
the work presented in this thesis, the experimental measurements are comple-

mented with a theoretical treatment using the QED model.

The case of laser interaction with calcium from the ground state to the 4P,
excited state is relatively straightforward since it can be accurately represented
as a two-level system. On the other hand, the full derivation of the general
equations of motion for silver is far less straightforward due to the presence of
hyperfine structure. Calculations in this case would follow closely those per-
formed by Shurgalin [71] and Hall [72] for sodium and rubidium respectively,
and these works can be referred to for details. For the purpose of this the-
sis which investigates the super-elastic process using only circularly polarised
light in the case of silver, the silver atomic system can again be considered as
a two-level system under steady state conditions, and therefore the analysis
conducted for calcium can be extended to silver. The introduction of optical
pumping parameters is critical in accurately describing the interaction of laser
radiation with different atoms as a consequence of any hyperfine structure in

the atom. This is discussed in the final part of the chapter.
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2.2 Scattering Theory

Following Blum [73], an atomic ensemble which is excited to a pure state
by electron collision, can be represented by a wavefunction which is a linear

superposition of orthonormal basis states, ¢;.

| ¥) = Zai | éi) (2.1)

7

where the sum over i refers to a set of quantum numbers that describe the

system. For such a pure state, the density operator may be defined as [73]
p =l V)V (2.2)

By choosing appropriate basis states, the corresponding density matrix el-

ements for an atomic ensemble in a pure state, may be defined as

pij = (i |plJ)
= pij = (i | U)(¥ | j) (2.3)

For atoms that do not possess hyperfine structure, the relevant quantum
numbers describing the atomic system are the angular momentum J and the
magnetic quantum numbers m; of the electrons. In the super-elastic experi-
ments with calcium as considered in this thesis, the excited state is a 'P-state,

hence the excited state wavefunction can be written as:

1
|\II> P = ZaJ,mj | Jamj> :Za’mj | 17mj>

Jmy; m;

—an |1, 4ag|1,0)+ay | 1,—-1)  (2.4)

The a; coefficients in the above equation may be complex and they are
directly related to the scattering amplitudes f [74]. These scattering amplitudes
are the terms that are calculated from collision theory to describe the collision

process. The scattering amplitude at a scattering angle 0, is given by

f(0c) = (Jymy [ T'| T, mi) (2.5)
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where T is the transition operator which describes the transition from the ini-
tial state | J',m}) to the final state | J,m;) following an electron collision. In
order to determine the scattering amplitudes, a quantisation axis must be cho-
sen. The natural frame, (z™,y", 2") is the chosen coordinate frame used in the
super-elastic experiments in this thesis, and this is now generally adopted by
experimental groups. This reference frame is represented in figure 2.1, where
the 2" axis is along the direction of incoming electron and the 2™ and y™ or-
thogonal axes lie within the scattering plane. The 2" axis is perpendicular to

the scattering plane as shown in figure 2.1.

N

i Outgoing
e electron Ko

Incoming
> electron, ki,

Scattering plane

Figure 2.1: Figure showing the natural coordinate frame defined where the x™ axis
is collinear with the direction of the incident electron. The scattering plane is defined
by the momenta of the incoming and outgoing electrons, ki, and Koy respectively.

In this frame of reference, an excited pure P state can be described as a
superposition of only two magnetic substates, after appropriate reduction of

the states as proposed by Andersen et al. [4]. Hence

[ O =g, | Timg) = am, | 1,my)

Jm; m;

= Q41 ‘ L, 1> +ta | L, _1> (26)
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The density matrix for the excited P-state can then be written as

| 3] |2 0 a1a*_1 pui 0 pr
Pij = 0 0 0 =1 0 0 O (2.7)
aay 0 Jaq|? pir 0 poia

The number of independent elements of p is also the number of indepen-
dent measurements that are required to make a complete determination of the
density matrix. The diagonal elements of the density matrix are real quan-
tities which measure the relative population of the atomic sub-states. The
off-diagonal elements are complex numbers which relate to real parameters
representing the coherences formed between the magnetic sub-states. In the
natural frame, the elements of the density matrix relate to alignment and ori-
entation of the state as suggested by Fano and Macek [17]. Andersen et al. [4]

proposed the following parametrisation

) 1+L, 0 —PFye
Pij = 5 0 0 0 (2.8)
—Pine™" 0 1-1Ly

thus introducing the atomic collision parameters P;,,y and L. By measuring
the ACPs, the density matrix elements can be determined and hence can be
directly related to the theoretically calculated scattering amplitudes. In prac-
tice, theoretical calculations usually determine the scattering amplitudes and

then derive the ACPs for comparison to experimental data.

2.2.1 Relating the matrix elements to experiment

The ACPs as described in Chapter 1 allow a direct visualisation of the
atomic charge cloud. In order to determine these collision parameters, the dif-
ferential cross section for super-elastically scattered electrons is measured as a
function of the laser polarisation. The alignment and orientation parameters
employed to describe the charge cloud are as follows. L, is the angular momen-
tum transferred perpendicular to the scattering plane, v is the alignment angle

of the charge cloud and Py, is the linear polarisation, given by the following
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expression:

[l —w
P, = — 2.9
l [+w (2.9)

These parameters are shown in figure 2.2.

Inci d}ﬂ@mn

Einc T<in

Scattering plane

Figure 2.2: Diagram showing a collisionally induced P state charge cloud pertaining
to both the electron-photon coincidence and the super-elastic scattering experiments.
The alignment and orientation parameters Py,,vy and L, are shown.

To establish the relationship between the experimental measurements per-
formed in this project and the density matrix, it is useful to consider an electron-
photon coincidence measurement as introduced in Chapter 1 since this can be
considered as the time-inverse of the super-elastic measurements. The geometry

of the experimental set-up is illustrated in figure 2.3. A source of target atoms

Photon Detector
.

Ny g M4 plate optic axis at 45°

Incident electron EI ectron
Electron gun >/ ; 3

Linear polariser pass axis angle 0°

Energy Detector

(:) Einc Kin B S e

Scattered electron
Eout kout

Scattering plane

Figure 2.3: lllustration of the geometry of the electron-photon coincidence experi-
ment. The four main components which are the atomic beam source, electron gun,
electron energy analyser and photon detector, are shown. The set-up shown with the
quarter-wave plate is used to detect the P3 Stokes parameter.
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is provided either by a heated oven or a gas jet. An electron gun generates a
beam of electrons of well-defined energy and momentum. Scattered electrons
are detected in coincidence with photons emitted by the excited atoms using an
analyser and a photon detector respectively. The atomic beam and the incom-
ing electrons intersect at the interaction region in the scattering plane which is
defined by the momenta of the incoming and scattered electrons. The photons

are detected perpendicular to this plane as shown in figure 2.3.

Scattering theory generally describes the interaction in terms of the inelas-
tic collision process. Owing to the equivalence of the two physical processes
under time-reversal as pointed out in Chapter 1, the analysis derived for the
coincidence process can be applied to the super-elastic event from time-reversal
arguments. In the super-elastic experiment, the photon detector is replaced by
a resonant laser beam which excites the target atoms, as discussed in Chapter
1. The scattered electron in the coincidence experiment is then replaced by an
electron beam, while the electron gun in the coincidence experiment is replaced
by an electron detector. In both coincidence and super-elastic experiments, the
atomic charge cloud can be described in terms of the common set of alignment
and orientation parameters Py, v and L, . In the electron photon coincidence
experiment, data is measured in terms of the Stokes components Py, Py and
P53 which are analogous to the components used for polarised light [75]. The
components relate directly to the measurements of the rate of inelastically scat-
tered electrons, taken in time correlated coincidence with the ejected photon.

The components are

1(0°) — 1(90°)
M= 100+ 1(90) (210a)

| I(45°) — I(135°)
27 1(45°) + 1(1359) (2.10b)

_ I(RHC) — I(LHC)
b= 1rEC) T 1(LHC) (2.10c)

where 1(6°) is the number of detected coincidence events with the fluorescence
polarised at an angle of 0° to the incident electron beam ; and I(RHC) and
I(LHC) are the number of events when the fluorescence is right-hand and left-

hand circularly polarised respectively. The alignment and orientation param-
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eters previously mentioned are then related to the Stokes parameters by the

Piin = \/ P + P2 (2.11a)

L, =—P (2.11b)

following set of equations [4].

1
v = §arg(P1 + i) (2.11c)

The parameters Pj;,,y and L, are illustrated in figure 2.2.

In the case of a super-elastic scattering experiment, a measurement of the
scattering intensity as a function of scattering angle (the super-elastic scattering
differential cross section) is made. A set of pseudo-Stokes parameters can then

be derived [47] given by:

ps _ (07 = 500"

)
S(0°) + 1(90°) (2.12)
S(45°) — S(135°)
P = Sy 1 1(1357) (2.13)

S(RHC) — S(LHC

PS
®  S(RHC)+ S(LHC

; (2.14)

The same set of formerly mentioned ACPs for the electron-photon coincidence
experiment are then derived which describe the excited P-state in super-elastic

scattering.

The above set of pseudo-Stokes parameters and expressions for the ACPs
can be used to describe laser-induced excitation in atoms with no fine or hy-
perfine structure. In the general case, the above expressions cannot be directly
used because the depolarisation that may occur in certain atomic targets due
to hyperfine structure has not been considered. A set of optical pumping pa-
rameters need to be introduced for a valid generalisation [76]. In the case of
calcium which exhibits no hyperfine structure, these optical parameters equate
to unity [56]. By contrast, for atoms with hyperfine structure such as silver,

so called reduced Stokes parameters are required which are then related to the
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Stokes parameters as given below.

1
P = = (2.15a)

1
Py® = EPQ (2.15b)

1
Py® = s (2.15¢)

Hence, in general,
P = (P54 (PS)? (2.16a)
L, =-P) (2.16b)
1

v = sarg(P® +iP”) (2.16¢)

2

2.3 Laser-atom interaction for calcium

The following section will describe the system Hamiltonian followed by an
overview of the laser field interaction with calcium atoms. This will be per-
formed using the general equations which can be derived using the QED model
for a two-level system. Calcium can be represented as such a system as shown

in figure 2.4.

2.3.1 The System Hamiltonian

The Hamiltonian which fully describes the interaction of an atom with a
laser field is given as
H=H,+ Hr + H; (2.17)

where H 4 is the freely evolving atomic beam, Hp represents the electromag-
netic field due to the laser at the interaction region and Hj is the interaction

between the atom and the field term.
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Figure 2.4: Energy level diagram of calcium showing the 4'Sy ground state and the
41 Py state, excited by radiation at ~428 nm. The ground state is labelled |1) and
the excited states are |2),]3) and |4). The allowed transitions for linearly polarised
light(w), right-hand circularly polarised(c™ ) and left-hand circularly polarised (o)
radiation are also shown.

The Atomic Hamiltonian, Hx

The freely evolving atomic term is given by [77]
Hy=Y Eoy=» hwli)il (2.18)

where the summation over i represents the orthogonal basis states of the atom.
i) is an eigenstate of the atomic system with energy E;, and so |i)(i| is the

operator that represents the states of the atom.

The Free Field Hamiltonian, Hg

The free field Hamiltonian is described in terms of photon annihilation and

creation operators, ay and al [78]
HF = Z hw,\air\a,\ (219)
A

where \ are the field modes that define the wavelength, polarisation and prop-
agation of the laser beam. The field operators a:f\ and a) represent the addition

and removal of one photon to and from the system respectively.
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The Interaction Hamiltonian, H;

The interaction Hamiltonian is given by
Hi =Ry 3 Y ooy ave™” + glyale ™ 0y,) (2:20)
Al e/ g/

where gé\,/g, terms represent the coupling coefficient between the field mode N
and the excited and ground states | g) to | e).
Equation 2.20 involves two processes as follows:

1. oegay represents the annihilation of a photon and the transition of an
electron from a ground state |¢) to an excited state |¢’).

2. Jg/e/ai, represents the creation of a photon and the decay of an electron

from excited state |¢’) to a ground state |¢’).

2.3.2 Evolution of the System

Considering the evolution of the atomic operators, a set of general equations
can be derived in order to describe the time dependence of the system. In
the Heisenberg representation, the following commutation relation gives the
equation of motion for an operator A [79]:

dA 1

— =[] (2.21)

where H is the Hamiltonian that fully describes the atom-light interaction.
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The equation of motion for the atomic operators are then given by

% . _%[&eg, Hy+ Hp + Hj]
_ _% ((&EQ(HA + Hp+ Hy)) — ((Ha+ Hp + Hﬂ%))
— ( — HpOeg + OcgHp — HF&69+&69H1_HI&59)
— %( Oeg, Hal + [0cq, Hp] + [&eg’HI])
(o B+ 0 ) 22)
Terml Term?2

The term [6.,, Hp| is zero because Hp commutes with the atomic operator.
Terms 1 and 2 from equation 2.22 need to be evaluated in order to find the

equations of motion of the system.

The full derivation of the equations of motion has already been performed
for various atomic systems [71,76,80-82] including in publications for the study
of calcium [83,84]. The literature can be consulted for a full derivation, which

will be not be repeated in this thesis.

From Murray et al. [83], the general equations of motion,derived from equa-

tion 2.22 for the density matrix elements, are given as follows:
Pge = —iALegpge — 1 Z Z Qg’gpe’e +1 Z Z QeLg’pgg’
L e/ L g
— Z Z Z gg\;/gg\/g,pge/wé(w,\ — Wer + Wyr) (2.23)
A g €

B Z Z Z ey >‘9e’g775 e'g — Wx)Perer
N g e

N Z Z Z gé\;g’gé\’g’ﬂ-é(w/\ - Ae’g’)ﬂee’ (2.24)
g o
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Pagr = —i(Wg — wyr)pggr + i Z Z Qgg“/)ge - ZZ Z Qfgpeg”
L e L e
+1 Z Z Z gé\/g//gé\;gWé(Ae//g - w,\)peue,
A e e
+ Z Z Z gé;gélgffﬂ5(wA - Ae”g”)ﬂe’e” (225)
A e e

where

A terms are Doppler detuning between the driving field and the transition
frequencies;

QF represent on resonance Rabi frequency between two relevant states e.g
QL o 1s the Rabi frequency between states ¢/ and ¢’ when the laser is on reso-
nance with the transition;

wy is the frequency of the mode A;

wer 1s the frequency of state €' and;

0 are Kronecker delta functions.

The first terms in equations 2.24 to 2.25 represent oscillations between sub-
states of the same state. Terms including the Rabi frequency are coherent
driving terms which cause absorption and stimulated of radiation to and from
the laser field. The triple sums correspond to the spontaneous emission of pho-

tons. For a full review, see Murray et al. [83].

2.4 The Two-Level System in calcium

The excitation process where calcium atoms in the 4'S; ground state are
promoted to the 4'P; state is shown in figure 2.4. The excited P-state consists of

3 degenerate magnetic substates with magnetic quantum number, m;=-1,0,+1.
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The 4 level system can hence be represented by a 4x4 density matrix:

P21 : P22 P23 P24

P31 : P32 P33 P34
|

Pa1 ! P42 P43 P44

(2.26)

where py; describes the ground state. All diagonal elements represent popula-
tions in the respective state e.g. pj; relates to the population of the ground
state. As previously mentioned, the off-diagonal elements relate to the coher-
ences between the S and P states e.g. pjo describes the coherence between
level | 1) and level | 2) i.e. pia describes both the amplitude and phase of the

wavefunctions representing the states | 1) and | 2).

The calculations that follow will consider excitation by o~ polarised radia-
tion. Optical selection rules dictate the state that can be excited depending on
the polarisation of the incident light [85]. o~ polarised radiation results in a
change of Am; = —1 and therefore only substate | 2) can be excited. o* would
cause a change of Am; = +1, exciting the substate labelled | 4). Linearly

polarised light would result in Am; = 0 causing excitation of level | 3).

In the case of o~ polarised radiation, a 2-level system is set up between the
ground state and substate | 2) whereby absorption of a ¢~ polarised photon
causes excitation to the | 2) level and the atom may relax back to the | 1)
state after emission of a photon. The populations of the | 3) and | 4) levels
are assumed to be zero as they can be populated only by 7 and o polarised
light respectively. Therefore the two-level system can be represented by the

following reduced density matrix.

pnlps 00

P21 : p2 0 0 P11 P12
0,0 00O P21 P22
010 00

as p33 and pyq are zero and hence the coherences between these states and any

other are also zero.
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The general equations of motion 2.23-2.25 will now be solved for the two-
level system in calcium. In the case of ¢~ radiation, the mode number of the
laser, L=-1, the half-Rabi frequency is denoted by €2;;' and the allowed coupling
coefficient is gy;,'. Since there is only one ground and one excited state, in the

set of equations we may therefore set

/ "

g=¢ =g and e=¢c¢ =e (2.28)

Hence for the ground state,

Pagr = — 1wy — W) pggr + Z Z QeLg”Pge - ZZ Z QeLgpey”
L e L e
+ Z Z Z gé\’g/’W5<Ae”g - w/\)pe”e
+ Z Z Z Ger ggel/ //71—(S W)\ - Ae”g”)pe’e” (229)

e/ 8”

Therefore,

Pogr = —i(w1 — wi)p11 + 1257 p12 — Q% par1
+ g1 Gor T (Agy — wy)paz + g1 gar T (w1 — Agy)pas

= —Q (p21 — p21) +?|9511|275(A21 — Wy) P22 (2.30)
Iy

where §(Ag; — wy) has been introduced as the decay constant from state | 2)

to | 1). The generalised decay constants are given by [86].

Dogery = Z [0 90 T (W — Durgr) + g g T (wy — Acy)] (2.31)
A
= Leg = Tegeg = 2 Z |g;\g’27T5(WA — Acy) (2.32)
A

Hence the final equation for the ground state with ¢~ radiation reduces to

p11 = i€ (p12 — p21) + Ta1p22 (2.33)

Similar mathematical manipulation give expressions for pss, p12 and po; as
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shown below.

P22 = iQ;f (p21 — p12) — Da1pao

) o r .
piz = 15 (p11 — pa2) — [% + Z(AL,21>} P12
. .—1 F21 .
pn = U (P22 — pua) — | 5= +i(Arar) | pz (2.34)

Equations 2.33 and 2.34 can be written as a single matrix equation of the form

p(t) = Ap(t) (235)

where p is a column vector with elements p;; and A is a complex matrix con-
taining all the coefficients from the general equations above. Equation 2.35 can

be integrated to give solutions of the form

p(t) = 2 p(0) (2.36)

To solve the equations, a MatLab program was written to calculate the time
evolution of p(t). As an example, figure 2.5 shows the time evolution of the

populations of the states.

The values for the parameters used for the calculations of the evolution of
the two level system in calcium are as follows. The intensity of the laser is
taken to be 25 mW /mm?, which is typically used in super-elastic experiments.
The decay constant, I'y; for the 4' P, state of calcium is 2.2x10® rad s [87].
Murray and Cvejanovic [56] have previously determined the Rabi frequency to
be (9.95x107+/T) rad s'. The laser is on resonance with the transition, hence
the detuning term is set to zero. The population is normalised such that the
sum of p1; and poy is always 1. This shows that under the given conditions,
almost 50% of the calcium atoms will be excited from the ground to the excited
41P, state.

As can be seen from figure 2.5, the system eventually reaches a steady state
where the populations of the ground and excited states are constant. It is

possible to derive expressions for the populations and optical coherences for
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Figure 2.5: FEvolutions of the ground and excited state with time. The vertical axis
shows the populations of p11 and pas.

the steady state by setting equations 2.33 and 2.34 to zero. This follows from
the fact that the rates of evolution of the states, which are derivatives of the

populations with respect to time, are zero when the populations are constant.
Thus,

P11 = ip51 (P12 — pa1) + Daipaa = 0
P22 = 7;92—11 (p21 — pr2 — Ta1p22 =0

i o r .
piz = 15 (p11 — p22) — [% + Z(AL,M)} pr2 =0
. cy—1 F21 .
pa1 = i85 (P22 — p11) — -t i(Apo1)| p21 =0 (2.37)

By re-writing the equations for the optical coherences in terms of the popula-
tions only, an expression for p15 — po; can be obtained which is then substituted

in the equations for the populations. This is shown below.

iQQl(pn - P22)

P12 = ;
% S ZAV
- 91 (pa2 — p11)
P21 = To1

- iAL 21
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Therefore,
P o1 = iQm(Pn - 022) iQm(PQQ - Pn)
12— P21 = ; - :
% + 1AL 2 % AV
. r
= Q91 (p11 — pa2) (ﬁ) (2.38)
-+ AL,21
Therefore
Q3 (p11 — p22) Iy
P2z = F21 % F%l A2
-+
_ le(ﬂn — p22)
— 2
FT + A%,m

Using the fact that the population is normalised so that

P11+ p2 =1

gives

_ Q3 (1 — 2p2)

P22 =~z 5

T +HALy

(2.39)

Re-arranging for pos,

B 402,
N 2 + 4A%721 + 89%1

P22 (240)

Referring to figure 2.5, the values used in the example given can be put in the

equations 2.40 to give the same results. Thus

p22 = 0.49

2.5 Laser-silver interaction

As previously mentioned, modelling of the laser-interaction with silver is
very complex due to the presence of hyperfine structure. The derivation of

the general equations of motion in this case follows closely the calculations
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performed for sodium and rubidium [71,72]. For the purpose of this thesis which
investigates super-elastic scattering using only circularly polarised light, the
silver system can be approximated with high accuracy to a two-level system as
illustrated in figure 2.6. This is imposed by the selection rules which dictate that
the change in magnetic quantum number m;= +1 for o* circularly polarised

light and mj= -1 for o~ circularly polarised light.

F
3
4_d105p2p 2 -
32 1
0

Figure 2.6: Energy levels of 199197 Ag showing the 4d1055251/2 ground state and the
4d105p2P3/2 excited state. The use of circularly polarised light at 328.1 nm results in
a closed two level system between the | F = 2,mp = £2) and | F = 3,mp = £3)
levels. Shown in the diagram is the excitation achieved using left hand circularly
polarised light.

Of particular importance in the theoretical modelling pertaining to the in-
teraction of laser radiation with silver atoms is the consideration of the optical
pumping parameters. These parameters are introduced in the interaction of
laser radiation with atoms that exhibit hyperfine structure. It has been shown
that the magnitude of the optical pumping parameter related to circularly po-
larised light, K’, is close to unity at all but very weak laser intensities [47,88,89)].
Typical values are calculated to be ~0.998. For this project, K’ has hence been

taken as unity.
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2.6 Conclusion

This chapter has provided an overview of the theoretical formalism employed
in the description of the super-elastic experimental data. A density matrix was
introduced to describe the excited atomic system under consideration, whose
elements relate to alignment and orientation parameters. These parameters
were defined for an S-P transition in calcium. Furthermore, it was noted that
the density matrix elements relate to theoretically calculated scattering ampli-
tudes and therefore a comparison between experimental data and theory can
be made through these parameters. The above treatment was derived based
on the equivalence of the electron-photon coincidence and super-elastic experi-

ments since scattering theories consider inelastic collisions in their derivations.

In the second part of the chapter, a QED model of the interaction of the
laser field with calcium was introduced. The general equations of motion were
used to allow determination of the population and optical coherences of the
two-level system in calcium. An example of the evolution of the atomic system
with time was shown and it was concluded that ~ 50 % of the calcium atoms are
excited to the 4'P; energy level when the system has reached a steady state.
The relevance of the optical pumping parameters in the case of laser-silver
interaction was highlighted. Since the experiments on silver used circularly
polarised light, it was noted that K’, the optical pumping parameter for super-
elastic scattering is close to unity. Hence in this thesis the value of K’ for the
super-scattering experiments with silver was taken as unity when determining
the relevant ACPs in chapter 7.



Chapter 3

Experimental Apparatus for

Calcium Super-elastic Scattering

3.1 Introduction

Super-elastic studies from calcium were carried out in a special, purpose-
built scattering chamber which was evacuated to low pressures of around 2x1077
mbar under operation. The chamber housed the atomic beam sources which
are the calcium oven and the gas jet. The calcium atoms were excited from the
4'S, ground state to the 4'P; excited state by a resonant laser beam at 423.29
nm. An electron gun generated a beam of electrons with well defined momen-
tum and energy which was directed onto the excited atoms at the interaction
region. Electrons that were scattered after collision with the target atoms were
detected using an electron energy analyser. All parts of the spectrometer were
manufactured from 310 grade stainless steel and other non-magnetic materials,
as required due to the sensitivity of the experiment to magnetic fields. The
experiment was computer-controlled and could run unmanned so long as no

maintenance was required.

The chamber housed the electron gun, electron energy analyser and atomic
beam sources. A rotary motion feedthrough was employed to move the anal-
yser around the turntable in order to access a range of scattering angles. A
computer-controlled stepper motor connected to the rotary feedthrough was

used to move the analyser. The gun and oven were both fixed in position.
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This chapter presents the set-up for the electron collision experiments us-
ing calcium as described in this thesis. Most of the apparatus was developed
prior to the present work and has already been described in detail [84]. The
system will here be briefly described in the following sections but the reader
may refer to the abovementioned reference for additional details. Section 3.2
introduces the vacuum chamber which contained the essential components that

are individually described in the sections that follow on.

3.2 The Vacuum Chamber

The vacuum chamber is a vertical stainless steel cylinder shielded with mu
metal to reduce the effects of magnetic fields to less than 3 mG at the interaction
region. A flange to which were attached most components of the experiment
including the oven and electron gun, rested directly on top of the cylinder. A
vacuum seal was created between the flange and the chamber by means of a
Viton O-ring. The top flange also carried all electrical connections to the var-
ious elements within the chamber via appropriate electrical feedthroughs. A
CF-70 window, centrally located on the flange let the laser radiation into the

chamber. Four other viewing windows were located on the side of the chamber.
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3.2.1 The Spectrometer

Input Laser
Beam

Rotary
Feedthrough

Vacuum Flange

Y| .

N

\{

Laser diode

Figure 3.1: Diagram of the spectrometer used in the study of super-elastic scattering
from laser-excited calcium atoms. The relative positions of the oven, electron gun and
the energy analyser are shown. The laser radiation was let into the chamber through
the central CF-70 window. The atomic beam, electron gun and laser light intersect at
the interaction region. Also shown is a laser diode which was used to align the main
laser beam to the interaction region.

The chamber was evacuated using a BOC Edwards E1M18 [90] single stage
direct drive rotary pump which lowered the pressure to about 102 mbar. At
this stage a Leybold Turbotronic NT 150/360 turbomolecular pump [91] was

switched on to further reduce the internal pressure. The typical operating
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pressure was about 2x1077 mbar. The vacuum pressure was measured using a
Leybold ITR 90 Hot Ion Combi Gauge [92]. A control box was used to power
the gauge and this also output the pressure measurement to the controlling
computer. The pressure could hence be continuously monitored throughout the
experiment. When the chamber needed to be opened for maintenance purposes,

it was vented to nitrogen gas after the pumps had formerly been deactivated.

A liquid nitrogen cold trap connected to a cold finger through which liquid
nitrogen was circulated, was located directly opposite the oven nozzle. This
trapped the calcium atoms that had passed through the interaction region and
also lowered the pressure of the tank by cold trapping impurities. A Faraday
cup, consisting of a curved metal plate behind a fine tungsten mesh, was also
located on the side of the chamber to catch electrons that had passed directly

through the interaction region from the electron gun.

3.3 Atomic Beam Sources

3.3.1 Gas Jet Nozzle

Gases including helium and argon were often used especially in the prelimi-
nary stages of the experiments for calibration, diagnostic and tuning purposes.

Gaseous targets were introduced into the chamber by means of a gas jet nozzle.

Helium was used to calibrate the gun energy. The gas jet nozzle connected
via a feedthrough to the external gas line. This gas line could be evacuated
using a rotary pump. A needle valve was used to regulate the flow of gas into
the chamber. A gas bottle containing the gas of interest connected to the gas-
line using a regulator with a valve. With the needle valve closed, the gas-line
was then filled with the target gas. The gas bottle was closed and the line was
evacuated. This was repeated several times in order to flush the line of any
contaminants. The gas bottle was then opened. With a pressure of about 1
bar in the gas line, the needle valve was slowly opened to allow gas into the
interaction region in a controlled manner. Typical gaseous pressures that were

used are about 1x107° mbar.
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3.3.2 The Calcium Oven

The calcium beam needed for the experiment was produced from a cus-
tom made non-magnetic 310 grade stainless steel oven. The oven consists of a
crucible in a furnace heated by the use of heating coil through which current
is passed. A length of about 2.5 m of twin-core wire from Thermocoax (Me-
traware) [93] was wound along inbuilt helical grooves on the external surface of
the furnace. The crucible which contained the target material was a thin-walled

hollow cylinder closed at one end and with a 1.4 mm ID nozzle at the other end.

Calcium is a reactive metal and oxidises readily in air to form a grey-white
oxide coating. It also reacts slowly but noticeably with water. The calcium
charge therefore had to be carefully handled. It was also desirable to maintain
the purity of the sample which was in the form of pellets. Calcium pellets were
loaded into the crucible. Handling of the calcium and refilling of the crucible
were carried out in an Atmos bag filled with argon gas which provided an inert
atmosphere to prevent oxidation of the metal. An illustration of the various

parts of the assembled calcium oven is presented in figure 3.2.
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Label Description

Heat shields

Rear face plate

Front face plate

2 mm thin-walled ceramic rods
Stainless steel rods

Oven crucible sealed at the back
Oven heater

Adjustable stands

Base plate

Adjusting screws

2 mm OD molybdenum nozzle
Skimmer assembly

Defining aperture for atomic beam

Zr R a—=OOHEHgQw s

Table 3.1: Description of the various parts of the calcium oven as labelled in figure
3.2.

Once filled, the crucible was inserted into the heater furnace, made out of
oxygen-free copper and shaped into a cylinder with a spout from which the
nozzle of the crucible protruded. An outer jacket made from stainless steel
slid onto the furnace thus ensuring optimal contact of the heater wire with the
copper surface by pressing the heating coil firmly into the grooves. Current
was passed through the heating coil to raise the temperature of the crucible
to approximately 800°C. This caused the calcium to sublime and the resulting

vapour then escaped the crucible via the nozzle (K).

The atomic beam oven produced a beam of calcium with a density of about
10% atoms cm™ at the interaction region [94]. The beam had to be well colli-
mated so as to reduce scatter and unwanted deposition onto internal surfaces
of the chamber. Atomic beam collimation was achieved through the use of a
skimmer and aperture arrangement at the front of the oven (L, M) as shown
in figure 3.2. The purpose of the cylindrically shaped skimmer was to trap a
proportion of the atoms that diverged as they left the crucible, the result being
a collimated beam with limited angular spread as the atoms leave the aperture
at the front of the skimmer. The atomic beam has previously been measured

to be approximately 2mm at the interaction region [94].
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The beam was directed towards the interaction region by careful alignment,
and the atoms condensed onto the liquid nitrogen-cooled plate on the opposite
side of the chamber after passing through the interaction region. The task of
alignment was achieved by replacing the crucible with a custom-made cylinder
into which a laser diode had been fitted. Adjustment of six screws on the
baseplate (I) as shown in figure 3.2 allowed the height and tilt of the oven to
be altered.

3.4 The Electron Gun

The electron source used in the calcium super-elastic experiments produced
a well-controlled beam of electrons, of well-defined momentum and energy,
aimed at the interaction region. The design of the electron gun made use of
electrodes held at different voltages which cause the electric potential to vary
with position thus creating electrostatic lenses whose effects are similar to thick

optical lenses.
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A schematic representation of the gun is shown in figure 3.3. The gun can
be thought of as a two-stage system consisting of an electron generation section
and a beam manipulation section which delivers the electrons to the target re-
gion. The generation section uses a tungsten hairpin filament cathode which
emits electrons thermionically when heated. The filament is heated using an
external constant current power supply. After emission, the electron beam is
first shaped by the combination Pierce electrode grid and anode as shown in
figure 3.3.

Following the anode are two triple-element electrostatic lenses and three sets
of deflectors. The function of this section is to accelerate, steer and focus the
thermally produced electrons into a well-collimated beam. A series of power
supplies mounted in a rack were used to adjust voltages on the lens elements
and the deflectors so as to tune and direct the beam. Typical voltages are

shown next to their respective element in figure 3.3.

The grid ensures the electron beam is shaped into a relatively collimated
beam. The electrons are then accelerated from the filament by the anode held
at a positive potential with respect to the filament. The electrons that pass the
interaction region are collected on the opposite side of the chamber on a Fara-
day Cup. With a current of just under 2A through the filament, electrons are
released and a current of a few hundred nanoamps is registered at the Faraday

Cup.

The lenses and deflectors provide control over the shape and energy of the
resulting beam. The first lens is formed from the three potentials marked AN-
ODE, GL1B and GL1C. The second lens is formed by GL1C, GL2B and the
exit aperture of the gun which is held at ground potential. The energy of the
outgoing electron is determined by the GUNE voltage or gun potential. The
filament is held at this voltage (GUNE) and other voltages are referenced to
this voltage. Since the final section of the gun is held at 0 V, electrons emerge
from the gun with an energy set by -Vgung in theory. In practice, however the
measured energy of the electrons was different due to contact potentials which

were measured regularly as noted in section 4.2.1.
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The focal lengths of the two lenses are adjusted by voltages marked GL1B
and GL2B as shown. The 1-mm apertures in the field-free region, directly
before and after the second set of deflectors serve to collimate the beam by
defining the pencil and beam angles at the interaction region. The deflectors
are used to steer the beam and correct for any mechanical misalignments of the
gun elements, using the voltages marked GD1, GD2 and GD3. The deflectors
are essentially made of two pairs of parallel plates which allow for transverse
adjustment of the electron beam. The final set of deflectors allow the electron
beam to be directed to the interaction region. The apparatus sets the beam

angle to be zero and the pencil angle to be 2°.

3.5 The Electron Analyser

Electrons scattered from the interaction region were detected as a function
of energy and angle by an electron energy analyser. A schematic diagram of
the analyser is shown in figure 3.4. The electrons entered the analyser through
an aperture in the cone at the front of the analyser as shown and were focussed
by a three-element cylindrical electrostatic lens which imaged the selected elec-
trons at the entrance aperture of a hemispherical energy selector. The lens is
formed by the analyser aperture section which sits at earth potential, A1L1B
and A1AM. The third lens element ATAM accelerates or decelerates the elec-
trons to the energy selector’s pass energy, E,. Voltages to each of the element

of the analyser can be controlled by external rack-mounted power supplies.

The hemispherical energy selector consists of two concentric hemispheres
constructed out of molybdenum which are held at two different specific volt-
ages. The design is based on the one detailed in the reference [95]. The poten-
tials to the inner and outer hemispheres are controlled externally by means of
voltages A1IH and A10OH. Selection of the resolution of the analyser occurs by
changing the analyser pass energy which is the desired energy for electrons to
pass through the selector. The energy of the electrons selected by the analyser
is achieved by setting the residual energy A1RSE which sets a bias voltage to

the whole analyser with respect to ground.
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Figure 3.4: Schematic diagram of the inside of the analyser. Connecting voltage
supplies are shown. The potential A1IH is electrically connected to the inner hemi-
sphere. Electrons entering at the residual energy AIRSE are detected by the CEM.

An electron entering the analyser with an energy equivalent to the residual
energy will have its energy altered by the potential A1AM such that it reaches
the entrance aperture to the selector with an energy equal to the pass energy.

The pass energy is set by the mean voltage, A1TAM.

The electric field in the region between the two hemispheres causes the
electrons of the required energy to follow a curved path through the selector
along the curved path as shown in figure 3.4. The electrons leave the selector
through the exit aperture to enter the channel electron multiplier(CEM). On
the other hand, if an electron enters the analyser at an energy that is different
to the residual energy it will not be at the pass energy at the entrance hole
of the selector. Consequently, it will not follow the curved path and will not
exit into the channel electron multiplier. Electrons of energy greater than the
pass energy will be less deflected whereas less energetic electrons will be more

deflected and follow a path of greater curvature.
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The voltages to the hemispheres are established using [84]

2R,
Vi=V —1 1
! ° ( R, ) (31)

Vo=V, ( R 1) (3.2)

where V is the potential of the curved path; R;, Ry are the radii of the inner

and outer hemispheres respectively.

ne (B »

The analyser was fixed to a turntable inside the spectrometer. It could be
rotated within the scattering plane whilst always pointing at the interaction
region, by turning an external mechanical feedthrough on the top flange of the
chamber. By rotating the analyser around the interaction region, electrons at
specific angles could be detected. The entrance aperture at the front of the
analyser limited the angular acceptance to +3°. Thus the analyser was able to

discriminate between electrons for a range of scattering angles, 0.

The range of angles that the analyser swept through is determined by the
geometrical arrangement of other components in the chamber. The analyser
could access angles up to 0,=+145° in the forward direction before being re-
stricted any further by the gun, and 0,=-97° in the opposite direction where it
ran into the gas nozzle. These geometrical restrictions can be seen in figure 3.1
on page 53. Furthermore, there were additional restricted ranges in the forward
direction. Angles from -20° to +20° where the analyser was directly opposite
the electron gun were purposefully avoided, because it is known that a high
flux of electrons into the analyser could damage the detector. The analyser was
also not placed directly in front of the atomic beam sources (calcium oven or

gas jet) for the same reason.
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3.6 The Channel Electron Multiplier

The electrons exiting the hemispherical analyser were detected by an X719BL
Channel Electron Multiplier (CEM) which is a sensitive charged particle de-
tector. The CEM was found inside the analyser at the exit of the hemispheres
and it detected the electrons. It consists of a hollow spiral with an open cone
at one end where electrons can enter. An HT power supply provided a high
voltage of about 3kV which is applied to the CEM.

After entering the CEM, electrons are accelerated and collide with the in-
ner wall. This collision releases more electrons which are again accelerated to
produce more collisions. An avalanche effect is thus created which builds up
the number of electrons, with a gain of about 108. Thus the interaction of a
single electron with the inner wall is able to create a current which can then be
measured. The channel is curved to prevent ionised molecules from the back-
ground gas colliding backwards into the wall of the CEM. This could release
more electrons which would give rise to after-pulses thus altering the measure-
ment. The curvature of the channeltron prevents these ions having sufficient

energy to produce secondary electrons.

The CEM is able to detect electrons and with the appropriate electronics,
it is possible to count single electron scattering events. Each detector event
results in a pulse by the emission of secondary electrons. This pulse was pre
amplified by a wideband amplifier (Phillips 6954 B50) which amplified the pulse
from tens of mV to about 2V for processing in the electronics. The output from
the amplifier was then fed into a constant fraction discriminator (CFD) which
discriminates the pulses from low level background noise. The pulse from the
CFEFD was then split into three counting devices: (i)a ratemeter Ortec 4492 pro-
vided an audible and a visual analogue display of the count rate, (ii) an Ortec
771 digital counter which displayed the accumulated number of detection events
since it was last reset and (iii) an Ortec 871 digital counter which displayed the
number of detection events over a pre set period of time. The output from the
CFD was also passed to a Labview PCI-6621 digital acquisition (DAQ) card

inside the control PC of the experiment.
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3.7 Liquid Nitrogen Cold Trap

Following emission the atoms leaving the interaction region eventually de-
posited on a cold trap located directly opposite the atomic beam oven. The
cold trap is made out of a non-magnetic stainless steel plate. The cold trap was
cooled using liquid nitrogen to a temperature of about -200°C. Liquid nitrogen

was fed via copper pipes to the cold plate.

The target atoms condensed on the cold trap after they had gone through
the interaction region thus preventing the atoms from depositing onto other
components of the spectrometer. This is especially important in the case of
certain elements such as calcium, as a deposition of calcium atoms onto other
parts of the instrument may degrade them or introduce inaccuracies in mea-
surements. Moreover, the cold trap improved the background vapour pressure
inside the chamber by allowing other gases and water vapour internally present
to also condense and get trapped. Indeed when the cold trap was activated af-
ter the chamber had been formerly evacuated, a significant decrease in pressure

was observed from about 3x10° mbar to about 5x107 mbar.

The cold trap was fed via quarter-inch copper pipes from a dewar as shown
in figure 3.5 on page 66. This dewar was located above the cold trap so that
the liquid flowed under the action of gravity. It is made up of two concen-
tric cylindrical chambers constructed from commercially available 316 grade
stainless steel following a previous design [96] . The outer cylinder acted as
an external wall while the inner one contained the liquid nitrogen. The space
between the two cylinders was evacuated by the pumping process in the main

chamber. This limited thermal conduction to the liquid nitrogen.

The dewar was closed using a top flange where an O-ring created a vacuum
seal. A length of heater wire was wound around the flange and a current was
then run through in order to maintain the seal at a higher temperature (above
0°C) than the rest of the vessel. This ensured the seal did not fail as a result of
freezing at low temperatures. Two protruding stainless steel venting holes were
welded onto the top flange, one for influx of liquid nitrogen and the other to let

out nitrogen vapour from the dewar as the liquid boiled off. A full dewar could
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Figure 3.5: [llustration of the liquid nitrogen dewar as used in the super-elastic
experiment.

last up to five hours when the experiment was running at its operating temper-
ature. The dewar was topped up by an automatic refiller [97]. This switched
on a pump that filled the dewar from an external reservoir of liquid nitrogen.
The fill level detection mechanism used two green light emitting diodes (LEDs).
The changes in potential difference across the LEDs with changes in temper-
ature were employed to detect the fill level. The two LEDs, shown in figure
3.5 were attached at the top end (high-level LED) and bottom end (low-level
LED) of a ceramic rod which was suspended from the top plate of the de-
war through a purpose built hole. When liquid nitrogen was pumped into the

dewar and reached the maximum fill level, the pump stopped the filling process.

As the liquid nitrogen boiled off and reached a level below the lower LED,
the controller detected this and restarted the pump in order to refill the dewar.

Thus the level of liquid nitrogen was maintained between a minimum and a
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maximum level as long as the dewar was connected to an external source of

liquid nitrogen.

3.8 The Laser System

The super-elastic calcium experiments conducted in this project were per-
formed using a single-mode continuous wave laser source, a Spectra-Physics
Matisse TX Ti:Sapphire laser pumped by a Millenia Pro 15sJS laser. Addi-
tionally, the laser was tunable and its frequency could be set to that of the
atomic transition in calcium; it was stable and provided sufficient power to
carry out the super-elastic experiments. A block diagram of the laser system is
presented in figure 3.6. The Millenia Pro 15sJS is a diode-pumped solid state
laser which produces continuous wave green light at 532 nm with a power of up
to 15W . It consists of a laser head unit and a power supply. This laser utilises
a neodymium vanadate crystal as the gain medium inside the laser cavity. Two
diodes housed in the laser head pump power to the crystal which lases at 1064
nm. To produce the output radiation at 532 nm, an intra-cavity temperature-
tuned lithium triborate (LBO) crystal is employed as the doubling medium for

second harmonic generation.

Figure 3.6: Block diagram showing the laser system used in the super-elastic ex-
periments with calcium atoms. The Millenia Pro laser operating at 532 nm pumps
the Ti-sapphire laser which produces a continuous wave, single frequency tunable
infra-red laser light. The external reference cavity stabilises the laser frequency. The
infra-red light produced from the Ti:Sapphire at 846 nm is then frequency doubled by
the Wavetrain frequency doubler. Blue light at 423 nm is then generated.
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The green light output from the Millenia Pro laser is in turn used to pump
the Matisse TX laser [98]. Its active lasing element is a titanium sapphire crys-
tal, where sapphire has been doped with titanium ions, Ti*t in replacement
of aluminium ions, AI** at some lattice points. When excited by the incident
pump light, the crystal emits radiation over a wide range of frequencies in the
infra-red region but a desired single frequency can be isolated by minimising
losses at that particular frequency inside the laser cavity. For the super-elastic
experiments, the laser was operated at a single frequency and was stabilised

during operation by an external reference cavity.

A schematic illustration of the laser system is shown in figure 3.7. The
birefringent filter (D) is used for coarse wavelength control. The piezo driven
thick etalon further narrows the frequency range and the thin etalon is the final
frequency selector which allows fine tuning of the laser frequency. The birefrin-
gent filter works by rotating the polarisation of light whose wavelengths differ
from the centre wavelength. The Matisse TX laser has a ring cavity implying
two counter propagating modes could exist at one frequency. In order to en-
sure light propagation in one direction only, the Faraday rotator (E) together
with mirrors M2 and M3 act as an optical diode ensuring uni-directional light

propagation by producing high losses in the opposite direction.

It was important to maintain the laser at the desired frequency for the
super-elastic experiments, and so an external reference cavity was employed to
carry out this function. The reference station contains the reference cavity and
additional optical elements for frequency stabilisation using the Pround-Drever-
Hall technique [99]. This method works by measuring the laser frequency using
a Fabry-Perot cavity and an error signal is then fed back to the laser to extin-
guish fluctuations in frequency [100]. By looking at the reflected light from the
reference cell it can be established whether the cavity is on resonance or not;
no reflected light should be detected when the laser is resonant with one of the
cavity modes of the reference cell. When the laser frequency is near resonance
with a cavity mode, the reflection coefficient F is proportional to the difference

between the laser’s frequency and the cavity’s resonant frequency of [101].
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However, because the reflected light is symmetric about resonance, by sim-
ply detecting the reflected signal, it is not possible to establish whether the laser
frequency needs to be increased or decreased to bring it back onto resonance
with the cavity [100]. The derivative of the reflected signal (F) with respect to
0f, on the other hand, is asymmetric about resonance. Above resonance, with
a positive F derivative, the intensity responds in phase with the frequency vari-
ation. Conversely, below resonance, the beam intensity responds with opposite
phase. The derivative therefore provides an error signal which is proportional
to the frequency offset and indicates the direction in which the laser frequency

needs to be adjusted.

To determine the derivative of the reflected signal, an electro-optic mod-
ulator (EOM) located before the reference cell is used to modulate the laser
frequency. After the laser beam has been modulated by the EOM, it passes
through the cavity and the reflected signal is measured using a photodetector.
The portion of the signal which measures the derivative of the reflected signal
can be isolated. This is then fed back into a servo amplifier to adjust the laser

frequency in order to bring the laser back to resonate with the reference cavity.
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Figure 3.7: Schematic illustration of the Matisse TX Ti:Sapphire laser showing the
principal optical components. (A)Ti:Sapphire crystal. (B) EOM. (C) Thin etalon.
(D) Birefringent filter. (E) Faraday rotator. (F) Piezo-controlled thick etalon. (M1)
Tuning mirror. (M2) Out-of-plane mirror. (M3) Tweeter mirror. (M4,M5) Folding
mirrors to focus pump laser radiation into Ti:sapphire crystal. (M6) Output coupler.

The Wavetrain frequency doubler [102] utilises an SHG (Secondary Har-
monic Generator) crystal to double the frequency of the infra-red laser radia-

tion out of the Matisse TX laser, at a laser wavelength of 846 nm. Blue laser
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radiation at the required wavelength of 423 nm is then produced. An optical
schematic illustration of the doubler is shown in figure 3.8. The crystal (D)
inside the doubler exhibits non-linear optical behaviour such that light passing
through it creates optical disturbances at the input frequency as well as at har-
monic frequencies. In the case of the SHG crystal, second harmonic waves are
generated. By mounting the crystal inside a resonant enhancement cavity, the
efficiency of second harmonic generations is greatly increased. The Wavetrain
frequency doubler makes use of a triangle-shaped cavity configuration called the
DeltaConcept™ and is formed by two mirrors, M1 and M2 and a prism (C).
The prism is mounted on a piezo which allows the cavity length to be altered
while the output beam position remains unaffected. The EOM(A) modulates
the incident laser radiation and the reflected signal from M1 is analysed and

the piezo adjusted.

M2

Figure 3.8: Schematic diagram of the Wavetrain frequency doubler showing the
main optical components. Labelled are (A) EOM used for frequency stabilisation
using Pound Drever Hall technique. (B) Brewster window. (C) Prism and piezo

mount. (D) SHG (doubling) crystal. (E) Fibre-optic coupler for reflected signal. (F)
Brewster window.

3.9 The Laser Locking System

It was necessary to keep the laser frequency on resonance with the atomic
transition in calcium in order to maintain a uniform optimal density of atoms
in the excited state. Although the laser system was initially set up to be on
resonance with the atomic transition, the laser frequency tended to drift slowly
over time as a result of external changes such as the ambient temperature. To

stabilise the laser frequency over extended periods of time so as to enable data
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collection, an external locking system was used based on the observed laser-

induced fluorescence of the excited calcium atoms at the interaction region.

In the given configuration used for the super-elastic experiments, the laser
light was introduced in a direction perpendicular to the atomic beam oven (i.e.
orthogonal to the scattering plane). The atoms exiting the effusive oven spread
out of the oven nozzle in a direction orthogonal to the laser beam. The trans-
verse velocity component of the atoms introduced a Doppler shift, whereby
only a portion of the atomic beam was on resonance with the laser. Those
atoms that were emitted in a line perpendicular to the laser beam had no ve-
locity component in the direction of the laser beam and were therefore exactly
on resonance with the laser. However atoms that spread away from the laser
beam had a velocity component in that direction and the laser light was shifted
towards the blue end of the spectrum with respect to their frame of reference.
When these atoms were fluorescing, the position of the fluorescence spot would
shift from the centre in the direction of the laser beam. Hence any fluctuations
in frequency could be observed as a movement in the laser-induced fluorescence.
This is illustrated in figure 3.9.

laser beam Quadrant photodiode
| |
Blue detuned
fluorescence
od d o Lens
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image image
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Figure 3.9: [llustration of the laser-excited atoms imaged onto the quadrant pho-
todiode. The effect of detuning resulting into a shift in the fluorescence spot can be
seen.

The fluorescence produced by the interaction of the atoms with the laser
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beam was imaged by means of a lens onto a QD50-5T quadrant photodiode
outside one of the side windows of the interaction chamber. Any change in
the position of the fluorescence image could be inferred from a change in the
relative intensity in each of the quadrants of the photodiode. The photodiode
worked in a split way: the sum of the signals from the two left detectors and the
sum of the two right detectors constituted the two signals. When the fluores-
cence was central and both halves of the photodiodes detected equal amounts
of light, the difference between their voltages was zero implying the laser was
on resonance. On the other hand, any difference between the two halves of the
quadrant photodiode was amplified and fed back, via appropriate electronics,
to the external scan control of the laser. This feedback worked to adjust the
frequency of the laser so as to bring it back into resonance with the atomic
transition. This locking system was able to stabilise the laser frequency to bet-
ter than 3MHz [103]. This then ensured the laser beam remained on resonance

with the atomic beam for periods of time up to several days.

3.10 The Optical Setup

The laser system produced laser radiation at 423.29 nm which was resonant
with the 4!S.,- 4!P; transition in calcium. A number of high-quality optical
components were used to prepare the laser beam as required for the super-
elastic experiments. These are illustrated in figure 3.10 on page 73. The beam
first passed through a lens which imaged the light such that it produced a spot
size of ~2 mm at the interaction region. With this beam size, the probabil-
ity of atomic excitation increased and the efficiency of the scattering process
was in turn improved. A mirror(M1) then steered the laser beam to pass cen-
trally through the vacuum window into the chamber. The beam was accurately
aligned to go through the interaction region whilst remaining orthogonal to the
scattering plane. This was achieved by making the main laser follow the path
of a counter-propagating laser beam from a visible laser diode operating at 650
nm. The visible laser diode was internally located at the bottom of the cham-
ber. Prior to closing the spectrometer the diode was precisely aligned using a

set of non-magnetic oil-free vacuum XY translators such that the laser beam
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passed vertically upwards through the interaction region. The polarisation state
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Figure 3.10: Optical components that steer, focus and deliver the laser beam to the
interaction region as required. The laser beam was directed into the chamber by the
angled mirror M1 after going through the lens. The Glan-Laser polariser and the two
wave-plates provided control of the polarisation of the light. The optical components
were mounted on an optical post.

of the laser was set using a Glan-laser polariser with an extinction ratio of 10°
which ensured a very high purity of linear polarisation of the laser beam. The
next optical element was a zero-order half wave-plate mounted on a rotatable
holder controlled by a stepper motor, used during computer-controlled data
acquisition. The rotator was clamped to an optical post on the top flange. The
wave-plate could be rotated as desired through 360°. A quarter wave-plate was
used when required to produce circularly polarised light for measurement of the
ACP L, . It was inserted after the half wave-plate. A mirror was temporarily
inserted after the Glan-laser polariser. The retro-reflected transmitted beam
was minimised so as to ensure the correct orientation of the optic axis of the
quarter wave-plate relative to that of the half wave-plate. Instead of rotating

the quarter wave-plate, it was maintained at a fixed angle whilst the half-wave
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plate was rotated through multiples of 45° to produce left- and right- hand

circularly polarised radiation.

3.11 Conclusion

This chapter has presented the apparatus used for the super-elastic scatter-
ing elements from laser-excited calcium atoms. The various components of the
experimental set-up have been described. These include the atomic beam oven
which produced a well-collimated beam of target atoms that interacted with
electrons of well-defined momentum and energy from the electron gun. The
analyser and channel electron multiplier detected and amplified the number of
electrons such that the super-elastic signal was measurable. The laser system
described here provided laser radiation at 423.29 nm which was resonant with
the 4'Sy- 4'P; transition in calcium. The optical set-up needed to optimise the
laser beam for the experiments was also detailed. A locking system was used
to ensure the laser beam remained on resonance at the required frequency to

enable data collection over extended periods of time.

The next chapter will discuss the measurement procedures for the super-
elastic experiments with calcium. An overview of the preliminary steps needed
to optimise the spectrometer performance before measurement are started, will
be detailed. The measurement process will be discussed. The results obtained

will be presented and compared to predictions from theoretical models.



Chapter 4

Low energy super-elastic
scattering from laser-excited

calcium atoms

4.1 Introduction

This chapter describes the measurement processes involved in the data ac-
quisition for super-elastic scattering experiments with calcium at low energy. A
number of ACPs, as described in Chapter 1, were measured for electron impact
excitation of laser-excited calcium atoms by the scattering process. Two sets
of experiments were carried out in the low energy regime at nominal equiva-
lent incident energies of 10 eV and 12 eV. These are values assumed to be the
energies of the detected electrons for the super-elastic measurements. These
energies are nominal only as they did not take into account changes that may
have occurred in the contact potential of the electron gun or in any stray fields
in the spectrometer during the course of the data collection process. Such
changes would introduce an error in the nominal energy and will be discussed
in sections of this chapter. To compare with a conventional coincidence exper-
iment, the equivalent energy would be the energy of the incident electron from

the interaction region.

Pin, v and L, , previously discussed in Chapter 1, were determined. Py,

and y were determined using linearly polarised laser radiation directed at the
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interaction region orthogonal to the scattering plane. Measurement of L.; was
undertaken using circularly polarised light obtained by inserting a quarter-wave

plate after the half-wave plate as shown in figure 3.10 on page 73.

The experiment could be computer controlled and the programs written
to carry out the unmanned process are mentioned briefly here. The different
approach to data acquisition at low energy is distinguished from the relatively
simpler technique previously employed at higher energies [84]. In the low en-
ergy regime, the super-elastic count rates are considerably reduced, so that the
experiment had to be run for a longer period of time. Several runs of short
time intervals were taken then cumulated to produce the signal count rate.
This repetition generated a large set of data files which could no longer be
processed manually, but had to be handled using an analysis software. This is

also discussed in this chapter.

Finally, the experimental results at 10 eV and 12 eV nominal energies are
presented in the last sections. The experimental data are then compared with

theoretical models and the results are discussed.

4.2 Preliminary Procedures

4.2.1 Calibration of the electron gun energy

The energy of the incident electron beam was set by the gun bias voltage,
Vaung as described in section 3.4. This voltage controlled the potential at the
tungsten filament which dictated the energy of the emitted electrons. However,
surfaces of dissimilar metals inside the electron gun gave rise to a contact po-
tential which caused the energy of the emitted electrons to differ from the value
set by the external power supply. It was therefore necessary to determine this
contact potential prior to measurements in order that it could be taken into

account during the experimental runs.

A calibration of the gun was undertaken so that the energy of the emitted

electrons could be determined. To accomplish this, the apparent beam energy
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had to be compared with a known feature in the cross section. In this case,
the calibration was done by performing elastic scattering on helium, which has
a characteristic 2?S negative ion resonance as observed by Brunt, King and
Read [104]. This feature occurs at 19.366eV + 0.005 eV [104], has been mea-
sured to high accuracy and is easily reproducible. It therefore provides a good
reference for calibration purposes. Furthermore, helium is an inert gas and is
compatible with all the targets considered in this project so that the contact
potential could be measured when the experiment was operating with the metal

vapour target.

This feature in helium results from the capture of an electron by the he-
lium atom to form the He ion state, followed by the rapid re-emission of the
electron due to the short lifetime of the negative ion. The interference of the
re-emitted electron with the electrons directly scattered from helium appears

as a characteristic structure in the spectrum as shown in figure 4.1.
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Figure 4.1: The 2°S helium resonance feature used to determine the contact poten-
tial of the electron gun. The gun and analyser voltages were scanned simultaneously
over a range of 2V. The count rate was accumulated for 4s per data point. The graph
is a plot of scattering rate as a function of gun voltage. The data has been fitted to
a Gaussian curve from which the location of the dip corresponding to the resonance
feature was determined to be -18.2 + 0.1V.
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The following experimental procedure was adopted whenever the gun energy
had to be calibrated. A measurement of the count rate of scattered electrons
from helium was taken as a function of incident electron energy. This was per-
formed at a scattering angle of 90°. This specific angle was chosen because the
characteristic resonance feature that was to be observed is dependent on the
scattering angle [104], and is sufficiently prominent at 90° to appear as a dip in
the spectrum. The signal to background count ratio is also favourable at this

angle and allows graphical analysis of the data to be carried out relatively easily.

Helium gas was injected into the spectrometer via the gas jet nozzle which
pointed at the interaction region. As the chamber was evacuated, the flow of
helium was adjusted using a needle valve such that an equilibrium pressure was

attained. Typical gas pressures of about 10mbar were used.

The resonance feature in helium is known to be at ~ 19.366 eV £ 0.005 eV .
In order to determine the contact potential, the electron gun energy was set to
19.37 eV by setting the potential Vqung to 19.37 eV. Next, the analsyer was set
to detect elastically scattered electrons from helium atoms at the interaction
region. To do this, the analyser voltage Va1rsg was manually scanned around
the gun voltage and adjusted to the maximum observed count rate which ef-

fectively corresponded to the elastic peak.

The gun and analyser voltages, Vqung and Va1rsg were then simultaneously
scanned in the same direction and at the same rate. Through this process, elas-
tically scattered electrons of increasing energy were continually being detected
by the analyser. By scanning over a sufficiently large range of energies, about
5 eV, the elastic scattering spectrum could be found to include the helium res-

onance feature. A typical measured spectrum is presented in figure 4.1.

In the example shown in figure 4.1, the He resonance feature can be seen
at an apparent gun voltage of -18.2+0.1 V. This implies an offset between
the gun supply voltage, Vqung and the actual energy with which the electrons

are emitted. This corresponds to a contact potential which has a value of -1.2V.
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4.2.2 Energy Loss/Gain Spectra

The main preliminary step undertaken prior to any super-elastic experi-
ments was the measurement of energy loss spectra, which determine the scat-
tering cross section as a function of energy loss when the incident electron beam
has interacted with the atomic target. Such an interaction may result in sev-
eral possible processes which then appear in the spectrum. The two principal
outcomes are elastic and inelastic scattering. Generally, the elastic scattering
process dominates, whereby electrons lose no energy after going through the
interaction region. An electron may also be inelastically scattered if it imparts
its energy to an atom such that the latter is promoted to a higher energy state.
In this case the electron leaves the interaction region with lower energy than
the incoming electron beam. In the presence of a laser field that is resonant
with an atomic transition, with which the atom is irradiated prior to collision
with the electron, the electron may also gain energy from the interaction as the
excited atom relaxes to ground or a lower state. In this case, the electron that
leaves the interaction has more energy than the incident electron beam and so
is super-elastically scattered. The elastic peak can be observed as a relatively
large peak compared to the inelastic and super-elastic peaks in the scattering

cross-section. An example of such a spectrum is shown in figure 4.2.

4.2.3 Measurement Process

There are two ways of obtaining an energy loss spectrum. The first involves
keeping the gun voltage constant and then ramping the analyser energy. The re-
sulting spectrum shows the yield of scattered electrons as a function of residual
energy for a fixed incident electron beam energy. The alternative method is to
keep the analyser potential fixed whilst the gun supply voltage is ramped. The
subsequent spectrum displays the scattering intensity against incident electron
energy at a fixed residual energy. In both cases, the elastic scattering feature
which appears where the incident electron energy and the residual energy are
equal, divides the spectrum between super-elastic and inelastic regions as is

observed in figure 4.2.
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Figure 4.2: Energy loss spectrum measured for laser-excited calcium atoms plotted
on a logarithmic scale, with incident electron beam energy of 45 eV at a scattering

angle of -90°.

The elastic peak is the most prominent with the highest count rate.

The inelastic peak is seen at positive energy loss, indicating the detected electrons
have lower energy than the incident electron beam. The super-elastically scattered
electrons are on the negative energy loss side having gained energy from the collision

process.
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4.3 Experimental Technique

Super-elastic scattering measurements from calcium were carried out at an
equivalent nominal energy of 10 eV and 12 eV. The equivalent energies corre-
spond to the energies of the incident electron beam in a conventional coinci-
dence experiment. In this case, these are the assumed energies of the detected
super-elastically scattered electrons. The analyser was set to detect electrons of
energy 10 eV and 12 eV for the two different sets of experiments. The electron
gun was then set to produce electrons at (10-E) eV and (12-E) eV respectively,
where F=2.93 eV, corresponds to the energy of the transition from the ground
state to the 4!'P; state in calcium. The gun was therefore set to 7.07 eV and

9.07 eV respectively.

Previous super-elastic experiments performed from calcium used a computer
program called SuperStep for data acquisition [84]. However, in the new exper-
iments at low energy, a new computer program called multiscan was developed
by Alex Knight-Percival at Manchester to record the scattering data [84]. The
principal reason for the development of this program was the underlying method
of data collection for experiments at low energies (below 17 eV), which differed
from the technique used at higher energies. This was required since the count
rates are generally higher at higher energies and the data collection time is

subsequently small.

In the experiments for a specific scattering angle for high energy data col-
lection, the signal S was taken then the background, B was measured and the
difference between the two produced the super-elastic signal, I= S-B. Typi-
cally the duration of this process was small such that it could be reasonably
assumed that the background count rate remained constant over the period of
the measurements. This assumption was valid over the relatively small acqui-

sition times involved at higher energies.

By contrast, at the lower energies investigated in this project, the count
rates were considerably reduced and the background signal from different scat-
tering mechanisms was much higher. For this reason, data had to be collected

over extended periods of time. At some scattering angles, the super-elastic sig-
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nal was so low that acquisition times had to be increased to about 5 minutes
per polarisation angle in order to extract super-elastic signal from the collected
data. In this case, it was observed that the background count rate would drift
over the duration of data acquisition. As a result, the data collection method

was modified to allow for this change in background count rates.

Despite the methodology being intrinsically similar, the technique was dif-
ferent for the experiments carried out at low energies. At a given scattering
angle, multiple scans were taken which lasted up to 30 seconds each. The total
number of scans n, constituted a set of scans at that specific scattering angle.
A background sweep was taken immediately after each signal sweep by block-
ing the laser light using a laser shutter. Over this time period, the assumption
could be reliably made that the background count rate remained unchanged.

The multiscan program was developed to assist in this measuring process [84].

As the data collection time was significantly reduced, the quality of the
calculated data, obtained by subtracting the background rate from the super-
elastic signal, was subsequently poor. The deduced signal from n sets were then

combined and the actual signal was determined for a particular scattering angle.

4.4 Method of Data Acquisition

The super-elastic signal for calcium was measured as a function of the po-
larisation of the laser beam over a range of scattering angles. The SuperStep
Labview program, developed by Alex Knight-Percival at Manchester, was used
in the first instance for this purpose but was then superceded by the newer
Labview program multiscan [84]. As noted above, the SuperStep program
controlled the stepper motor which was connected to the half wave-plate and
could therefore be used to control the laser polarisation. The program was also
able to record count rates from the electron analyser whilst rotating the wave
plate. In this way the wave plate could be configured by the user to rotate at
regular angular intervals, pause at every specified angle for a predefined time

and collect data at that particular angle. Thus, as the polarisation vector was
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altered, the super-elastic signal could be collected and eventually used to de-
termine the ACPs.

In the experiments carried out at Manchester, the ACPs were determined
directly from the experimental runs. These ACPs can be related to the co-
incidence experiment via optical pumping parameters as discussed in Chapter
2. For calcium, as mentioned, these optical pumping parameters are equal to
unity and therefore the results obtained in the super-elastic measurements re-

late directly to those from the conventional coincidence technique.

4.4.1 Measuring Py, and vy

Linearly polarised light was used to excite the calcium atoms in order to de-
termine the alignment parameters Py, and y. The half-wave plate was rotated
using a computer-controlled stepper motor. As the half-wave plate rotated

through 0,1, the polarisation vector was in turn rotated through 20,,,.

The initial method of taking experimental data is detailed below. With the
analyser set to a given scattering angle, the half-wave plate was rotated through
360° around the scattering plane in steps of 10°, corresponding to individual
polarisation angles. For each polarisation angle, the signal was collected for 20
seconds or more, depending on the intensity of the super-elastic signal. The
wave-plate was then rotated in the opposite direction and the count rate mea-
surement repeated in the same manner. This reverse procedure repositioned
the wave-plate to its exact starting point, and eliminated any systematic error
in the calibration of the stepper motor which was being used to control the
rotation of the wave-plate. An average count rate was then calculated for every
polarisation angle. The laser beam was then blocked using the laser shutter
and the number of counts was taken over a specified time. The background
count rate was then subtracted from the averaged raw signal data to give the
actual signal. The analyser was then moved to the next scattering angle (in

intervals of 5°) and the above steps repeated.
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4.4.2 Measurement of L

For the determination of the ACP L, a quarter-wave plate was inserted as
described in section 3.10 . With the quarter-wave plate fixed in position, the
half-wave plate was rotated from 0° in 45° angular intervals so as to produce
circularly polarised radiation, through one full rotation thus covering the fol-
lowing angles: 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°. This produced
circularly polarised light with alternating handedness (i.e. right- and left-hand
circular). The half-wave plate was reversed through one full rotation to bring

it back to its precise starting position before a new set of data was taken.

4.5 Derivation of the ACPs

The ACPs Py, and 7y could be determined from the data acquired using
linearly polarised light. In the previous section 4.4, this experimental process
has been described whereby the scattering count rate was measured as a func-
tion of scattering angle. The count rates changed as the polarisation vector
was altered. The background count rates were subtracted from the raw signal

count rates to obtain the actual super-elastic signal rate.

A plot of signal count rate as a function of polarisation angle could then
be obtained. By fitting the data to an offset sinusoidal curve of the form in
equation 4.1, values of the ACPs Pj;, and 7y could be obtained as they relate to
the parameters in the equation [42,56].

S (Bp01) = A (0e) + B (8e)cos® (Bpo1 — C(6e)) (4.1)

Py, is calculated from parameters A and B obtained from the fit using

equation 4.1.

(4.2)
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The uncertainty in Pj;, can be determined in the following way.

o (Do) — \/ ((QA_QTBB)ZY (cA) + (ﬁ)z (B2 (43)

It is less straightforward to obtain a value for the ACP <y in the natural
frame. To determine 7y, geometrical considerations of the coincidence experi-
ment and the super-elastic process have to be considered. Since the super-elastic
experiment can be regarded as the time-inverse equivalent of the coincidence
technique, it is possible to compare the results obtained using the super-elastic
set-up with those of the conventional process. In the conventional coincidence
experiment, the x-axis of the natural frame lies along the electron gun axis as
shown in figure 4.3, and scattering angles are measured with respect to this
axis. In this case, the natural frame is fixed as the analyser rotates around the

scattering plane.

Electron gun

a—

Figure 4.3: The natural frame (€., YS ., 20at) in the electron-photon coincidence
experiment.

To compare the results of the two different methods in the natural frame, a
geometrical treatment is required. The gun and analyser positions have to be
swapped in the super-elastic experiment to match the geometry of the coinci-
dence experiment. However, when the analyser is rotated around the interaction
region in the super-elastic spectrometer, this corresponds to moving the elec-
tron gun around the scattering plane in a conventional coincidence experiment.

This implies a corresponding rotation of the natural frame. This is shown in



Calcium Super-elastic Scattering Results 86

figure 4.4. Subsequently the x-axis of the natural frame is no longer static, but

moves around the interaction region as the analyser is rotated.

anat &
4 >
1
1
|
1
DAt - ySnal :
L !
km ,1/
Electron gun R
A/ xSnal

Figure 4.4: The natural frame (x5, Yo 2oqt) 0 the super-elastic experiment.

The ACP vy was determined from the parameter C obtained by fitting the
experimental data to equation 4.1. Parameter C corresponds to the angle of the
polarisation vector for which the super-elastic count rate is maximum. Exper-
imentally this was measured with respect to the gun axis and not the analyser
axis. Hence in order to determine 7y, a rotation is needed where C can be ref-
erenced to the x-axis of the natural frame as defined by the analyser. This is

illustrated in figure 4.5.
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(a) Experimental configuration (b) Rotated configuration

Figure 4.5: This diagram demonstrates the geometrical treatment needed to obtain
the parameter v from the experimentally determined parameter Cin the natural frame.
Shown in (a) is the geometry of the super-elastic experiment, showing the relative
positions of the gun and analyser as they are in the spectrometer. In (b) the rotated
configuration is illustrated which matches the locations of the gun and analyser in the
conventional coincidence experiment. The black dashed line corresponds to the z-axis
in the natural frame. The solid red line is the trajectory of super-elastically scattered
electrons from the interaction region. The blue dashed line marks the direction of
mazimum scattering intensity.

The sign of y is determined by convention which states that 6, should be
positive after rotation. If this is not the case, the rotation configuration is

flipped as illustrated in figure 4.6.

The error in y can be calculated using equation 4.4 as follows:

oy = /05 + 0% (4.4)

The parameter L, can be obtained by measuring the super-elastic scattering
count rate when the laser radiation exciting the atomic target is circularly
polarised light. In the case of calcium, as a result of the optical pumping

parameter being equal to unity, the following direct relationship holds.
L, =P} (4.5)

The experimental configuration for measuring this ACP has been discussed

in section 3.10. P35> was determined from measurements of the scattering yields
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(a) Experimental configuration (b) Rotated configuration (c) Flipped rotation

Figure 4.6: This diagram illustrates a similar rotation as in 4.5 however 0. is
negative after rotation. Using symmetry arguments, the rotation can be flipped to to
produce the configuration shown in (c). This determines the sign of ~.

with alternating left-hand and right-hand circularly polarised light.

Sruc — Svuc
L =P =" "= 4.6
* 5 Sgruc + Swue (4.6)

The error in L; can be found by normal propagation method as shown below.

1
2 2 2
o, = o +o + <
L (Smuc + 5o 0)2( RHC LHC)

2
rHC T O LHC)

(4.7)

SrHC — SLHC’)2 (02
Sruc + Stuc

where orge and opgc are the uncertainties associated with the count rates

from right-hand and left-hand circularly polarised light respectively.

4.5.1 Results at 12 eV and 10 eV nominal energy

Figure 4.7 shows the experimental results with the 12 eV data on the left
and 10 eV on the right.

The top four graphs, a-d, present the plots of Py, and y as a function of
scattering angle for nominal energies of 12 eV and 10 eV respectively. It can be
seen that Py, has similar structures at both energies with prominent features
appearing at the two energies. The nominal energy quoted here is the assumed
energy of the electrons detected by the analyser for the super-elastically scat-

tered electrons. Owing to changes in the contact potential discussed in section
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Figure 4.7: Graph showing the ACP measurements at 10 eV and 12 eV nominal
enerqgy.

4.2.1, this nominal energy may have a certain error associated with it and this

will be further discussed in later sections.

Three minima can be observed on the graph of Py, at 12 eV at scattering
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angles of 60°, 100°, 125°. At these angles, Py, has a corresponding value of
0.27, 0.46 and 0.35 respectively. The deepest minimum occurs at the smallest
scattering angle. For the rest of the scattering angle range, Py, is seen to vary
continuously and approaches unity at an angle of 115° where it has a value of
+0.93.

The structure of Py, at 10 eV shows two distinct minima occurring at 60°,
as was the case with the 12 eV data, and 125°. At this energy, the minimum at
60° is less deep going down to 0.55 only as compared to the dip in Py, at 12 eV
at the same angle. There is evidence of a third minimum at 80° which could
be likened to the minimum observed at 100° with the 12 eV data. However the
statistics are poor and cannot be relied upon to predict a feature with certainty.
It is worth noting that the data used to calculate Py, at 100° has been pro-
duced from a set of 14 runs which were the useful ones from over 200 attempted
runs due to the low count rates at this scattering angle. This helps to explain

the relatively poor quality and large uncertainty associated with this data point.

Graphs ¢ and d in the middle show plots of the alignment angle vy as a
function of scattering angle, with the 12 eV data again on the left. At smaller
scattering angles, 30° < 0, <70°, there is little variation in y at 12 eV. At these
angles, it remains around -80, dipping only slightly at 8,=60°, where the charge
cloud is aligned perpendicular to the electron beam direction. Thereafter, the
variation of y with scattering angle becomes larger. After the minimum, the
charge cloud changes direction again at 8,=70°. vy decreases again and crosses
through zero at 0.~ 115°. The graph then shows a plateau at 130° < 0, <

145° in which range y remains relatively unchanged at around -55°.

For the 10 eV data, the variation of y for smaller scattering angles remains
relatively constant. Over the relatively large angular range 25°< 0, < 95°, little
variation can be seen as y changes from -70° at the lower scattering angle to
-55% at 95°. Over the whole scattering angle range y remains negative, however
it rises rapidly to ~ 0° at 8,~110°. Thereafter, as was observed with the 12 eV

data, v decreases as 0, increases.
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Plots e and f show the variation of | with scattering angle. The graphs
at both energies have simpler forms than for Py, and y at the corresponding
energies. They are similar with one salient feature in the form of a single sharp
dip. This minimum occurs at 6.~ 100° at 12 eV. At this energy, the value of
L, extends over the full range of allowed values -1 to +1. In contrast, L, lies
in the range -0.53 <1< +0.80 for a nominal energy of 10 eV. At 10 eV, the
minimum is seen to occur at an angle of 0, ~ 85°. In both cases, a peak occurs
at 0, ~ 125°. A second peak can be seen at 12 eV whereas no other peak can
be confirmed for the data at 10 eV.

4.5.2 Comparison between theory and data at 10 eV
nominal energy

This section presents a comparison of the 10 eV nominal energy data with

theoretical results produced by four different models. These calculations have

been taken from publications which provide the Stokes parameters. The ACPs

have here been derived from those data using the relationship in equation 4.8

to 4.9 [4] in order to allow direct comparison with the experimental data.

Py +iPy = Ppe™ (4.8)

from which,

Prin = VP + P’ (4.9)

1 P
v = §arctcm <Fj) (4.10)

The four models under consideration are the Relativistic Distorted Wave
(RDW) calculation [105], the R-matrix (RM) calculation [106], the R-matrix
using B-splines (BSR) calculation [107] and the Convergent Close-Coupling
(CCC) method [108].
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Figure 4.8 shows a comparison of the data with the above theoretical mod-
els. It can be clearly seen from the graphs that there is only poor agreement

between experiment and theory. Each model predicts different positions and

magnitudes for both peaks and dips, as will be discussed below.
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Figure 4.8: Graph showing the measurements at 10 eV nominal energy compared
with theoretical calculations at 10 eV.

The first graph, (a) is a plot of Py, together with the four models. The dip
at 0,=125° is predicted by all models with evidence of an additional feature
at 0, ~ 100°. However, all models seem to show poor agreement with experi-
ment at smaller scattering angles. The feature at around 8,=50° is predicted
by the RDW model, but there is little agreement between the same model and

measured data at smaller scattering angles. Both the R-matrix and the CCC
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models predict a sharp dip at 8,/~80° but this feature is not seen in the exper-

imental data.

Similarly, the models agree poorly with the measured ACP ~ as shown in
4.8(b). The graph can be split in two sections, where 0,<100° and 6,>100°.
For the smaller scattering angles, the experimental data is mostly constant
whereas the models all predict some structure. At higher angles, the mod-
els predict a trough in the region 130°-140° which can be related to the small

dip observed in the data, indicating some weak agreement in this angular range.

The graph for L, shows relatively better agreement in the overall structure
between theory and experiment. All models predict a single large minimum
which is obvious in the experimental data albeit at a smaller scattering angle
than that predicted by the theoretical calculations. Additionally, the width of
the feature is predicted to be smaller, whereas it appears as a relatively wider

trough in the experimental data.

The final graph shows the calculated quantity P, which is a fourth ACP,
being compared to the values calculated from theoretical predictions. Py is
calculated using equation 4.11.

Ptot: P2~

lin

+ L2 (4.11)

Piot is a measure of the coherence of the scattering process. It is equal to
unity for a fully coherent interaction. In this case, loss of coherence is observed
especially at ~40°, correctly predicted by the RDW model but the loss of
coherence in the experimental data at 8,~100° is not predicted by any of the

models.

4.5.3 Comparison between data at 12 eV nominal energy
and 10 eV data

As discussed in section 4.2.1, the contact potential was subject to variations
as the experiment proceeded over extended periods of time. This is believed to

have been caused by a gradual deposition of calcium on the internal surfaces of
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the vacuum chamber. These layers then charged up, giving rise to stray elec-
tric fields which could affect the energy of the incident electron beam, an effect
which has been previously reported. This caused an estimated uncertainty of ~
2eV in the calibrated incident electron beam. For this reason and additionally,
as a result of the poor agreement between experimental data at 10 eV nominal
energy and the calculations provided by the models at 10 eV, the experimental

results at 12 eV were compared against the predictions of the models at 10 eV.
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Figure 4.9: Graph showing the measurements at 12 eV nominal energy compared
with theoretical calculations at 10 eV.

Figure 4.9 presents the comparison of data measured at 12 eV nominal en-
ergy with the theoretical calculations at 10 eV. An immediate observation is

that there is better overall agreement between the data at 12 eV nominal en-
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ergy and the 10 eV theoretical predictions. The RDW model still does not
agree with experiment but the BSR and CCC models now far more accurately
predict the data.

In the case of parameter Py;,, the RDW model predicts three troughs which
do not corroborate with the data. The other three models give better predic-
tions, although the RM model shows an additional feature in the deepest dip
which is not apparent in the data. The BSR model correctly calculates the
magnitude of the two largest minima whereas the CCC shows better angular

agreement with the features found in the experimental data.

Graph b is a plot of vy against theory. Once again, the BSR model obtains
more accurate magnitudes rather than positions of the features which are better
reproduced by the CCC calculation. Indeed, the CCC model agrees well with
the results for y particularly for angles 8,> 70°. For 8.< 70°, an angular offset
can be observed despite the structure being correct. The RM model shows
some agreement at higher scattering angles especially for 0,< 100°. At smaller
angles, this model does not match the data predicting a feature which does not
appear. The RDW model shows features that are not reproduced in the data,

and therefore fails to predict the experimental results.

For L, the RDW model again shows no agreement with the experimen-
tal results. The CCC, BSR and RM models all reproduce the same structure
as the experimental curve, particularly the width of the minimum. The CCC
shows very accurate agreement with the data, correctly predicting the maxi-
mum value for L, as well as the remaining features. The width of the large dip
also matches well with the CCC model.

Comparison of Py shows that none of the models predict the loss of co-
herence in the interaction that appears as the scattering angle increases. The
RDW predicts a relatively large loss of coherence at 8.~ 40° which occurs only

as a much smaller feature in the data.

The satisfactory agreement between most theoretical models at 10 eV and
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the experimental data at 12 eV confirms the postulate that an offset of ~2
eV in the incident energy does occur. This implies that the nominal energy
of 12 eV was in fact equivalent or closer to 10 eV. Overall, the CCC model
gives the closest overall prediction of the data. CCC calculations at 8 eV were
hence requested from Professor Igor Bray [109]. The new calculation was then
compared to the experimental results obtained at 10 eV nominal energy as pre-
sented in figure 4.10. It can be seen that there is now good overall agreement ,
further confirming the 2 eV offset in energy of the nominal values as discussed.

It can be seen that the CCC model correctly predicts all features in the mea-
sured ACPs.
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In the case of Py,, the three minima occurring in the experimental data
are all reasonably well predicted by the model. The deepest trough, formed
primarily by one single data point is confirmed in magnitude at the same an-
gular position. The dip at the larger scattering angle, at 8,~ 90°, is however

underestimated in theory by about 50%.

The calculated trend for y appears to agree extremely well with the mea-
sured curve. An additional feature in the form of a dip at 8,~95° is not observed
in the experimental results, but all other features predicted by the model are

apparent.

The graph for L, shows the same structure in the experimental data as in
the theoretical calculation however there is an obvious angular shift whereby
the model overstates the positions of most features. The occurrence of the
large single dip is confirmed by theory but the magnitude is not correctly re-
produced. The CCC model predicts a dip to L | ~-1, whereas a fall to L | =-0.55
is observed experimentally. The maximum value at lower scattering angle, 0,
~ 40° is overestimated by the calculations, but the peak value at 8, ~ 130° is
reproduced. The angular positions of the two maxima on either side of the dip,

as predicted by the model, match relatively well with the experimental results.

Overall, the CCC model calculations at 8 eV shows very good agreement
with the results at nominal energy of 10 eV. This, coupled with the good com-
parison seen between the same model at 10 eV and the results at 12 eV nominal
energy, provides evidence of the 2 eV offset in energy of the incident electron

beam.

4.5.4 Conclusion

This chapter has elaborated the technical methods of data acquisition for
the super-elastic scattering measurements from calcium atoms at low ener-
gies. The preliminary procedures undertaken to prepare the spectrometer for
measurements, including the calibration processes have been outlined. The ex-

perimental approach to data acquisition using existing computer programs has
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been described.

The results for super-elastic scattering of electrons from laser-excited cal-
cium atoms at 10 eV and 12 eV nominal outgoing energies have been presented
and discussed. Furthermore, these have been compared to theoretical calcu-
lations from four different models namely RM, RDW, BSR and CCC models.
Poor agreement was found between the 10 eV nominal energy data and calcula-
tions at the same energy. It was found that there was an uncertainty of about
2 eV in the values of the calibrated energy of the spectrometer. Hence, the
experimental results at 12 eV nominal energy were compared to the theoretical
predictions at 10 eV. Good agreement was observed indicating there was an
offset of 2 eV between the actual and measured values for the incident electron
energy. In this case, the BSR and CCC calculations were found to better match

the experimental results.

Taking into account the 2 eV discrepancy in the incident electron beam
energy, the data at 10 eV was then compared to CCC calculation at 8 eV.
The agreement between experiment and the model was found to be excellent,
confirming that there was indeed a 2 eV offset in energy between the nomi-
nal energy values quoted for the measurements and the actual energy of the

electrons.



Chapter 5

Design and Characterisation of a
New High Temperature Atomic

Beam Oven

5.1 Introduction

A major part of this project involved the design and construction of a new
oven that could reach high temperatures ( 1200°C-1500°C) in order to investi-
gate the heavier targets of interest. The existing oven [94] used for the exper-
iments carried out with calcium could not be used for the new targets (silver,
gold and copper) which need significantly higher temperatures for vaporisation.
A new high temperature atomic beam oven has therefore been designed and

built to deliver well collimated beams of these targets.

The following sections detail the research required to realise this oven. The
challenges facing the design of the oven are considerable since it not only had
to operate at high temperatures but also had to be inert and non-magnetic.
Additionally the oven had to be compatible with all targets of interest and
this imposed further restrictions mostly on the range of materials that could be
used for the construction of various parts of the oven. The solutions to these
problems will be discussed in this chapter. The design will be reviewed in light
of the mentioned criteria and the tests carried out on the prototype before the

final design was agreed on will be presented.
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5.2 Design and Characteristics of the Oven

The new high temperature effusive atomic beam source was required to
perform super-elastic experiments from silver, copper and gold. The tempera-
tures required to produce a vapour pressure of 10> mm Hg are shown in table
5.1 [46]. For comparison, the corresponding temperatures for calcium have also
been provided. From the table, the quoted temperature required for calcium to
reach a vapour pressure of 102 mm Hg is 600°C. In practice however a higher
crucible temperature of about 800°C is required to produce an atomic beam of
sufficient density in order to collect data. Hence it was predicted that the data
in the table should act as a guide and the temperatures required would almost

certainly be higher.

Element(°C) Melting Point(°C) Boiling Point(°C) Temperature for v.p
of 10 mm Hg(°C)

Cu 1083 2580 1250
Au 1063 2660 1420
Ag 962 2212 1030
Ca 850 1440 600

Table 5.1: Table comparing temperatures required to melt, boil and vaporise the
targets of interest.

The guiding principles behind the design of this new oven drew on those for
the oven used to vaporise calcium (as discussed in chapter 3). The new oven
was required to heat the relevant element in a crucible inside a surrounding
furnace. The furnace was to be heated directly or indirectly and convey the
heat to the crucible by thermal conduction. An aperture was required to allow
evaporated material contained in the crucible to be discharged in a fine, high
density beam which would ideally be well collimated in order to minimise its
transverse Doppler profile. A well defined beam would also ensure minimum
undesirable deposition of target atoms onto other surfaces inside the vacuum
chamber, which could otherwise react with or damage sensitive experimental

components.

The main aspects involved in the design of the new oven were its geometry

and the materials used for its construction; these features had to be tailor-made
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to meet the specific requirements of the experiment as well as the existing cham-
bers into which the oven should fit.

The principal factors governing the choice of materials used in the new oven

and its supporting parts were:

i. The ability to withstand high temperatures and multiple heating cycles
ii. Mechanical strength and durability
iii. The ability to be easily machined

iv. Cost-effectiveness

Additionally, all materials used in the construction of the new oven had to
be non-magnetic. The consideration of certain specific materials has dictated
the design of the new oven as detailed in this chapter. Since the oven was
expected to operate at temperatures in excess of 1000°C, materials with low
outgassing rates at such elevated temperatures had to be chosen. One of the
main challenges of a high temperature oven is achieving the actual temperature
in a stable, controlled manner whilst ensuring the substances that have been
used in the construction of the oven do not react with each other or with the
sample material. In their paper ‘High Temperature Metal Atom Beam Sources’,
Ross and Sonntag summarised the suitability of different materials to be used
for crucible fabrication for a range of elements [46]. The relevant crucible ma-

terials that can be used for this project are tabulated in Table 5.2.

Element  Crucible Material
Cu C, Al,O3,W Ta,Mo
Ag C,Mo,Ta
Au C,Mo

Table 5.2: Compatibility of various crucible materials with the elements of interest.

The fact that the oven was to be compatible with all three abovementioned
elements implied that carbon and molybdenum were the two options most ap-

propriate as crucible material. Indeed, graphite was deemed to be a sensible
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choice as crucible material, boron nitride was found to be suitable for the fur-
nace, and refractive metals including tantalum, molybdenum and tungsten were

used for any other parts of the oven as will be discussed in following sections.

5.3 Methods of heating

Several methods have been successfully employed for the generation of heat
to produce atomic beams. These include electron bombardment, inductive
heating and resistive heating [46]. Electron bombardment techniques were ruled
out for the purpose of this project due to the concerns of maintaining a near-
zero magnetic field in the scattering chamber and also due to the generation of
electrons in the chamber. A number of sources briefly describe the achievement
of desired high temperatures by means of inductive heating but the lack of de-
tailed specifications and the limited experience with these types of oven within
the group at Manchester implied that this choice was not considered. On the
other hand, since the group has had success with resistively heated sources, it

was decided to adopt resistive heating approach instead.

Resistive heaters employ a number of heating techniques. Use has been
made of resistively heated cylinders, made up of graphite or tantalum, which
then heat up an internal crucible. This method has been employed in the va-
porisation of chromium [110]. In experiments where magnetic field reduction
or elimination is critical, a pair of concentric such cylinders have been utilised
to attain the required temperatures [111]. The arrangement ensures a negli-
gible residual magnetic field. However, this design requires high currents for
adequate power production [46]. Indeed, Ross and Sonntag report achieving
1500°C with a power of about 2 KW at a current of 100A. However, the inten-
tion was that the power supplies would ideally be inexpensive, in-house built
and therefore non labour-intensive. Thus, it was essential to keep the require-

ments easily achievable.

The other option was to heat the crucible using a wire configuration similar
to the one employed for the calcium oven which uses a coil of Thermocoax wire

wound in a spiral fashion along grooves in the heater jacket that houses the
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oven crucible [94]. However, as noted by Ross and Sonntag, the need to reach
temperatures above 1000°C complicates matters; Thermocoax, for example,
can only be used to attain temperatures lower than 1000°C. Above this tem-
perature, pure metal wires of either molybdenum, tantalum or tungsten have
to be used. Carbon, known to withstand heating to high temperatures was
also considered as a potential heating element. At an initial stage, carbon rods
and fine-stranded carbon fibre were tested. It was observed that the resistance
of the carbon element dropped with increasing temperature so that the power
required to reach the desired temperature was high. This option was therefore
abandoned for lack of efficiency, in favour of metal wires. At this point, it
was therefore necessary to establish which of the three above mentioned metals

would be best suited for the purpose.

5.3.1 Wire-winding style

Before tests were carried out for the selection of heating wire, it was essen-
tial to determine the wire-winding style that would be adopted. The principal
and decisive criterion here rested on the fact that the resulting magnetic field
produced by the current in the wires had to be negligible. Tests were per-
formed using copper wire wound around various types of ceramic rods, and the
relationship of the magnetic field as a measure of the current in the wires was
noted. Copper wire was used as it is relatively cheap and easily available and
the relative rather than absolute magnetic field effect was being measured. The
styles investigated include a single spiral of wire wound around a single bore
ceramic rod (A); double parallel running spirals along a single bore ceramic rod
(B); a four-bore ceramic rod with a wire running up and down each hole (C).
By choosing different methods it was then possible to establish which design
would produce the minimum field. Style B or C which have currents running in
opposite directions in different halves of the wire were expected to cancel the
effects of magnetic field (by the logic of equal and opposite currents producing
self-offsetting magnetic fields). For each winding style, a current of up to 8
A was passed through the wire, in increments of 1 A, and the magnetic field
generated from the wires was measured at a distance of 63 mm from one end

of the ceramic rod, thus reproducing the approximate distance of the interac-
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tion region from the oven in the super-elastic experiment. The results from the

study are shown in figure 5.1. The non-inductive style of closely wound double
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Figure 5.1: Graph showing the measurement of magnetic field generated by vari-
ous winding styles. The current passing through the wires is plotted on the z-axis
and the resulting magnetic field for each configuration is shown on the y-axis. The
uncertainties were smaller compared to the data points and are therefore not shown.

spirals around a single-bore ceramic rod was found to be the best configuration,
with a residual magnetic field of less than 1.0 mG at the interaction region for

a current of 8 A. This winding style was therefore adopted.

5.3.2 Selection of heating wire

Once the most effective winding style had been established, the next step
was to determine which metal should be used as heating wire. Tests were per-
formed on heating elements made up of molybdenum, tantalum and tungsten
wires. The same lengths of wire were used in each test but the diameter varied.
This investigation involved winding the particular wire in double spirals along
the length of a single bore ceramic rod. The available metallic wires which were
tested were: 0.3 mm diameter molybdenum, 0.3 mm tungsten and 0.25 mm tan-
talum. Once wound, the heater element was placed inside a test chamber under
vacuum, and current was passed through the wire while the temperature was

monitored using a pyrometer. This revealed that all the heaters could reach a
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temperature in excess of 1700°C, which was required for gold to be vaporised.

However, their reaction to heating cycles was different.

Molybdenum and tantalum were found to expand considerably and the tan-
talum wire did not then regain its original shape. This was a significant problem
as the success of the heaters depended on the double spirals remaining apart
from each other. The fact that the wires sagged when heated also meant that
the supporting ceramic rod was cooler than the wires themselves. It was found
that both molybdenum and tantalum wires could resist several heating cycles
without losing their ductility. At the highest temperatures used (2000°C), tung-
sten was found to expand the least, but it became very brittle after the first
heating cycle. Indeed, the performance of the wires rested heavily on their
expansion and ductility as well as the coefficient of linear expansion which in-
creases from tungsten to molybdenum to tantalum. The outcome of these tests
was that all three metals could effectively be used to attain the high temper-
atures needed. Although important characteristics of the wire when subjected
to heating cycles were revealed through these tests, it was concluded that the
final decision regarding the selection of heating metallic wire could only be
made after each wire had been tested with the oven prototype. The oven was
therefore assembled so that further tests could be carried out. The method of

assembling the oven is detailed in section 5.11.

The 0.25 mm thick tantalum wire was the first to be used as heating wire
around the ceramic rods and this was tested in the test chamber. In this case,
the oven using Ta wire did not easily reach temperatures in excess of 1100°C,
which is appreciably below the target temperature. This is because its resis-
tance was found to drop sharply and suddenly at this temperature and therefore
a considerably higher power was needed to increase the temperature further.
The heater was then turned down and the chamber opened to assess the test.
It was found that the tantalum wire had left a metallic coating onto the walls
of the boron nitride hole into which it was located. This was possibly due to
the vaporisation or burning out of the outer layer of the Ta wire at the high
operating temperature. It was postulated that this could explain the observed

drop in resistance of the wire, since as it heated up it expanded considerably
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(as revealed by former testing) and touched the metallic coating thus shorting
the wire. This then decreased the apparent resistance of the tantalum wire, as
measured externally. The test was repeated with new tantalum wire and the

same observation was noted.

To ascertain and address this problem, the other metal wires were tested
in the same way (for similar lengths of wire) and in the following order: tung-
sten 0.3 mm and molybdenum 0.5 mm thick whose relatively lower resistance
required a higher power input to reach temperature; and finally tungsten 0.125
mm. The thin tungsten wire gave most satisfactory results, in terms of power
efficiency and lack of reaction or sign of vaporisation. The main difficulty with
this heater was that it was particularly difficult to spot weld wires of such small
diameter onto the molybdenum pieces onto which they were held (more details
in section 5.8). Furthermore, even though tungsten could resist multiple ther-
mal cycles in situ, it could not be handled easily ez situ as it would crumble
due to its brittleness after being heated and cooled. This made maintenance

difficult since the wires had to be replaced more frequently due to breaking.

5.4 Oven Design

The assembled oven consisted of a graphite crucible at the centre, which
was a hollow cylindrical vessel closed at one end with a nozzle at the other
end. It was filled with the target of interest and enclosed into a boron nitride
furnace which was resistively heated by six individual heaters housed in radial,
evenly distributed holes inside the furnace. The furnace was directly heated by
the heaters and it then radiated heat to the core by conduction. This geometry
thus ensured uniform heating of the crucible. On heating, the oven reached
high enough temperatures to melt and eventually vaporise the target. The fur-
nace was shielded to reduce heat loss. The assembled oven was also contained
inside a water-cooled jacket which kept the external body at a reasonably lower
temperature to minimise heat radiation to other components inside the spec-
trometer. The oven was designed in Claris CAD software [112] as illustrated in
figure 5.2.
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The sections that follow will detail the various components as shown in fig-
ure 5.3 that make up the oven. Various parts will be referred to according to

their labelling on the picture.

Figure 5.3: Photograph showing the various parts needed for the oven. Further
description is provided in the text.

The oven assembly was mounted between two face plates, a front plate (S)
and a back plate (R). These were fixed onto the oven yoke (Q) using four 2 mm
A4 grade stainless steel screws. All screws used in the construction of the oven
are A4 grade stainless steel which are non-magnetic. The assembled oven then
rested onto a base plate inside the spectrometer using four M4 screws which
could be screwed in or out to allow height adjustment of the oven. The base
plate was fixed onto the mounting plate of the chamber via four 20 mm posts
and held down using M4 screws. Such a design facilitated the removal of the
complete oven body either for recharge or inspection without disruption of its

alignment to the interaction region.



Construction of New High-Temperature QOven 110

Element Crucible Material

Heat discs (back)

Heat discs (central, back)
Macor screw holder

Screw for part E

N plate at the back

Heat discs at the front

Boron nitride furnace

3 mm OD Al;O3 ceramic rods
Graphite crucible

Heater support plate

Heater element

Oven yoke

Back plate

Front plate

Skimmer cylinder

Small skimmer cylinder with aperture

o

CHRYITLOTWOZzZEHdEHOOQW =

Table 5.3: Description of various parts of the oven as shown in figure 5.3. Further
details are provided in the text.

5.5 Heat shielding

The inclusion of effective heat shielding is crucial to the efficient operation
of high temperature atomic beam sources [46] . In order to keep the power
required to operate the oven down at practical levels, it was essential to reduce
the amount of heat loss. Limiting the heat loss can significantly reduce the
power consumption of the oven by confining the energy which would have oth-
erwise been lost to the oven core. Generally, heat flow can occur by conduction,
convection and radiation. In this case, heat loss by convection was minimal as
a result of the high vacuum under which the experiment was performed. Con-
duction was minimised by careful design and construction of the oven. As an
example, the oven was supported by the use of thin-walled ceramic rods, which
isolated the assembly from the surrounding base plates and other structures

which were generally made of metal and were therefore conductive.

Radiation however, which is the most significant mode of heat loss, could not
be be thus limited and so this required the use of heat shielding. The method

employed here utilised a number of metal shields in the form of cylinders sepa-
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rated by a vacuum gap thus resisting the flow of radiation. Each shield reflected

back approximately 50% of the energy radiated onto it back to the oven furnace.

Increased power efficiency was of utmost importance in this experiment.
Ideally, power consumption needed to be minimised otherwise the actual de-
livery of the necessary power to the oven would be problematic. Cables and
electrical connections had to be able to withstand the electrical load needed to

generate the power and it had to be ensured that no material was unduly heated.

In the case of the prototype oven, the furnace had an exposed surface area of
approximately 80 cm?, neglecting the end faces. In equilibrium, an ideal black
body of the same dimensions would radiate a power of approximately 2300 W.
The furnace is not a black body and boron nitride has emissivity <1 hence the
power loss was lower but still too large to be easily delivered in practice. For
the purpose of this project it was considered vital to keep the power supply
unit simple and inexpensive, whether it was built in the workshop or purchased

commercially.

By using a number n of heat shields, the power required to heat up and
maintain the crucible at the required temperature could be considerably re-
duced. The effect of heat shielding on power efficiency can be easily demon-
strated. For an unshielded oven in thermal steady state, the power loss at the
required temperature is P. Consider shielding the oven with metal shields. The
shields are assumed to be infinitely long cylinders with negligible wall thick-
ness such that the power radiated inward by the shield is equal to the power
radiated outward. Consider the effect of n number of shields, Sy to S,,. For the
first shield only, the power radiated is Py both inward and outward. However
it also absorbs power P from the oven core and P; from the outer neighbouring

shield. Hence, in equilibrium

2Py =Py + P+ P
Py=P+P (5.1)
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For heat shield Sy, similar power considerations dictate
2P =FR+P+ P (5.2)
and for shield S,
2P, 1 =P, 2+ P, (5.3)

By substituting 5.1 in 5.2 and through repeated substitutions, it can be
shown that

P, = Py—nP (5.4)

Since P,, = P by conservation of energy

P(1+n)=F
P
P= (5.5)

It can be concluded that the power needed to maintain the oven at the de-
sired temperature is reduced by a factor (n+1) by the use of n shields. Whilst
it has been demonstrated that an increased number of heat shields inevitably
reduces power consumption, in practice a compromised number of shields had
to be used. The number of heat shields was restricted by the geometrical di-
mensions of the experiment. The oven was designed to be installed into existing
spectrometers and the space into which it could fit was therefore limited by the
size and position of other components in the chambers. In part for this reason,
it was decided to use five shields. From the mathematical treatment above, it
can be postulated that the theoretical power required would be approximately
450W which was considerably reduced.

Description of heat shields

Five concentric heat shielding cylinders, made from 0.127 mm thick molyb-

denum sheet surrounded the oven furnace as shown in figure 5.4. The number
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Figure 5.4: Photograph showing the five heat shields cut from thin molybdenum
sheets and spot welded using a thin piece of tantalum strip. When mounted around
the crucible, they are separated by thin-walled ceramic rods.

of heat shields chosen for this design was established after preliminary tests
revealed the effect of one heat shield in the first instance, and the subsequent
addition of more heat shields, on the power needed to reach the target tem-
perature. Five heat shields were deemed reasonable for the improved power
efficiency. Furthermore, as already mentioned, the geometric considerations
imposed by the fact that the oven had to fit in the spectrometer restricted
the total size of the oven. The heat shields were made from flat foil molyb-
denum sheet, cut to the right dimensions, rolled up and spot welded together
with a strip of tantalum as shown in 5.4. The tantalum strip was necessary
because molybdenum does not easily spot weld to itself. The cylinders were
separated by 2 mm OD thin walled alumina ceramic rods (M) which located
into guide holes in the two face plates (R and S). These secured the shields in
place, whilst simultaneously ensuring equal space between any two of them and
ensuring minimal contact. The heat shields were 92 mm long, slightly more
than 1 mm shorter than the oven, in order to further reduce physical contact

(with the face plates) and hence heat loss by conduction.

5.5.1 Heat shields at the back of the oven

Additional heat shielding was necessary in order to minimise thermal losses
from the front and back of the oven. Six 32 mm diameter heat discs (B), made
from 0.127 mm thick molybdenum sheet were designed for shielding the back
of the oven crucible. They were mounted onto a 2 mm OD ceramic tube which
was fitted through a hole to a plate (E) as shown in figure 5.5. The plate was

made of tantalum and was essentially a 24 mm diameter, 2 mm thick circular
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Figure 5.5: Photograph showing the ”N-plate “ holding a ceramic rod onto which six
heat discs are mounted.

plate, with a stepped down 3 mm thick, 8 mm diameter plate. It secured
the centrally located ceramic rod via an M2 A4 screw which then held all the
thin heat discs, spaced apart by ceramic spacers. These shielded the crucible.
For more effective shielding, the outer part of the boron nitride furnace was
also shielded by using six discs (A) machined to match the cross-section of the
furnace which the discs cover at the back. They were supported on the oven
support rods and kept apart using ceramic spacers. The heat discs had holes
drilled to accommodate the heaters and thermocouple that were inserted into

the boron nitride furnace.

5.5.2 Heat shields at the front of the oven

Six additional heat discs (F-K) between the boron nitride furnace and the
front face plate helped to minimise heat losses. They were 31.5 mm in diameter,
machined from 0.127 mm thick molybdenum sheet with three 3 mm holes in
each for the ceramic oven supports to go through. A central hole was drilled
in each, in increasing size further away from the boron nitride furnace, in order
to allow for the spread of the atomic beam as it emerged from the nozzle of

the oven. This design prevented unnecessary material deposition onto the heat
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discs when the oven was in operation.

5.6 Graphite Crucible

The crucible contained the material to be vaporised. The oven crucible used
was a one-piece hollow cylindrical vessel which was open at one end and with
a nozzle at the other end. The 1.2 mm ID nozzle at the front is shown in
figure 5.6. The crucible was constructed from high density graphite into an 80
mm long cylinder with internal and external diameters of 10 mm and 16 mm
respectively. The rear of the crucible had a threaded 10 mm hole into which a

graphite screw was inserted to tightly seal the oven.

Figure 5.6: Photograph showing the nozzle at the front of the graphite crucible. The
nozzle acts as emission hole from which the target vapour escapes the oven. As can
be seen, it is offset from the centre to allow the mazimum possible amount of sample
to be loaded into the crucible.

As the crucible was heated, the material melted and then vaporised. The
pressure inside built up and the element was released as a fine beam through
the nozzle at the front. The nozzle which delivered the target atoms into a
quasi-collimated beam had an internal diameter of 1.2 mm, an external diam-
eter of 4 mm and was 10 mm in length. It was offset from the centre to the
top of the main cylindrical body of the oven to allow the maximum possible
amount of material to be charged into the crucible, whilst ensuring that once

melted, the liquid material did not overflow.
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The maximum amount of material that could be loaded into the crucible
was calculated in order to ensure it was never overfilled. The cross section of

the part of the oven that can be filled is as shown in figure 5.7.

Figure 5.7: lllustration of the cross-section of the oven representing the part that
can be filled.

The length of the crucible that could be occupied excluded the length of the
threaded hole at the back and was therefore 70 mm. To determine the volume
of charge that could be fitted without overflow, the area of the cross section
had to be calculated. This is equivalent to twice the area (A+B) from figure
5.7. Area A and B are calculated as:

A= (0.5 %3 % 4)mm* = 6mm? (5.6)

B = (20/27) * 7 * r* = 8mm?
(5.7)

2 and the volume is ~1.96

The total cross sectional area is therefore 28 mm
cm?®. Since the density of silver is ~ 10.5 g cm™, the maximum amount of silver
that could be charged into the crucible was therefore approximately 20g. In
practice, a cylindrical charge of dimensions 30 mm length x 7 mm diameter was
used, with a mass of about 12 g, which is safely below the maximum limit of
20 g. It was thus ensured that any material to fit into the space would occupy

a smaller volume than the calculated maximum threshold.
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5.7 Boron Nitride Furnace

The furnace was machined from commercially available high-purity boron

nitride into a cylinder, 80 mm long and 32.5 mm in diameter. Six 77 mm long

Figure 5.8: Photograph showing the cross section of the boron nitride furnace. Six
6mm diameter holes marked A were drilled to contain the sixz individual heaters. The
hole into which the thermocouple was inserted is labelled B. Three 8 mm holes housed
the ceramic support rods.

through holes of 6 mm diameter housed the six individual heaters. This is

illustrated in figure 5.8.

These holes were stepped down to 3.5 mm at the front of the furnace in
order to locate and stop the AlyO3 ceramic rods [113] used for the heaters. A 2
mm hole was drilled half-way along the length (40 mm) to hold a thermocou-
ple in order to monitor the temperature inside the furnace. The thermocouple
junction was thus located mid-way along the furnace and provided an accurate
measurement of the temperature inside the oven. The thermocouple was con-
structed in house and as a Type C tungsten rhenium one, made by joining a
tungsten-5% rhenium alloy wire to a tungsten-26% rhenium alloy wire [114].
Three 3 mm holes were also drilled through for the support rods which were 3
mm OD thin walled ceramic rods. A 4 mm ID hole at the front of the furnace
allowed the nozzle of the graphite crucible to fit in. The furnace used a 4 mm
ID hole as output hole into which slot the nozzle of the crucible. This also

directed the atomic beam towards the interaction region.
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5.8 The Heaters

Figure 5.9 shows the assembled heaters. There were six of these which
mounted into the boron nitride furnace. Each heater consisted of a pair of
molybdenum plugs, half-cylindrical in shape, a ceramic rod, tungsten wire, M2

screws and a flat piece of 0.6 mm thick ceramic, 19 mm by 6 mm in dimensions.

g | Prrrrrrrr e r ey 72

E ”{_.. Sd L LA L L LI LS LI LI LIS IS I A Il

Figure 5.9: Photograph showing an assembled heater and all six heaters mounted
onto the heater support.

The molybdenum plugs were machined in matched pairs. Each pair was
made from a 6 mm molybdenum rod 37 mm in length. A 3 mm ID 17 mm long
hole was drilled at one end in order to secure the 3 mm OD ceramic rod (M).

The molybdenum cylinder was then halved to produce a matched pair of plugs.

A 300 mm length of 0.125 mm tungsten wire, approximately 300 mm long,
was turned halfway along the length so as to form a 150 mm length of parallel
running wire, connected at one end only. This was passed through two bores of
a four-bore ceramic tube to ensure they remained parallel and uniformly spaced.
The “double-wire” thus obtained was wound spirally along the length of the
thin walled 3 mm OD ceramic rod. The windings ended with two short lengths
of straight tungsten wire which were each spot welded onto a molybdenum

plug from a matched pair, whilst the ceramic rod located inside the grooves
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of the molybdenum halves. With the ceramic rod thus secured between the
molybdenum plugs, the flat piece of ceramic sheet was inserted between the

plugs at the other end. This ensured the molybdenum halves did not touch.

5.9 The Skimmer

Located at the front of the oven furnace, the skimmer assembly collimated
the crude beam emanating from the nozzle into a fine beam. This was achieved
by using two cylindrical pieces made of 310 stainless steel. These were the skim-
mer, 26 mm long with a 22 mm OD and a 24 mm long 12 mm OD collimation
chamber. The collimation chamber was screwed onto the skimmer using two
M2 screws. The skimmer reduced the flux of atoms entering the collimation
chamber which had an aperture of 2 mm at the end. A piece of thin advance
sheet, cut to size, with a 1.0 mm aperture was spot welded at this end. This
resulted in an atomic beam with angular spread of £1.5°. The skimmer was
not directly heated and therefore remained at a lower temperature than the
crucible. Upon exit from the nozzle, the atoms that did not eventually go
through the aperture condensed on the inside of the skimmer. The internal
surfaces of the skimmer cylinders were in fact lined with 1.5 mm thick high
density graphite. Unwanted vapour therefore collected on the graphite rather
than the stainless steel interior surfaces. Such a design allowed the easy reuse

of the material deposited in the skimmer by sacrificing the graphite coating.

5.10 Water-cooled Copper Jacket

Due to the projected high temperature and power requirements of the oven,
it was deemed necessary to water cool the chassis (i.e. whole oven body). This
was expected to help keep the front and back plates of the oven reasonably
cool and minimise the heat radiated to other components inside the vacuum
chamber. This was essential as certain components, e.g. channeltrons, can be
sensitive to high temperatures and indeed may even be damaged beyond a cer-

tain temperature.
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Figure 5.10: Photograph showing the graphite lining inside the skimmer cylin-
der. This ensured the skimmer remained re-usable by preferential sacrificing of the
graphite.

A water-cooled jacket was therefore designed for this purpose. A 93.5 mm
long hollow cylinder was constructed from solid copper, 64 mm in diameter.
The ID of the copper jacket was 53.5 mm, thus dimensioned so that it rested
against the outermost heat shield. The jacket was also the right length to
hold the whole oven together, hence acting as a supporting chassis in lieu of
supporting rods. Grooves 63.5 mm wide, 3.175 mm deep and 0.5 mm spaced
apart were machined along the exterior wall of the copper cylinder to accom-
modate quarter-inch copper tubing. The copper tubing was wound along the
copper vessel and ended in two straight pieces of approximately 100 mm to
which were connected two stainless steel flexible tubings via quarter-inch swage
lock fittings. The stainless steel tubings could be flexed and were connected

to a water feedthrough which made the connections to the external water pipes.

A thermocouple was attached to the copper jacket in order to monitor its
temperature when the oven was heated up. Under operation of the oven, water
was run through the copper pipes and this maintained the chassis at a temper-
ature below 150°C. Prior to this the oven prototype had been tested without
the flow of water in the pipes. With the furnace at a temperature of 950°C

the temperature of the copper jacket (i.e. external surface of the oven) reached
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Figure 5.11: Photograph showing water cooled copper jacket mounted onto the oven.
Steel tubings are connected to the ends of the copper tubes using sewage locks.

~300°C which confirmed the necessity of the water-cooled copper jacket.

5.11 Assembling of the Oven

The following describes the way in which the oven was put together using
the previously described parts. Various parts are referred to by their labels

from figure 5.3.

With the boron nitride furnace (L) lying flat on a surface, the three ceramic
support rods (M) were inserted into corresponding holes in the boron nitride.
The front heat shielding discs (F-K) were then mounted onto the rods, sepa-
rated from one another by ~1 mm custom made ceramic spacers. The furnace
(L) together with the shields (F-K), was mounted onto the front plate using

three locating holes into which the rods (M) were inserted. This partial assem-
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bly was placed with the front plate flat so that the remaining parts could be
fitted. The six back heat shielding discs (A) were then fit onto the protruding

ends of the ceramic rods (M).

Figure 5.12: Photograph showing partially built oven.

A set of 2 mm OD think-walled ceramic rods were placed in radially equidis-
tant blind holes around the furnace. The first smallest heat shield was slid onto
the rods. This was repeated until all five heat shields had been inserted, each
separated from the other using 2 mm ceramic rods. The water-cooled copper
jacket was next inserted onto the last shield, and fixed to the front plate (S)

using three M2 screws.

Heat shields

Figure 5.13: Photograph showing partially built oven.
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The back plate (R) was inserted using the guide holes which located onto
the support rods (M) and the ceramic spacers. The back plate was screwed onto
the copper jacket using three M2 screws. The oven assembled to this point is

as depicted in figure 5.14.

Figure 5.14: Photograph showing partly built oven. The N-plate (E) with the heat
discs can be inserted at the back of the crucible. It is screwed onto the back plate
using two 1.6 mm Aj screws. Also shown are the back plate(R) and the graphite
crucible(N) which has been inserted inside the furnace.

The six heaters mounted onto the support plate as shown in figure 5.9 on
page 118 were then added as one unit through the back plate and secured using
three M4 screws. The thermocouple was then also inserted into its designated
hole.

5.12 Power delivery to the oven

All six heaters were used to operate the oven at the desired temperature.
The power was provided by passing currents through each heater which typi-
cally had a resistance of about 2Q). The power required to reach the operating
temperature of 1200°C was about 230 W. To provide the necessary input power
a current of ~1.6A was passed through each heater at a voltage of ~24V. The
drive current was supplied by three high power sound reinforcement double
output power amplifiers by Behringer, EP4000 2x2000W [115].
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These amplifiers provided a reliable, simple and inexpensive supply of power.
They had been initially considered as a means to potentially eliminate any
magnetic fields produced by the heater current. This is because the sinusoidal
current could be momentarily switched off at the zero crossing of the AC signal
whilst the data signal was being collected and then turned on immediately after.
For the current project however, the magnetic field at the interaction region
was measured to be less than 3 mG and therefore the AC signal interruption

method was not necessary.

5.13 Alignment of the Oven

Prior to operation, the oven had to be aligned to the interaction region, as
defined by the gun and analysers. A cylindrical mount of equivalent dimensions
to the oven crucible was machined out of phosphor-bronze to facilitate the

alignment of the oven. This is shown in figure 5.15.

Nozzle to locate

Stepped up to ease at the front of the
location into the furnace
furnace

Figure 5.15: Photograph showing the custom-made alignment tool which substitutes
the oven crucible in the process of aligning the oven to the interaction region.

A laser diode, which lases at 650 nm, fit at the rear of this mount. A defin-
ing aperture could be inserted in front of the diode to define the diameter of
the beam emerging from the oven skimmer. The oven alignment could then
be carried out: height adjustment was achieved through the use of a variable
number of washers inserted under the screws that held the oven base plate onto
the pillars. Lateral positioning could be changed by pivoting the complete oven
mount about the front screw. Once satisfactory alignment was achieved, the
screws were locked down to secure the oven. A complete description of the

alignment process is provided in chapter 6.
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5.14 Testing of the Prototype Oven

Several tests had to be run before the oven could be deployed for use in ac-
tual super-elastic experiments. It was essential to establish several performance
characteristics. The oven was turned on for the first time in a test chamber,
evacuated to produce similar working conditions as the super-elastic spectrom-
eter. The operating conditions that were being assessed are summarised as

follows:

i. Production of a beam of material and deposition of the emitted atoms onto

a cold surface.

ii. Temperature measurement and final temperature that could be reached

with the oven at full capacity.
iii. Power requirements to reach above temperature.
iv. Stability of the oven and reliability of the filaments.

v. Expansion and subsequent contraction of material subjected to repeated

and sustained heating cycles.

vi. Pressure and outgassing rates of materials.

From the above criteria, it would then be assessed whether the oven needed
any modifications. The oven was first tested with copper as crucible material.
The oven was slowly turned up at a rate of about 100°C an hour. The pres-
sure rose steadily whilst the oven was being brought up to temperature due to
outgassing of materials and it was essential to allow the pressure to stabilise
before the oven could be further turned up. Once at high enough temperature
( 1300°C) the oven was left operating for a few days to assess its stability. The
first tests concluded with the successful operation of the oven and when the
test chamber was eventually opened, a spot of copper could be seen on the cold
trap which indicated the oven had vaporised the metal and the nozzle did not
get blocked during the heating process. The oven was therefore transferred to

the experiment spectrometer.
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The first experiments with copper were started. However, even though the
oven could be heated to generate a beam of copper atoms, the temperature
had to be significantly increased beyond the predicted temperature in order
to sustain a stable and high density beam. For this reason it was decided to
switch to silver as a target in order to commence the first series of experiments

as silver requires a lower temperature for vaporisation.

5.15 Oven Operation

The crucible was filled with a piece of silver cut from a commercially bought
rod into a 30 mm x 7 mm cylinder. The oven was operated at a temperature
of 1200°C. At this temperature, the silver charge inside the crucible was in the
liquid state and it generated a sufficiently large amount of silver vapour which

was emitted through the nozzle.

With the oven filled the spectrometer was closed and evacuated. The pres-
sure was allowed to fall down to ~5 x 10°° mbar. The oven was then gradually
heated from room temperature, at a rate of 100°C an hour. At a temperature
of about 400°C, liquid nitrogen was passed through the cold trap (detailed in
chapter 6) so as to activate the trap. Gases and impurities present inside the
chamber condensed onto the trap, resulting in further reduction of the internal

pressure.

The oven was able to reach full operating temperature in just under two
days, the pressure being allowed to drop and stabilise overnight. When not in
use, the oven was kept at a temperature of about 900°C, just below the melt-
ing point of silver. This allowed the oven to be brought back up to operating
temperature when needed in a short period of time while avoiding damage due

to rapid repeated thermal cycles.

Any interruption in the operation of the oven occurred mostly as a result
of the failure of individual heater filaments. It was noted that one failed heater

element would soon be followed by another broken one in what seemed to be
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an avalanche effect. This was because failure of any one of the six heaters sub-
sequently implied a heavier average load on each of the remaining five, thus

further limiting their lifetime.

5.15.1 Problems and Redesigns

Despite testing of the oven prototype, a number of problems were encoun-
tered only when the oven had been running inside the super-elastic spectrome-
ter. The heater elements were identified as a main weakness. During repeated
maintenance sessions, different causes were established for the failure of the
filaments. Firstly, mainly the spot welded end of the filament would break and
lose contact with the molybdenum plugs thus resulting in a short circuit. At
other times, burnt out spots were not uncommon. The creation of weak points
by the gradual wearing out of the filament cross section resulted in local con-
centration of high currents in the elements. These eventually burnt and created

short circuits.

Certain problems were encountered and overcome only after the oven had
been running for a longer period of time (continuous weeks). On one occasion,
it was observed that the data signal was decreasing over time until none could
be detected at all. The temperature of the front plate of the oven was seen
to have risen considerably. After eliminating any other possible causes (such
as failure of the water cooling copper jacket), it was concluded that the oven
had been blocked. The chamber was opened. The skimmer was removed from
the front in order to check whether the nozzle was blocked as shown in figure
5.16. Indeed it was noted that the nozzle was blocked and this had caused an
excessive deposition of emitted silver atoms onto the front heat shielding discs,
which had fused together. Thus the heat shields were no longer effective as
they were in contact with one another and the front plate. The oven had to be
dismantled. The heat shields were cleaned and it was decided to exclude the

foremost one when the oven was reassembled.
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Figure 5.16: Photograph showing, clockwise from left to right, the blocked nozzle
after the skimmer had been removed for inspection while the oven was still mounted
in the spectrometer; blocked nozzle showing the front heat discs fused together by the

solidified silver; side view showing the piece of silver that blocked the nozzle; and for
comparison, the unblocked nozzle.
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5.16 Conclusion

A new high temperature atomic beam source has been designed and con-
structed to deliver beams of silver, copper and gold. A temperature of about
1400°C could be reached and sustained. The oven has successfully produced
beams of silver and copper but gold has not been used so far as a target. As a
result of the design of the oven, the graphite crucible can easily be replaced with
one made from another material thus making the oven potentially compatible
with a large range of atomic targets. The oven has been used to investigate

inelastic and super-elastic scattering from silver as described in chapter 7.



Chapter 6

Experimental Apparatus for

Silver Experiment

6.1 Introduction

This chapter presents the set-up for the super-elastic experiments carried
out using silver as the atomic target. The experiments were conducted inside
an existing evacuated chamber previously used in coincidence experiments [116]
and so it housed all the essential components. The experimental apparatus com-
prised of the evacuated chamber, the atomic beam sources (oven and gas jet
nozzle), electron source and two detectors, laser system and optical components

including mirrors, polarisers and wave-plates.

Figure 6.1 shows a schematic illustration of the arrangement of the appa-
ratus. The instruments are arranged inside the vacuum chamber in a crossed-
beam configuration. The electron gun and detectors as well as the atomic
sources all point to the interaction region defined by the intersection of their
axes with the laser beam. The principle of the experiments is identical to the
ones performed using calcium as described in Chapter 3. However, in these
experiments a second electron analyser was also used. Briefly, a resistively
heated, high temperature effusive oven operating at ~1200°C produced a col-
limated beam of silver atoms. The design of the oven has been described in
Chapter 5 and produced a beam with angular spread of + 1.5°. A single-mode,

continuous wave laser system generated a polarised UV light beam at 328.163
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Figure 6.1: Schematic illustration of the apparatus used for the super-elastic scatter-
ing experiments performed with silver. Laser radiation at 328.163 nm excited silver
atoms emitted by the oven. Incident electrons from the electron gun collided with the
excited target atoms which then relaxed to the ground state. Electrons that had gained
energy collisionally and which were scattered at angles 0; and 02, were detected by
analyser 1 and analyser 2 respectively. The scattering plane is defined by the mo-
menta of the incident and outgoing electrons. The laser system and optical set-up
shown here are discussed in sections 6.7 and 6.8

nm which was used to excite the silver atoms from the 52S; /2 ground state to the
52P, /2 excited state. Optical elements were used to direct and define the laser
beam before it entered the vacuum chamber. These include UV mirrors used
to steer the laser beam into the chamber, and polarisers and a quarter-wave
plate to control the polarisation of the laser beam as required for super-elastic
experiments. An electron gun generated a source of electrons with well-defined
energy which then collisionally de-excited the laser-excited atoms at the in-
teraction region. The super-elastically scattered electrons were detected, as a
function of scattering angle and laser polarisation, by a pair of identical anal-
ysers located in the detection plane. The analysers were energy selective and
super-elastic scattering events from the silver atoms could be discriminated

from other energy-dependent interactions such as inelastic scattering or ionisa-
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tion. The relationship between the incident and outgoing energies for electrons

in a super-elastic scattering event was

Eput = Eime + 3.778¢V (6.1)

The data was acquired using measurement electronics and computer-based pro-
grams. These will be discussed in following sections. Controlling voltages,
currents and signals were passed from the exterior to the interior of the spec-
trometer via electrical feedthroughs located underneath the bottom plate of
the chamber. Via these feedthroughs, the connections to various thermocou-
ples were made in order to monitor the temperatures at various points in the
chamber. The main components of the experiment will be described in this
chapter. Data was taken using circularly polarised light which allowed the de-
termination of the parameter L. This was carried out over a range of energies
from 20 eV to 100 eV across a range of scattering angles from 6, = 20° to 0,
= 130°.

6.2 The Spectrometer

The super-elastic studies on silver were performed inside a chamber which
was vacuum sealed to a low pressure of ~ 3x107 mbar when no gas was be-
ing injected. The apparatus had been commissioned prior to the start of this
project and had been extensively used in previous experiments, as described
in preceding literature [117]. It was originally designed for coincidence studies,
hence the presence of two electron detectors as will be discussed in the follow-
ing sections. It could however be easily adapted, with minor changes for the

super-elastic experiments conducted here.

The spectrometer comprised the necessary components including the atomic
beam oven, electron gun and the two electron detectors which were mounted
on the top surface of a baseplate internally fixed at the bottom of the chamber.
The electron gun was fixed in position such that the generated beam of elec-

trons was incident in the scattering plane as shown in figure 6.1. The analysers
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were located on two separate concentric turntables and could be rotated around
the interaction region using rotary feedthroughs. On the external surface un-
derneath the bottom flange were located twelve CF-70 flanges which served to
make the connections to the spectrometer. The temperature of various parts of
the chamber could also be monitored via specific feedthroughs connected using

these flanges.

When the baseplate and components needed to be accessed, the chamber
could be lifted using four high pressure pneumatic cylindrical rams. This al-

lowed the chamber to be either lifted or lowered smoothly.

The spectrometer and laser system could be computer-controlled making
continuous operation feasible without the need for user intervention. This was
particularly useful at lower energies where the signal to noise ratio was reduced,

necessitating longer operating times.
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6.2.1 The Vacuum Chamber

The super-elastic spectrometer was located inside a 600 mm high cylindri-
cal chamber with a diameter of 760 mm, constructed out of 310-grade stainless
steel which has negligible magnetic permanence. The chamber could be lifted
to access the spectrometer. The top flange of the chamber rested onto a bottom
flange and formed a seal via a Viton O-ring situated within a circular groove on
the bottom base plate of the chamber. Four viewpoints spaced 90° apart were
located on the side of the chamber. They were used for experimental viewing
when the chamber was closed and for the detection of fluorescence from the ex-
cited atoms. The chamber was lined on the inside with mu metal to minimise
the effects of external magnetic fields down to about 5 mG at the interaction
region. All other components of the experimental apparatus were manufac-
tured from non-magnetic 310 grade stainless steel, molybdenum or titanium.
Aluminium was also used, but only sparingly because of its high outgassing

rate in vacuum.

It is essential to perform electron-atom collision experiments in a high vac-
uum environment. This is to ensure minimal interaction of the beam of atoms
with background gases. The low pressure condition ensures that the mean free
paths of the projectile electrons and the target atoms are greater than the
physical dimensions of the apparatus. Additionally, the maintenance of high
vacuum is also necessary for the production of an atomic beam through resistive
heating. A sufficiently low pressure must be maintained to minimise oxidation

of the refractory metals used in the construction of various parts of the oven.

The chamber was hence pumped by a TURBOVAC 340M turbomolecular
pump [118] which was backed by a 30 1/s EDWARDS XDSi 750 rpm scroll
pump. The chamber was first closed ensuring the proper location of the O-ring
into the groove. The sealed chamber was then evacuated by the scroll pump
until a pressure of about 10 mbar was achieved. After the initial pumpdown,
the turbomolecular pump was switched on whence the pressure decreased to
~107 mbar. Activation of a cold trap, located opposite the oven, further re-
duced the pressure. The pressure inside the chamber was monitored using an

ionisation gauge.
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6.3 The Electron gun

The electron gun used for the experiments with silver is conceptually iden-
tical to the one used in the calcium spectrometer. It was initially designed by
Woolf [119]. Briefly, the gun consists of a tungsten filament which thermioni-
cally emits electrons, two apertures for collimation, two electron lenses for fo-
cussing and three XY deflectors that correct for any misalignment of the beam.
The energy resolution of the gun is dictated by the process of thermionic emis-
sion from the cathode and was estimated to be about 600 meV. The incident
energy of the emitted electrons could be varied from ~5 eV to 100 eV. The
principle of operation of the gun has already been described in section 3.4 and

will not be reiterated here.

A Faraday cup, in the form of a metal plate, as shown in figure 6.2, was
mounted directly opposite the electron gun, onto which electrons were collected
after going through the interaction region. The Faraday cup was connected to
an electrometer and therefore provided a measure of the beam current. When
operating at 100 eV, the gun was able to provide a collimated electron beam
with a current of up to 5 puA at the interaction region, as measured by the

Faraday cup.

The energy of the electron gun was calibrated against the elastic helium
resonance spectrum which has a characteristic structure at 19.366 eV. This
procedure, described in section 7.2.1 was essential to determine contact poten-
tials which are principally due to the filament work function and the use of

dissimilar metals in the chamber.

The electron gun was fixed in position to the mounting plate inside the
vacuum chamber. This is shown in figure 6.2. As already mentioned, proper
alignment of the components of the spectrometer to the interaction region is
crucial in these experiments in order to reduce uncertainties in the experimental

data, and also to maximise the super-elastic signal. It has been observed that
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small misalignments can lead to significant decrease in the super-elastic yield,
which render measurements more challenging. A laser diode fixed at the back of
the electron gun aided in the alignment of the gun. Since the gun was fixed, the
laser diode effectively defined the path of the electron beam that was generated
when the gun was running. The alignment process could be achieved using the
laser diode fitted into the gun, together with two other alignment lasers that
could be inserted into the back of the analysers, a trace laser running vertically
downwards and the actual laser beam, as well as a laser diode placed in the
oven. In this way, the components could be aligned and be made to coincide
at the interaction region. Further details of the alignment procedure are given

in section 6.6.

6.4 The Electron Analysers

Two identical electron detectors were used to detect scattered electrons from
the interaction region. They are similar in design to the analyser used for the
experiments with calcium. These two analysers were originally developed and
used for coincidence studies [116]. Their principle of operation is similar to the
analyser previously described in section 3.5 and will therefore not be detailed
here. Briefly, each of the analysers consists of a three-element electrostatic lens
system that imaged the electrons from the interaction region onto the entrance
aperture of a hemispherical energy selector. The entrance apertures to the lens
system limited the angular acceptance to +3°. Each selector was able to dis-
criminate electron energies and allowed only electrons with the selected pass
energy to pass through to channel electron multipliers (CEMs). Two custom-
built preamplifiers, following a previous design [120] then amplified the signal
from the CEMs. The amplified signals were then passed to ORTEC 473A
constant fraction discriminators, which produced slow NIM pulses that were
displayed on ORTEC 449-2 rate-meters. The NIM pulses were also counted by

the controlling computer using a data acquisition card as discussed in Chapter 7.

The analysers, referred to as A1 and A2, are mounted on two concentrically

arranged turntables, in the form of rings, inside the scattering chamber. Al
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is mounted on the external turntable whilst A2 is fixed to the inner turntable.
Each turntable is connected to a drive pulley which can be rotated from outside
the vacuum chamber by means of rotational feedthroughs. The analysers are
oriented such that they always point to the interaction region. They could be
accurately aligned to the interaction region using two custom-made diode lasers

that were made to fit at the back of each analyser. This is detailed in section 6.6.

The analysers could thus be rotated around the scattering plane whilst al-
ways pointing at the interaction region. The rotation of the analysers was
however restricted by the physical dimensions of the electron gun, the atomic
beam oven and the Faraday cup. The angular range that could be accessed by
the analysers is illustrated in figure 6.3. As can be seen, the scattering angles
that could be accessed by Al lie between 8;= 65° and 6;= 130°. At 6;= 130°,
A1 runs into the electron gun and therefore could not access higher scattering
angles. The lower angular limit was imposed to prevent damage of the analyser
due to a high flux of atoms from the oven. A2 could rotate from 8,= 20° to
0,= 80°, its higher angle of rotation being restricted by the atomic beam oven.
Analyser A2 was limited to 05> 20° to minimise scattering of the incident elec-

tron beam from the side of the analyser.

For any particular scattering event, the analysers detected electrons with
energy E... In the case of super-elastic scattering, E,, corresponded to the
energy of electrons that have gained energy of 3.778 eV during the collision
process. The analysers were located on opposite sides of the incident electron
beam, as can be seen from figure 6.3, hence when [0;| = |63| then L, (0;) =
—L,(0y). This relationship was true for a range of angles which could be
accessed by both analysers from |0 = |f2| = 65° to |#;| = |#2| = 80° For these
angles, it was possible to define a common scattering angle 0, = |0;] = |6s].
The data from A1 and A2 at these common points could be compared and their

relative equivalence allowed direct assessment of the quality of the data.
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Figure 6.3: [llustration of the spectrometer as viewed from above the scattering
plane, showing the atomic beam oven, the electron gun, two electron analysers A1 and
A2, the Faraday cup and the cold trap onto which atoms are deposited after passing
through the interaction region. The regions that are inaccessible to the analysers are
also marked.
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6.5 Atomic Beam Sources

6.5.1 Noble Gas targets

As was the case with the calcium spectrometer, gaseous targets were some-
times needed for calibration. Gas targets could also be used to diagnose a
number of problems such as poor performance of the electron detectors, thus
avoiding the need to interrupt the experiment in order to open the spectrome-
ter. Lastly, a beam of argon atoms was occasionally used for tuning purposes
especially for the analysers. To ensure the analysers were correctly tuned, in-
elastic scattering from argon was detected prior to attempting scattering from
silver. By tuning onto the known inelastic peaks of the gaseous targets, the
voltages of the analysers could be optimised. The gases were injected into the
spectrometer by means of a gas jet nozzle. The gas flow rate could be varied
by means of an externally located needle valve. Helium and argon were the two
gases used during the course of the experiments. The procedure to use them is
identical to the one employed in the case of the calcium spectrometer, detailed

in section 3.3.1.

6.5.2 Atomic Beam Oven

As described in chapter 5, a beam of silver atoms was produced using a
purpose-built high temperature oven. The oven had been designed for intended
use with copper, silver and gold. The design consisted of a crucible containing
the target material (in this case silver) resistively heated by six individual heater
wires. The oven also had an exit nozzle from which the vaporised material exited
the oven. This happened when the metal was heated to a sufficiently high
temperature (~1200°C for silver) so that the beam was vapourised and then
emitted from the oven via the nozzle. Details of the design, initial testing and
operation of the oven have already been given in Chapter 5. During operation,
the temperature of the oven was monitored and adjusted in order to ensure
the density of atoms at the interaction region was sufficient to produce an
observable super-elastic signal, without significant radiation trapping of the

laser beam.
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6.5.3 Liquid nitrogen cold trap

A cold trap was constructed out of a sheet of molybdenum metal about 3mm
in thickness which was positioned directly opposite the atomic beam source, 210
mm beyond the interaction region. This is shown in figure 6.2. A gravity-fed
liquid nitrogen metal tube system, similar to the one described in section 3.7,
held the cold trap at a temperature of ~-200°C. After passing through the
interaction region, silver atoms emitted from the oven deposited on the cold
trap where they condensed and were therefore “trapped” as a result of the low

temperature.

The cold trap was crucial in providing a surface where the silver atoms were
effectively dumped. This prevented the deposition of silver onto other surfaces,
particularly analyser 1 which, at forward scattering angles, was in close prox-
imity of the atomic beam line. Without this system in place, vapourised silver

would collect on the analyser thereby degrading its performance over time.

The inclusion of the cold trap also helped maintain a better vacuum envi-
ronment inside the chamber, as was also noted for the calcium spectrometer in
chapter 3. As was the case with the calcium spectrometer, 3.7, when the cold
trap was started with the oven running at approximately 200°C, a significant
decrease in the internal pressure was noted from low 10 mbar to about 5x107"
mbar. This was the result of water vapour and other gases condensing on the

cold plate and therefore being trapped.

6.6 Alignment

The atomic beam, incident electrons and laser beam had to intersect at a
single spot, the interaction region, in the scattering plane in order for a super-
elastic scattering event to be registered. For this reason, it was essential to
ensure that the atomic beam source, electron gun and detectors as well as the
laser beam were aligned to the interaction region. Alignment of the components
excluding the laser beam, was facilitated by the use of diode lasers fitted into
them. The diode lasers were Roithner Lasertechnik ADL-65052TL diode lasers
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at 650 nm. These lasers were made to coincide at the interaction region whilst

ensuring they were propagating in the scattering plane.

A diode laser was fixed behind the electron gun which passed through the
gun, the interaction region and finally the Faraday cup. A custom-made brass
cylinder with the same dimensions as the oven crucible, into which a laser diode
was fitted, could be inserted in the oven in place of the crucible. With the cru-
cible removed, the alignment laser tool was slid into the boron nitride oven
furnace. This laser passed through the skimmer assembly, interaction region
and ultimately hit the atomic beam dump. A defining aperture was placed
at the back of the tool and the exit hole in the skimmer acted as a second
aperture. The analysers could each be fitted with a purpose built alignment
tool, also made of brass and fitted with a 650 nm diode laser. These could
be inserted at the back of the analysers after their back cover plate had been
removed. A trace laser beam was located on a metal bar above the interaction
region. This was fixed so that the laser beam propagated vertically downwards,
orthogonally to the scattering plane. The trace laser diode was used to align
the main laser beam used for the super-elastic experiments. The main beam
was made to counter-propagate collinearly along the trace laser beam. In this
way, it was ensured that the main laser beam travelled vertically through the

interaction region, and not at an oblique angle.

The alignment procedure was carried out each time any of the components
was moved, adjusted or removed from the spectrometer for maintenance pur-
poses. The laser had to be re-aligned at the start of every experiment after it
had been switched off and on again. The diode lasers were run from a single
power supply unit. They could be run independently using the correspond-
ing individual switches. To carry out the alignment procedure, the lasers were
turned on and a viewing card was used to observe the propagation of the beams.
Translational and height adjustments were made to the gun, analysers and oven
until their respective diode laser beams coincided at a single point in the scat-
tering plane as seen using the viewing card. This defined the interaction region.
At this point, the trace laser diode above the interaction region was switched

on. The main laser beam, operating at low power was then aligned to the in-
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teraction region.

6.7 The Laser System

The super-elastic experiments on silver were performed using a single-mode,
continuous wave Spectra Physics Dx-series dye laser [98]. The laser system was
located on a laser table directly adjacent the spectrometer, which made beam
delivery relatively easy, as is explained in section 6.8. The laser frequency could
be adjusted so as to remain on resonance with the silver transition of interest.
It was imperative that the laser remained stable at the required frequency, since
the data collection process ran over several days. This was particularly true at

low energies where the count rates were low.

UV light at
~328.1 nm

Figure 6.4: Block diagram of the laser used for the super-elastic scattering experi-
ments with silver atoms. The Spectra Physics Millenia 15W Nd:YVO, laser pumps
the Dx-series dye laser. A frequency doubler was used to double the output frequency
of the dye laser to produce radiation at ~328 nm with a power of 160 mW. A High
Finesse WS-U wave-meter was used to constantly monitor the frequency of the dye
laser. The wave-meter was itself calibrated at 5 minutes interval. The laser frequency
was thus maintained on resonance with the atomic transition for long periods of time.

The dye laser was pumped by a diode-pumped solid state continuous wave
laser, a Spectra Physics Millenia 15W Nd:YVO, operating at 532 nm. A
schematic diagram of the dye laser is shown in figure 6.5. The green light
from the solid state laser is coupled in through mirror M1 (figure 6.5) which

steers and focusses the pump laser radiation into the dye jet. An external pump
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and circulation system circulate the dye which passes through the laser cavity.
The excited molecules of the dye fluoresce over a wide range of frequencies.
A single frequency can be isolated by minimising losses at that particular fre-

quency.

The birefringent filter (C) consisting of three quartz plates provides an ini-
tial coarse wavelength selection. It can be rotated using a stepper motor and
in turn rotates the polarisations of light at wavelengths different to the selected
frequency. The various Brewster angled surfaces in the laser then cause losses
at these wavelengths. Further wavelength filter is provided by the thick etalon
(E) and the thin etalon (F). A terbium-gallium-garnet (TGG) plate (D) acts
as a Faraday rotator and in combination with the out-of plane mirror M6, form

an optical diode that ensures light propagation in one direction only.

A Spectra Physics Wave-train frequency doubler was used to double the
frequency of the output radiation from the dye laser in order to produce the
final radiation at 328.163 nm. The design and principle of operation of the dye
doubler is identical to the one used for calcium experiments and described in

section 3.8.

. D M5
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= w?
Output
Pump laser beam M1 Coupler

Figure 6.5: Schematic illustration of the Matisse Dz-series dye laser showing the
main optical components. (A) parallel displacement rhomb. (B) DCM dye jet. (C)
motor-driven birefringent filter, consisting of three plates. (D) unidirectional device.
(E) Motor-driven thick etalon. (F) Motor-driven thin etalon. (M1)- (M6) Mirrors.
(M7) Output coupler.
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6.7.1 Laser Shutter

In the optical path was also located a laser shutter which was used to block
and unblock the laser beam using a TTL signal. This allowed measurement of
the signal count for super-elastic scattering events when the laser shutter was
open and conversely the collection of background count with the laser shutter
activated. The shutter is a commercially available, gravity-fed laser shutter
(LS-10-12). When switched off, the laser shutter inserted a beam stop which
interrupted the laser beam and prevented it from entering the vacuum cham-
ber. With the device adequately powered the beam stop was raised letting the
laser radiation through to the interaction region. A simple control unit was
built to control the shutter, based on the one used for the calcium super-elastic
experiments as described in chapter 3. The circuit could be controlled using

the experiment computer via the main data acquisition program.

6.7.2 Laser Locking

The laser must remain stable and on resonance with the atomic transition
for the entire duration of data accumulation, which could require a couple of
weeks. As mentioned before, the laser was initially set to be on resonance with
the transition frequency at 328.163 nm at the beginning of the experiments.
However, small changes in the laboratory environment such as temperature
and pressure changes may cause the laser frequency to drift. The frequency of
the beam could not be allowed to change while data was being collected, oth-
erwise it comes out of resonance with the atomic transition and the density of
excited atoms changed. For this reason, it was imperative to monitor and offset
any such changes. To maintain the laser at the correct frequency, the dye laser
was first stabilised to about 10 KHz using intra cavity optics and electronics.
The frequency of the dye laser was then controlled by a High-Finesse WS-U
wave-meter to an accuracy of 1 MHz. To ensure the frequency measured by
the wave-meter was accurate, it was in turn continuously calibrated every five
minutes to a frequency-stabilised helium-neon laser whose absolute wavelength
was set to ~10 KHz.
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6.8 Beam Delivery and Optical Set-up

The laser system delivered the required radiation into the vacuum chamber
through a high quality fused silica CF-70 window centrally located on the bot-
tom flange of the spectrometer. The laser radiation out of the laser assembly
was at the correct wavelength, however the polarisation was not yet defined.
Several optical components were needed in the optical path to collimate the

beam, change its direction and control its polarisation.

To interaction
region

L 1 |

Mounting Plate| | |

Lens Quarter Wave-plate |
m M1 on rotator

L aser
BeamU BBOGlantaser | ||

Polariser [ 1

M2 Shutter ‘ M3 L |

Figure 6.6: Optical Set-up and components used to deliver the beam to the interac-
tion region. Mirrors M1 and M2 change the path of the beam and direct it onto mirror
M3 which can be used to steer the beam onto the interaction region. The Glan-Laser
polariser and the quarter wave-plate were used to control the polarisation of the laser
beam and produced circularly polarised light.

The optical set-up is shown in figure 6.6. The horizontally directed laser
beam exiting the doubler at 328.163 nm first passed through a 750 mm fo-
cal length lens which focussed the beam in order to produce a beam waist of
about 2 mm at the interaction region. Two UV grade mirrors M1 and M2 then
steered the light towards a 45° angled mirror, M3. The third mirror redirected
the radiation such that it was vertical and orthogonal to the scattering plane.
The beam was aligned so that it passed directly through the interaction region.

A trace laser diode was used for this purpose. The laser diode was located
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on a custom made metal bar approximately 15 cm above the interaction re-
gion. When it was turned on, the main laser beam was steered so that its path
coincided that of the trace laser. This alignment had to be carried out with
the oven at low temperatures as it was observed that the trace laser did not

function properly when the oven was operating at higher temperatures.

A BBO Glan-laser polariser [121] was located after mirror M3 and was used
to define the polarisation of the laser beam, thus ensuring that the beam en-
tering the chamber was strongly polarised. The next optical component in the
path of the laser radiation was a zero-order quarter wave-plate mounted on a
rotator. The rotator, driven by a computer-controlled stepper motor, allowed

the polarisation vector of the radiation to be altered.

6.8.1 Alignment of the Quarter Wave-plate

A quarter wave-plate was used to produce circularly polarised light [122]. Tt
was mounted in a rotatable holder with a scale marked in degrees. This enabled
a measurement of the relative rotation of the quarter wave-plate to be made.
However, to obtain an absolute measurement, it was essential to establish the

direction of the quarter wave-plate with respect to the experiment.

The optical axis of the quarter wave-plate was set relative to the polarisa-
tion axis. In these experiments, the polarisation axis was arbitrarily chosen to
be relative to the gun axis inside the spectrometer. In order to set this, the
laser radiation was retro-reflected back through the quarter wave-plate and the
BBO Glan-laser polariser. A mirror was temporarily inserted in the optical
path after the quarter wave-plate and a viewing card was used to detect the
retro-reflected light. When the intensity of the returning beam was minimised,
this indicated the quarter wave-plate was at a 45° angle to the polarisation
axis. A measurement of the scale reading on the rotator was taken and it was
then manually rotated to detect further minima. These angles were noted for
reference. A computer-controlled stepper motor was then used to rotate the
quarter wave-plate in order to obtain right- and left-hand circularly polarised

radiation at the interaction region.
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6.8.2 Fluorescence measurement

The observation of resonance fluorescence from the excited target atoms is
specially important during the preliminary procedures of the experiment. The
detection of fluorescence is a direct indication of the emission of atoms from the
atomic source but this can also be used to ensure the laser radiation is exactly
resonant with the atomic transition. For this reason, a 50 mm diameter 75 mm
focal length fused-silica lens located inside the scattering chamber was used to
image the fluorescence produced by the laser-excited silver atoms onto a silicon
carbide (SiC) quadrant photodiode located outside one of the windows of the

vacuum chamber.

After passing through one of the four fused-silica CF-70 window on the side
of the chamber, the fluorescence was imaged onto an external silicon carbide
quadrant photodiode. This allowed the laser-induced excitation of the silver
beam to be monitored. The photodiode was only sensitive to UV light and in
spite of the surrounding visible light that was present, no band-pass wavelength
filters were required. The photodiode was aligned by placing a piece of white
paper directly in front of it, onto which the imaged fluorescence could be ob-
served as it appeared as a blue spot. The position of the photodiode was then
adjusted using three XYZ adjusters in order to maximise the output signal.
The wavelength of the laser was then scanned until the observed fluorescence
was maximum. In this manner, the fluorescence was regularly monitored to
ensure that the laser wavelength was set to produce the maximum population

of excited targets at the interaction region.

6.9 Conclusion

This chapter discussed the design of the spectrometer used to carry out
super-elastic scattering experiments on silver. The spectrometer was originally
designed for use in coincidence experiments. Most of the components had
been constructed prior to this project and have been detailed in past literature
[116]. The newly built high temperature effusive atomic beam source discussed

previously in Chapter 5, was fitted in this spectrometer. When heated to about
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1200°C, it was able to produce a beam of silver atoms. This provided the atomic
target for the super-elastic process which was then irradiated with a UV laser
beam. The laser system has been described. A quarter-wave plate was used to
produce circularly polarised light in order to measure the ACP L, . The excited
atomic target was then bombarded by a fine beam of electrons of specific energy
generated by an electron gun. The electrons scattered from the excited atoms
as they relax to ground state were detected by two identical electron energy
analysers. The next chapter will describe the procedures undertaken to collect

super-elastic scattering data using the spectrometer.



Chapter 7

Super-elastic scattering results

from laser-excited silver atoms

7.1 Introduction

This chapter presents super-elastic scattering data obtained for the first
time from the transition metal silver. Naturally occurring silver consists of
two main isotopes, **"Ag and "Ag. ' Ag atoms were excited from the 52S;
ground state to the 52Ps /2 excited state using a single-mode, continuous-wave
UV laser at ~ 328.1 nm. A quarter wave-plate was used to produce circularly
polarised light, as detailed in section 6.8. The radiation was then used to excite
the silver atoms. An electron beam of well-defined energy collided with the
excited atoms. After the collision these atoms were de-excited, so that the elec-
trons gained energy. These super-elastically scattered electrons were detected
as a function of scattering angle by two analysers. This process enabled the
measurement of the atomic collision parameter L, , conducted for six outgoing
electron energies namely, E = 100 eV , Ey,= 50 eV, Equ= 40 eV, Eg = 30
eV, Equw= 25 eV and E,;= 20 eV, where E,y is the energy of the outgoing
electrons. At 20 eV, the super-elastic count rates were significantly reduced

which necessitated long operation and acquisition times.

This chapter is divided into 5 parts. The preliminary procedures preceding
the actual super-elastic measurements are first detailed. The methods of data

acquisition and data analysis are then explained. A new computer program was
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developed to fully computer control the experiment and this is also detailed in
this chapter. Finally the results obtained for the measurement of the parameter

L, are presented.

7.2 Preliminary Procedures

This section discusses the necessary steps preceding the super-elastic data
acquisition with silver. Several procedures are similar to those already described

in chapter 4, but they will be reiterated for the sake of clarity and completeness.

7.2.1 Calibration of the electron gun energy

The electron gun used in this experiment is similar in design to the one used
for the super-elastic experiments with calcium. As was the case previously, the
energy of the electron gun also had to be calibrated. The electron gun energy
had to be compared to a known feature, in order to measure the contact po-
tential which resulted from contact between dissimilar surfaces inside the gun.
This meant that there was a discrepancy between the energy of the incident
electron beam and the potential that the electron gun was set to using the

controlling power supply.

The incident electron energy was calibrated using the helium 22S resonance
feature at 19.366 eV [104]. The procedure carried out was identical to the one
described in section 4.2.1 and is hereby summarised. A measurement of the
elastically scattered electrons from helium atoms was required as a function
of incident electron energy. One of the analysers was rotated to 90°. At this
scattering angle, the resonance feature is prominent and appears as a dip in
the continuum spectrum. The gun voltage, Vgung was set to -19.4 eV. The
analyser voltage, Varsg was then manually adjusted until the maximum count
rate from elastic scattering at 90° was detected. By simultaneously ramping
Vaune and Varsg at the same rate and in the same direction, the analyser
was able to detect elastically scattered electrons of different energies. When the
gun emitted electrons at the appropriate energy, the 2S; /; resonance feature ap-

peared in the spectrum. An offset contact potential of ~1 eV was determined
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using this procedure.

Since helium is an inert gas and does not react with silver, this procedure
could be conveniently repeated whilst the super-elastic experiment was run-
ning. Typically, the electron beam energy was calibrated several times and at
various stages of an experimental run. This is because silver was being used for
the first time as a target at Manchester, and the behaviour of the spectrometer
using this target was yet to be established. The contact potential was found to
remain generally constant for a constant filament current. In contrast to the
experiments with calcium, where surfaces inside the spectrometer charged up
due to deposition of calcium, no such problems were observed in the case of
silver. Indeed, the electron beam energy was found to be stable over extended

operating times.

7.2.2 Calibration of the electron analysers

The ideal voltages for the analyser elements are dictated by their design,
which sets the required voltages for the hemispheres and the pass energy using
computer simulation. In practice however, there may be an offset between the
calculated voltage and the actual potential of the detector, which leads to small
offsets in the energy of the detected electrons. The energies of the analysers
are therefore calibrated prior to measurements in order to account for these
differences. This is specially important in this experiment, due to the use of
two analysers. Their voltages had to be fine-tuned so that the energy of the

detected electrons on both analysers were equal for a particular scattering event.

Once the electron gun had been calibrated as described in the previous
section, the electron detectors were calibrated using both elastic and inelastic
features. On certain occasions, the calibration of the analyser was performed
immediately after the gun calibration whilst helium gas was still flowing into
the vacuum chamber. The filament current was reduced typically to tens of
nanoamps so as to limit the count rates to a few kilohertz at the elastic peak.

This was to avoid saturation or damage of the CEM due to high count rates.
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With the gun energy Vgung set to Ei,¢, the analyser residual energy, Vairsg
was adjusted to Eg= Ei.- @ where @ is the total contact potential previously
determined. The potentials of the inner hemispheres were then adjusted to

maximise the observed count rate for the elastic scattering peak.

Typical voltages to the various elements of the analysers for selecting and

passing electrons of energy E=25 eV are shown in Table 7.1.

Element Analyser 1/V  Analyser 2/V
Lens 81.4 81.0
Outer Hemisphere 7.8 7.8
Inner Hemisphere 314 31.3
Pass energy 15.1 14.9
Deflectors X*+X- 0.1 0.7
DeflectorsY Y~ 0.2 0.9

Table 7.1: Table showing typical voltages of the components of the analysers when
electrons of energy E=25 eV are being detected.

7.2.3 Energy Loss Spectra

An important step before data acquisition was the measurement of energy
loss spectra as previously described in section 4.2.1. It was essential to establish
whether any super-elastic counts were being registered. By detecting scattered
electrons from atoms at the interaction region, it was possible to determine
whether the atomic beam oven was operating as expected. This was a particu-
larly important step especially in the early stages of the project with silver, as
the behaviour of the atomic source was yet to be fully determined. Addition-
ally, the detection of super-elastically scattered electrons inferred information

about the physical alignment of the laser, analysers and the atomic beam oven.

Generally, as a first step, it was possible to establish whether the oven was
emitting silver atoms by detecting fluorescence from the laser-excited atoms.
An energy loss spectrum was then taken to detect super-elastically scattered
electrons from the interaction region. The super-elastic signal can be observed
only when the laser radiation and atomic and electron beams overlap. At the

same time, the analysers must also accurately image the scattered electrons
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onto the input of the energy selectors. Thus, detection of the super-elastic
signal is a rigorous test of the alignment of the system. During this process,
if the count rate detected was low, the mirror M3 from figure 6.6 (page 146),
was adjusted to try and maximise the scattering yield. This was performed
with the analyser set to detect super-elastic events. With the gun potential at
Vaung €V, the analyser energy was set to (Eg + 3.778 - @)eV. Mirror M3 was
then adjusted whilst the count rate was monitored visually and audibly. Once
the super-elastic signal was observed, the wavelength of the laser was locked as
described in section 6.7.2. Energy loss spectra were obtained after the mirror
position had been finely adjusted. This was carried out in an iterative manner
till a maximum in the super-elastic yield was observed. Once a maximum count
rate was achieved, measurements could be started. An example of an energy
loss/gain spectrum is shown in figure 7.1. This was measured with analyser 2

at 8.,= 25° for an outgoing energy of 40 eV.

7.3 Experimental Technique

In the super-elastic measurements with silver described in this chapter, only
ACP L, was determined. Circularly polarised light obtained using a quarter-
wave plate was used to excite the silver atoms. The UV radiation coming from
the laser system at 328.16 nm had a power of ~ 160 mW out of the frequency
doubler and before the optical mirrors, wave plate and polariser. This corre-
sponded to a calculated intensity at the interaction region of ~ 10 mW /mm?.
As described in Chapter 6, the optical axis of the quarter-wave plate was set
relative to the polarisation axis (gun axis), by retro-reflecting the laser radiation
through the combination of quarter-wave plate and BBO Glan-laser polariser.
The intensity of the retro-reflected beam was then minimised. A stepper motor
was used to control the rotation of the quarter-wave plate. The stepper motor
could in turn be computer-controlled such that the rotation of the quarter-wave

plate could be controlled by the computer.

The ACP L, was determined in the following way. The quarter-wave plate
optic axis was set at 45° to the BBO Glan-laser polariser. With the analysers
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Figure 7.1: Energy loss/gain spectrum from laser-excited silver atoms in the in-
teraction region, plotted on a logarithmic scale and referenced to the position of the
elastic peak. The elastic peak, set at zero energy loss, dominates the spectrum. The
inelastic yield has a smaller peak at a positive energy loss of +3.78 eV, about 50 times
smaller than the elastic peak. The super-elastic peak occurs at a negative energy loss
of -3.78 eV and is about 700 times smaller than the elastic peak.
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at specific scattering angles 8; and 05 , the retardation plate was then rotated
in steps of 90° through three complete rotations. This produced pure circularly
polarised laser radiation of alternating handedness at every increment for a to-
tal of thirteen points. The first position of the quarter-wave plate corresponded
to o~ polarisation and thereafter, the handedness alternated such that six data
sets were collected using o™ polarisation and seven data sets using o~ polarisa-
tion. The count rate of super-elastically scattered electrons was then measured,
at every position of the quarter-wave plate, for up to 500 seconds at each angle
of the quarter-wave plate. After each signal measurement, a laser shutter was
inserted in the optical path to block the laser beam so that a background count
rate could be taken. This was measured for the same time interval, t as the
measurement with the laser. Direct subtraction of the background count rate
from the signal count produced the nett super-elastic signal at the angles 6,
and 0,. L, was then determined for each analyser angle. The analysers were

"W and 05"V, and the above process

then moved to new scattering angles, 0,
repeated. Data was collected over a scattering angular range from 6.,= 20° to

0.= 130°, every 2.5°.

Using the above method at each scattering angle, the six data points ob-
tained using o polarisation, and seven data points collected with o polari-
sation were used to compute an average value of count rate for each handed-
ness. The results produced (Sy+(0.)) and (S, (6.)) respectively. From these,
the angular momentum transferred to the atom L, was then determined from

equation 7.1.

, S,—(6:)) — (Sy+ (6,
LL — KCZTC (< g ( )> < + ( )>) (7'1)
where K is the optical pumping parameter for circularly polarised radiation.
K is expected to be close to unity, ~ 0.998 [47]. It is assumed to be equal to

one in the data acquired in this project.

In these experiments, the sign of L, was determined following the conven-
tion usually adopted for the scattering angle, as noted by Andersen et al [123],

which defines 0, to be positive for scattering events on the right of the incident
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electron path, when the scattering plane is viewed from above. In addition,
L, is positive if the angular momentum is given by the right hand rule for the
z-axis in the direction of the laser beam. In the experiments described here,

the sign of L, calculated for analyser 1 was reversed to follow the conventions.

The data acquisition process was computer-controlled and the program used

will be discussed in the next section.

7.3.1 Data Acquisition Software

The super-elastic scattering experiment from silver was run using a dedi-
cated computer program. The computer controlled the operation of the spec-
trometer. This was achieved by using a data acquisition (DAQ) card which was

able to pass signals from the spectrometer to the computer.

The DAQ card used in this project was a National Instruments PCI-6221
[124]. The DAQ card was located inside the controlling computer and an in-
put/output connector block from the card made the necessary connections from
the various instruments of the spectrometer to the controlling computer. Using
such a card, digital and analogue signals from the experiment could be acquired

by the computer.

A main computer program was written in LabVIEW [124] to assist in data
acquisition. The user interface of this program, FullProgram.vi is shown
in figure 7.2. The data acquisition program eliminated the need for manual
intervention for so long as a scan was ongoing after having commenced. This
was particularly useful for data collection at lower energies where the count rate
decreased substantially and longer running times were required. To increase
efficiency, the experiment could be run overnight using the operating computer.
The program performed several tasks which were required to automatically
collect super-elastic scattering data. This was achieved by using a number of
sub programs, known as sub vi’s in the software terminology, that performed
individual tasks. For example, one such sub vi, stepperctl.vi controlled the

motion of the stepper motor using user-defined parameters. This had previously
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been written by Alex Knight Percival at Manchester [84]. The program could
be run on its own when it was desired to rotate the quarter-wave plate when
measurement was not ongoing. When the main program was run, it called on
the sub vi to rotate the quarter-wave plate. Likewise, the program called on

several other sub vi’s to carry out specific individual tasks.
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The interface to the main program, or front panel as shown in figure 7.2
enabled the user to enter the necessary parameters before a scan. These are

shown in order of appearance, from left to right, in table 7.2.
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Label

Description

Control files folder

A1 current angle file

A2 current angle file
Signal Dwell time

Background Dwell time

Total No. of angles

Current loop number
A1l current Angle
A2 current Angle
A1 destination

A2 destination

S Motor Steps

No. of state changes
Cren. State GV
Data Files Folder
Analyser Angles File
WP Angles File

A1l Data File

A2 data File

Fluorescence file

Pressure file

User entered folder where all necessary input
files were saved and output files generated by
the program stored.

Text file where the current position of anal-
yser 1 (at the start of the run) was entered
and saved by the operator.

Equivalent to above but for analyser 2.
Specified time in seconds for which the count
rate was to be accumulated whilst the laser
is exciting the silver atoms.

Specified time in seconds during which the
background count rate was taken with the
laser shutter blocking the laser beam.
Number of analyser angles listed for which
data would be collected. Each angle corre-
sponds to one scan.

Current order number in the list of analyser
angles. Corresponds to the nth ongoing scan.
Indicator displaying the current angular po-
sition of analyser 1.

Indicator displaying the current angular po-
sition of analyser 2.

Angular position that analyser 1 moved to
for the next scan, from its current angle.
Angular position that analyser 2 moved to
for the next scan, from its current angle.
Indicator verifying the motion of the quarter-
wave plate.

Indicators showing the motion of the analy-
sers.

Same as above.

Folder where data files were located.

Text file containing two lists of angles to
which the analysers would be moved to.
List of angles at 90° interval through which
the wave-plate was rotated

Destination file for data from analyser 1.
Destination file for data from analyser 2
File that stored measurement of the fluores-
cence at the interaction region.

Optional file that stored measurement of the
pressure at regular time intervals.

Table 7.2: Description of the various parameters of the main data acquisition pro-
gram.
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Before any measurement could be started, it was ensured that the laser was
resonant with the atomic transition. In this case, the wavelength had to be
set to 328.16 nm. The laser alignment was then fine tuned by maximising the
super-elastic scattering count rates from the two analysers. The alignment was
adjusted using mirror M3 as shown in figure 6.6 on page 146. Once the count

rate had been maximised, the data collection process could be started.

The above mentioned FullProgram.vi program was used for the purpose.
The program could only be started after the input parameters shown in table
7.2 had been entered. The necessary text files were also written or modified
and saved in the specified folder. The quarter-wave plate was first set to the
starting position. This corresponded to the rotation angle of the quarter-wave
plate which aligned its polarisation vector with the gun axis. This was a pre-

viously determined angle.

When data had to be collected, the quarter-wave plate was first set to the
starting position. The necessary parameters which included the time for which
signal would be collected, had to be entered in the main program. Referring
to figure 7.2, the dwell time is in fact the user-specified duration for which
count rates were collected. The current file folder was entered which contained
the files that populated the analyser angles contained in the AnalyserAngles
file in the example shown, as well as quarter-wave plate angles found in the
WPAngles.txt file. These files had to be located in the specified folder for the

program to run successfully.

The program was then started and proceeded in the following sequence. The
analysers were moved from their current angle to the first specified angle in the
file Analyser Angles. The analysers 1 and 2 were set to 0; and 0, respectively.
The signal count S was measured for the duration Signal dwell time in sec-
onds. These counts were recorded as the first column of the analyser data files.
The computer-controlled laser shutter was then introduced into the path of
the laser beam and the background count, B was taken for Background dwell
time seconds. These background counts were entered into the data files as the

second column. The subtraction of B from S constituted one data point. The
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quarter-wave plate was then moved to the next rotation angle corresponding to
the first entry line in the file WP Angles File. The signal S’ and background
B’ counts were taken; this constituted the second data point, with polarisation
of opposite handedness to the first point. This was repeated for a total number
as specified by the number of angles listed in the files WP Angles. In this case,
this totalled 13. The thirteen data points thus obtained constituted one scan.
The analysers were then moved to a new set of angles 6," and 0,’, corresponding

to the second row of angles entered in the file Analyser Angles.

As the data collection proceeded, the data points were output and saved in
the specified files. Data from analyser 1 was saved in A1 Data File and that
from analyser 2 in A2 Data File. The program also stored measurements of
the fluorescence from the laser-excited atoms at the interaction region. The
measurement in volts was taken from the quadrant photodiode at regular time
intervals, as specified by the operator. The fluorescence data provided a di-
rect check of the proper operation of the laser shutter. When the laser shutter
was activated and was blocking the laser beam, the fluorescence would be at
its minimum value. Thus, at any point in time, the fluorescence measurement
could be verified to indicate whether the shutter was working properly. The
fluorescence measurement also provided an indication of whether the atomic
beam oven was emitting as expected. Should the oven fail for instance as a
result of the output nozzle being blocked, or if the oven was running out of the

silver, this would be indicated by an obvious decrease in fluorescence.

Additionally, a measurement of the internal pressure of the chamber was
also recorded. at user-specified time intervals. The measurement of the inter-
nal pressure was useful in controlling the stability of the cold trap. Further-
more, it was observed that the pressure would increase if the temperature of
the oven had been increased as required for the experiments and any subse-
quent outgassing could reduce the quality of the data. This could be assessed

by monitoring the pressure inside the chamber.
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The Datacollection.vi program was particularly useful in determining
trends in the data or mistakes that could arise for several reasons, for example,
if the laser shutter had been left out after an alignment process, the background
count rate would be similar to the raw signal count rate and such a mistake

would be obvious on the graphical output of the data collection software.

7.3.2 Data Analysis Software

An online analysis software, SEDataAnalysis new.vi was developed to au-
tomatically analyse any set of data and produce a value of the ACP L, . The
program was written in LabVIEW [124]. Although the analysis could be
achieved manually, this program was quicker to process the large number of
data sets generated by repeated measurements. The software also provided an
easy way of calculating as well as displaying the results graphically. It could
be run whenever the quality of a data set had to be established in order to

determine whether repeated measurements were required.

Using SEDataAnalysis new.vi, the files containing the data sets from the
two analysers could be separately loaded. A third file containing a list of the
angles of the quarter-wave plate for which measurements were taken, also had
to be input by the user. The program then computed the value of P3 at each
angle and saved the results as a list in an output file (P3.txt in the example
shown in figure 7.4). In addition, the program also displayed graphs of signal
against background count rate as a function of the quarter-wave plate angle.
This provided a visual aid in determining the quality of the data. This could

be carried out while the measurement process was going on.
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7.4 Experimental results

Figure 7.5 presents the experimental results for L; calculated at six equiv-
alent energies. The equivalent energy is defined as the energy of the incident
electron beam in a conventional coincidence experiment. In this case, they
corresponded to the energy of the outgoing electron in the super-elastic exper-

iments.

The data shown here are for six outgoing energies between 20 eV and 100
eV. The first data set was taken at 40 eV, where the count rates are high and
data acquisition times low. The data was collected over this range of energies
to be able to assess the dependence of the ACP on scattering angles as well
as on energy. From conservation of angular momentum, L., =0 at 8,=0° and
0.,=180°. Additionally, the value of | is restricted to lie between -1 and +1,
according to equation 7.1. These limits and the zero points are also included

on the graphs.

From this data, L, is seen to evolve significantly with energy. Starting at
higher energies, the changes in the value of L, are sharp and well-defined. As
the energy decreases, more features appear, such as the appearance of an addi-
tional dip at E,=30 eV. At 100 eV, L, rises quickly from zero at 8,=0° to ~
0.8 at 0,= 20°, which is the smallest angle for which super-elastic scattering was
measured. L; then decreases sharply to ~-0.1 at 8,= 40° which is a minimum
point, from which L, rises again to a value of -0.93 at 6,= 75°, crossing zero

again at ~ 60°. Above 8.= 75° L, increases again slowly to reach ~-0.6.

Similar features can be observed at 50 eV but thy occur at higher scattering
angles. From L ;=0 at 8.= 0°, L, is seen to increase sharply to just under
unity at the maximum point at 6.,= 30°. After a sharp decrease to a dip at
0.= 60° where L, ~-0.25, L, then increases again sharply to ~ 1 at 8,= 80°,
a peak which can be likened to the one seen at 0.,= 75° for E,,;=100 eV. L
then decreases to a second minimum at a value of ~ -0.77 from where it rises

only slowly to ~-0.65.

The same trend continues at E, = 40 eV with the obvious deepening of the
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Figure 7.5:

Scattering Angle 6, (deg)

Measurements of the ACP L, , calculated from the super-elastic

Scattering Angle 6, (deg)

tering data taken at the energies and scattering angles shown.

scat-
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trough between the first and second peaks. Two maxima can again be distin-
guished at E,= 40 eV. L rises rapidly from 0 at 8,= 0°, to a first peak at ~
0.9 and then decreases quickly, crossing zero at ~ 50° to reach a maximum at ~
60° where L, = -0.52. L increases again rapidly to just below 0.9 at ~85° and
decreases again to ~ -0.75. At higher scattering angles, L} remains constant
at around -0.75.

At Eqt=30 eV, the first peak at low scattering angle evolves into two peaks
with a shallow trough at 8, ~ 32.5°. This peak at forward scattering angle
deepens as the energy decreases from 30 eV to 20 eV, whereas the main mini-
mum feature initially observed between the two peaks at low scattering angles
decreases in magnitude. This is in contrast to the pattern observed from E, =
100 eV to Equ= 40 eV where the minimum grew deeper. Meanwhile, the peak
observed at 0,~ 55° for E,+=100 eV moves to higher scatterings angles with
decreasing energy. At 30 eV, the minimum previously observed at higher scat-

tering angles, namely at 8.~ 75° at 100 eV, can no longer be distinguished.

This evolution noted in the main peaks and troughs carries on as the energy
decreases further. At E ;=25 eV, there are now two forward peaks at 8, ~30°
and 0, ~55°. The highest value of | is now only less than 0.5 and the largest
minimum is considerably shallower. There is no distinguishable dip at higher

scattering angles as was previously observed at higher energy.

At Eq=20 eV, the trend observed at low scattering angles from E,;=30
eV to Equ= 25 eV is further confirmed, however the poor statistical accuracy
beyond 0.~ 90° implies no reliable conclusion can be drawn about the data in
this region. The data at 20 eV have noticeably less precision at higher scatter-
ing angles as a result of the high background count rates at this energy. Due
to the poor signal to noise ratio, the data acquisition times were considerably
extended but despite several repeated measurements, the statistics at higher
angle remained poor. This decrease in signal to noise ratio meant that a larger
number of data sets had to be acquired from the spectrometer whilst the sta-
bility of the whole apparatus including the laser system and atomic oven, had

to be maintained for a longer time than that which was called for in previous
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studies. For this reason and since data had already been taken over a wide

range of energies, no further data was collected at energies lower than 20 eV.

From the graphs shown, it can be concluded that the orientation of the
4d105P2P3/2 excited state changes rapidly as a function of scattering angles.
This is true for all the energies investigated. Furthermore, the evolution of
the state with energy has also been noted. At the time of writing, the only
available calculations of the ACP L, at these energies were those made using
a convergent close coupling method. These were kindly provided by Professor

Igor Bray and colleagues from Curtin University in Australia [69].

A comparison of the CCC theory with the experimental results is provided

in figure 7.6.
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Overall, good agreement is obtained between the CCC calculations and the
experimental results, with the theory predicting most of the features especially
at higher energies. The significant evolution of the parameter L, observed as
a result of electron energy changes as observed with the experimental data, is

well reproduced by the theory.

At 100 eV, the first minimum occurring at 0, ~ 40°, is reproduced by theory
however the magnitude of the dip is greater than that obtained experimentally.
Excellent agreement is seen from 6, ~ 50° with theory predicting the correct
magnitude and position of the features until 8, ~ 110°. For 110°<8, < 130°,
only fair agreement can be observed. In this range, this can be explained by

the bigger statistical uncertainties in the experimental data.

All the features observed experimentally are confirmed by theory for E,,;=50
eV. However, as was the case with data at E,,;=100 eV, the magnitude of the
first minimum at 68.,/~60° is bigger according to theory. Excellent agreement
between calculations and experiment is seen from 0.~ 80° onwards. In con-
trast to what was observed at E,;;=100 eV, data at higher scattering angles
are well reproduced by the CCC calculations displaying good agreement up to
0.=130°, the highest angle for which data was collected. The slow rise in the
value of L, from 0, ~ 100° is well reproduced by theory. At E, .= 40 eV,
the theoretical predictions exactly match the experimental data for 8,=20° to
0.=90°, reproducing the exact angular position and magnitudes of the features.
Agreement between theory and experiment is less good at higher angles but the
third maximum which only appears as a small bump in the experimental data

is nonetheless well reproduced by the CCC calculation.

The theoretical calculations at 30 eV also predict well the experimental
data, as can be seen from figure 7.6. Best agreement is observed from 0,2 50°
to B~ 90°. For 0, < 50°, a sharper peak is predicted by theory at 0, ~45°,
which appears smaller and broader in the experimental data. The angular shift
towards higher scattering angles in the sharp peak observed at 0.~ 55° for
Eow= 100 eV, is well predicted by theory. The evolution of the one peak into

two shallower maxima with a trough, as seen experimentally, is not reproduced
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by theory. There is no distinguishable dip at higher scattering angles and this

is confirmed by the calculations.

The evolution of the peak at smaller scattering angles into two peaks at
Eouwt=25 eV, is also predicted by the CCC theory however the peaks appear
less symmetrical according to the theoretical calculations, producing an over-
estimate of the magnitude of the first of the two peaks and an underestimate
of the second. There is also a slight misalignment of the angular positions of

the theory with respect to the experimental results.

The agreement between theory and experimental data at E,.,=30° is least
satisfactory. From 6,= 90°, this may be attributed to the poor quality of the
experimental data which resulted from the poor signal to noise ratio at this
energy. The theoretical calculations predict two peaks in the region 90°<8.<
130° which have not been measured experimentally. The feature with two peaks
at smaller angles, seen experimentally at 8,~ 30° and 8.~ 65° are calculated
theoretically to be at 8.~ 25° and 8.~ 60° respectively. The magnitude of the
second of the two peaks at these small angles, as predicted by the CCC model,
matches the experimental value but poor agreement between the magnitudes

can be seen in the case of the first peak at 8.~ 30°.

One of the principal motivations behind this project was the investigation
of the influence of the d-electrons in silver on the dynamics of the scattering
process. It is yet to be established whether the same models used for calcium
will be able to accurately predict the experimental results obtained here even
though these models have proven successful in predicting the ACPs for alkali
and alkali-earth metals. It is hoped that in the near future, calculations from
other theoretical models will be published and a subsequent comparison with
the data here obtained may provide insight into the influence of the d-electrons

when transition metals are used as targets in collision experiments.
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7.5 Conclusion

In this chapter, the data acquisition process for super-elastic experiments
scattering with silver has been discussed. The preliminary procedures which
are very similar to the ones undertaken with calcium as a target have been
briefly mentioned. The initial energy loss spectra measurements, which are
necessary to determine whether the spectrometer was ready for super-elastic
measurements, have also been outlined. The experimental results for super-
elastic scattering from excited silver atoms at equivalent energies of 20, 25, 30,
40, 50 and 100 eV have been presented. The ACP L, was extracted from the
data and has been shown in graphs at all energies. Theoretical calculations
from a CCC model, by Professor Igor Bray [69] were compared to the exper-
imental data and good agreement was observed especially in the intermediate

to high energy regimes.

It has been outlined that the poor signal to noise ratio in the low energy
regime especially at 20 eV made experimental measurements more challenging
and in spite of several repeated data sets, the poor statistical accuracy did not
allow reliable conclusions to be drawn about the data obtained at higher scat-

tering angles.



Chapter 8

Conclusion

8.1 Summary

This thesis has presented the research that has been undertaken to investi-
gate super-elastic scattering from laser-excited calcium and silver atoms. The
work has been divided into two distinct parts, each relating to one individual
target. A description of the various aspects involved towards the achievement

of the two separate projects has been provided.

Chapter 1 introduced electron atom collisions in general and provided a re-
view of the work in the field which has stimulated this project. Additionally,
it presented the case for the present work. On one hand, the experimental
study on calcium adds to a series of super-elastic scattering already conducted
at Manchester. Previous experiments had focussed on energies ranging from 17
eV to 65 eV. The work presented here was the first attempt to acquire super-

elastic data at lower energies for calcium.

A thorough comparison of earlier studies with contemporary theoretical
models had revealed the fact that agreement between experiment and theory
is poor at lower energies. It was therefore deemed necessary to conduct exper-
iment in the lower energy regime to acquire accurate data that can provide a
stringent test of various models. Similarly, the interest in silver as a scattering
target arises from the need for additional comparison between experimental

data and theory for a wider range of targets. Silver is a transition metal with
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D-shell structure and the study carried out here provides the first super-elastic
data for such atoms. It was also the first such study to be carried out using
UV CW laser radiation.

Chapter 2 described the theoretical background of electron-atom collisions.
The density matrix formalism was introduced to describe the excited atomic
system. It was shown that calcium can be regarded as a two-level system which
significantly simplifies the theoretical treatment. The elements of the density
matrix were related to alignment and orientation parameters for the case of
an S-P transition. This approach was possible based on the equivalence of the

electron-photon coincidence and the super-elastic scattering processes.

In the second part of the chapter, the QED model of laser-atom interaction
model was invoked. The general equations of motion that can be derived us-
ing the model, were employed to determine the time evolution of the two-level

system in calcium.

In the final part of chapter 2, the implications of optical pumping processes
in the interaction of silver atoms with the laser field was briefly discussed. For

the purpose of this project, the relevant optical parameter, K  is equal to unity.

Chapter 3 was devoted to a description of the experimental apparatus used
in the super-elastic study of calcium. The experiments were carried out inside
an evacuated chamber with internal pressure of 3x10”7 mbar which housed the
main parts of the spectrometer. A resistively heated atomic oven operating at
~800°C provided a well-collimated beam of calcium atoms. A single-mode CW
laser beam at 423.3 nm excited the target atoms at the interaction region, which
were then collisionally de-excited by electrons of well-defined energy generated
by an electron gun. Scattered electrons were detected by an electron analyser
able to discriminate electrons with respect to energy and angle. A gas jet inside
the chamber provided a means of delivering gaseous targets such as argon in

the interaction region. These were used for calibration and diagnostic purposes.

The optical set up that was needed to deliver the laser beam from the laser
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system to the interaction region was located outside the chamber. Mirrors
were used to steer the light which was directed onto a number of optical el-
ements including a half-wave plate, optional quarter-wave plate and polariser
that modified the polarisation of the laser light as required for the super-elastic
experiments. The laser frequency was stabilised using a locking system based
on the observation of the laser induced fluorescence at the interaction region,

by means of a quadrant photodiode.

Chapter 4 describes the processes involved in the preparation of the spec-
trometer to be ready for data collection. This involved calibration of the gun
energy, determining the exact frequency at which the laser beam was resonant
with the atomic transition in calcium and taking preliminary energy loss/gain

spectra in order to maximise the super-elastic signal.

The data collection process was automated and the programmes used for
this purpose are mentioned. A detailed description was provided in past quoted
literature. In the final part of this chapter, the results obtained from the super-
elastic study of calcium at 10 eV and 12 eV equivalent energies were presented.
The ACPs Pj;,, L and y were calculated from the obtained data. These have
been compared to predictions calculated at these energies using four state of
the art theories. The CCC model calculations were in best agreement with the
experimental data. It was observed that the data at 12 eV showed improved
agreement with theoretical calculations at 10 eV. It was hence postulated that
a ~2eV shift in the nominal energy may have been introduced as a result of
variation of the contact potential of the gun, which therefore implies that the
incident electron energy was not as recorded. This hypothesis was confirmed
when the data at 10 eV was in turn compared to CCC calculations at 8 eV.
This comparison showed good agreement and indicated the 2 eV offset had

been accounted for.

In order to investigate silver using the super-elastic technique, a new high
temperature oven was needed that could vaporise the metal and deliver it in
a controlled, well-collimated beam. The design and construction of this oven

have been discussed in chapter 5. The challenge of building this oven extended
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beyond the need for it to operate at high temperatures. Further requirements
that were met include the need for the oven to be inert and non-magnetic.
These problems and their corresponding solutions were addressed in this chap-

ter.

As a result of the above mentioned criteria, the materials used for construc-
tion had to be carefully chosen as well as the method of heating the oven. The
oven consisted of a cylindrical crucible containing a sample of the target, 80
mm long made from high density graphite with a 10 mm long nozzle at the
front which quasi-collimated the atomic vapour as it exited the crucible. A
furnace constructed from boron nitride surrounded the crucible. Six radially
equidistant holes in the boron nitride housed six individual heater elements
made from 300 mm length of 0.125 mm thick tungsten wire wound around a
thin Al,O3 ceramic tube. The winding was in a double spiral around the tube
in order to reduce the effects of magnetic fields created by the currents which
were passed through the wires to heat them up. The heat was conducted to

the crucible and this caused the silver sample to melt and vaporise.

Heat losses were minimised by the inclusion of cylindrical heat shields
around the furnace as well as custom-designed thin metal discs in front of
and behind the furnace. An oxygen-free cylindrical copper jacket surrounded
the oven assembly. Copper tubing was wound along grooves in the copper
jacket, through which cold water was passed to reduce the heat transmitted to
other components of the spectrometer. The temperature of the jacket could
be monitored using a thermocouple attached to it. With the oven at full oper-
ating temperature of ~1200°C the jacket only reached ~150°C. The oven was
tested in a separate evacuated test chamber before being installed in the main
spectrometer used for the super-elastic experiments where the final tests of its

operation were conducted.

Chapter 6 presented the set up of the apparatus used for the experiments
with silver. The experiments were conducted in an existing spectrometer that
was modified to allow the super-elastic studies to be conducted. The exper-

imental apparatus is similar to that of calcium. This spectrometer however
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housed two analysers instead of one as it was initially designed and assembled
for use in (e,2e) experiments. The high temperature atomic beam oven, the
electron gun and two analysers were arranged in a crossed-beam configuration

in the scattering plane.

Light from a frequency-doubled CW dye laser doubled at 328.16 nm excited
the '°"Ag isotope atoms from the 52S;/, ground state to the 5°Ps/p excited
state. The laser system and optical configuration are described in this chapter.
Electrons from an electron gun similar to the one described in chapter 3, were
directed to the interaction region. Collision of the electrons with the excited
target caused the atoms to relax to the ground state. The super-elastically
scattered electrons were detected by the two analysers, as a function of scat-

tering angle and laser polarisation.

The results obtained from the super-elastic study of silver are presented
in chapter 7. Before super-elastic data collection could commence, a number
of preliminary procedures had to be carried out to ensure all components of
the spectrometer were running properly and the super-elastic signal was mea-
surable. The gun energy was calibrated against the known and reproducible
19.366 eV elastic resonance feature of helium, the gas being introduced into the
chamber via the gas jet. Energy loss spectra were taken in order to identify
the inelastic and elastic peaks in silver confirming that the oven was emitting
a collimated beam of atoms. The laser was then switched on and the induced
fluorescence was maximised by adjusting the mirror used to steer the laser light
onto the interaction region. The laser frequency was maintained at resonance
with the atomic transition by continuously monitoring the frequency using a
wave-meter, calibrated using a He-Ne laser. It was crucial to maintain the
stability of the laser due to the long accumulation times required for data col-

lection especially at lower energies where the signal to noise ratio was degraded.

The steps involved in the super-elastic data acquisition are elaborated in
this chapter. Herein are also described the computer programs written and
used to control the spectrometer and to automate the data collection process.

Data was collected for the first time for the electron-impact excitation of silver
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using circularly polarised light. The ACP L, was determined from the data
over the angular range of 20° to 130° for outgoing electron energies of 20, 25,
30, 40, 50 and 100 eV. At the time of writing, theoretical calculations using a
CCC model were obtained from unpublished work by Professor Igor Bray at
Curtin University in Western Australia. These were compared to the experi-

mental data and good agreement was found.

It is expected that calculations for the scattering process using other models
will be performed in the near future. The experimental data will be able to
provide a thorough test for all the models across a relatively extended energy
range (20 eV- 100 eV). This will provide an excellent test of the different models

to ascertain their accuracy.

8.2 Directions for future work

This project concluded with super-elastic scattering data from silver. The
oven designed and constructed was intended for use also with copper and gold.
It is proposed that these targets may be investigated with the existing spec-
trometer. To date, there is no super-elastic scattering data from either copper
or gold. One problem encountered whilst operating the oven was that the tung-
sten heating wires would fail, requiring replacement. This could be the result
of either the wires burning out at weak spots or the spot welded end of the wire
coming off. In such cases, even though it was possible to maintain the tem-
perature by increasing the current through the remaining heaters, the resulting
load on these would be higher in turn increasing the risk of more heaters failing

in an avalanche effect.

In order to be able to vaporise copper and gold, a higher working temper-
ature is required as was discussed in chapter 3. One way to be able to achieve
high temperature stably would be to increase the number of heater elements.
This would require modification of the existing oven or construction of a new
oven based on the same design. It is proposed that the number of heaters be

increased to eight in total rather than six. This would decrease the load on
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each heater and subsequently make them less prone to failure.

An obvious extension to the experiments conducted with silver is to perform
super-elastic scattering using linearly polarised radiation at the same outgoing
energies. This would allow the determination of the atomic collision parameters

Pin and vy thus giving a complete description of the scattering process.

In reality, the experiments are expected to be far more challenging as a re-
sult of lower signal to noise ratio. This in turn is due to the lower population of
atoms in the excited state when using linearly polarised light under the same
conditions. The population of excited atoms decreases because of higher losses
due to spontaneous emission when using linearly polarised light. One way to
increase the excited state population would be to excite atoms from both hy-
perfine ground states of silver. This could be achieved by using an electro-optic
modulator EOM to produce side bands at the right frequency from the main
laser beam. The ground state splitting in silver is 1977 MHz. By using an
EOM at the right frequency, side bands could be added on either side of the
main frequency so as to excite the hyperfine ground states to the excited states

thus producing a higher density of excited atoms at the interaction region.

The experiments with silver have been restricted to the angles from -97°
to 145 © excluding the range -20°< 0,< 20° because of the geometrical con-
straints of the spectrometer. Another improvement to the experiment would
be to collect data over a larger angular range. This can be achieved by using
a magnetic angle changing (MAC) device with which all scattering angles can
be accessed from 0°< 0,< 180°. The MAC device has previously been used for

super-elastic studies with calcium as mentioned in previous references.

To conclude, super-elastic scattering studies conducted with calcium at low
energies have provided accurate data in the low energy regime. This has enabled
testing of various theoretical models and it was shown that the CCC model
predicts the collision process most effectively at these energies. Additionally,
super-elastic experiments performed using silver as a target have yielded data

for transition metals with d-shell electrons for the first time, across a broad
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range of energies. Excellent agreement was observed when the experimental re-
sults were compared to the CCC theory at higher energies and good agreement
was found at lower energies. It should be possible to extend the super-elastic
studies for silver across a larger scattering angular range with a higher popula-
tion of excited atoms, by using the above mentioned MAC device and an EOM,
which will provide more accurate data to further test theoretical models. It is
suggested that the oven designed and constructed in this project be adapted for
use with copper and eventually with gold, so that the data from these transition

elements may be expanded.

Silver is a transition metal and therefore differs from calcium and all other
targets previously studied using the super-elastic scattering process. It is ex-
pected that the ten d-shell electrons in the outer 4d orbital of silver will affect
the dynamics of the scattering process. This would be the case with gold as
well if used as a target. It is hoped that progress in experimental studies in the
future will be accompanied by improved calculations from theoretical groups
that will take into consideration any effect of the d-electrons in the scattering

process.

It is hoped that with continuing progress in the experimental field, a wealth
of new accurate data will help to assist theoreticians in deriving a unified theory
across a broad energy range, that will be able to give a complete description of

the scattering process for any target.
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