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Abstract 

Many modern x-ray instruments are based at synchrotrons, with corresponding limited accessibility and 

high costs. This has driven the development of imaging/microscopes using table-top x-ray sources. This 

thesis presents experimental measurements for both electron impact sources and laser plasma source, 

also it details the developments for the third generation microfocus x-ray source MKIII and associated 

optical systems for various applications.  

 For non-pulsed radiation, the commissioning and set up of the new third generation microfocus x-ray 

source MK III is in progress. The Microfocus x-ray source MKI had been characterised and used for 

imaging biological samples. Absorption and phase contrast images were obtained for biological 

samples. In addition, for the first time, the MKI device was used to perform experiments to study the 

phase contrast x-ray image sensing techniques (PCXI), using a sand paper analyser. Images were 

successfully recorded and analysed using laboratory electron impact x-ray source (MKI) and laser 

plasma source (Astra Gemini laser at RAL). The PCXI technique can be developed with the new MKIII 

x-ray source by using two crystals, one a monochromatic and second as a reflection analyser. 

Additionally, the MKI and MKIII sources can be coupled with a silica mirror or multilayer 

monochromator and zone plates to provide high spatial resolution images (hundreds of nanometers 

beam spot sizes) allowing use for various applications.  

New interchangeable targets (chromium, titanium, and copper) were designed for MKIII and these can 

provide a range of different x-ray energies, and may allow a considerably smaller x-ray focal spot size 

≈ 1 µm, increasing the range of applicability of the source. Furthermore, having different melting points 

for target materials, a compensation between electron beam size and energy should be taken to avoid 

exceeding the target melting point. The heat generated at the surface of different targets was calculated 

and the survival of the present targets (aluminium and carbon) verified.    

 In this MKI regime, an electron beam of 10 keV is focused to a few tens of micrometres diameters on 

the solid target and x-rays are emitted. The emission spectrum was characterised using mica and KAP 

crystal spectrometers. The K-edge intensity lines were recorded and analysed for both aluminium and 

carbon targets using imaging plate and an x-ray CCD camera. Experimental optimisation of the electron 

gun electrode operating modes was achieved and verified against the literature. The maximum current 

measured was 250-300 µA. The x-ray spot size was measured and the minimum spot size recorded was 

26.1 × 47.9 µm2. Smaller spot sizes are possible but with a low electron beam current.  

The design of a focusing magnetic lens suitable for use in the new third generation MKIII x-ray 

microfocus device was undertaken. The focusing lens was designed and manufactured at Imperial 

College London. A professional software package was used to design the lens through computational 
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modelling. The experimental maximum magnetic field B measured for the focusing lens was 0.512 T 

at the lens aperture. The aim is to achieve 1 µm electron beam diameter focused at the target surface, 

although by this computational model, a satisfactory diameter had been achieved ~20-50 µm, but a 

smaller electron beam could be achieved. The validity of the solutions generated by computational 

model needs to be precisely experimentally examined in order to achieve the required beam diameter 

and suitable beam current incident on the target.  
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1 Introduction 

X-rays have been fundamental to science since their discovery in 1885 by Wilhelm Rontgen, the first 

scientist to receive the Nobel prize when he observed that a screen coated with barium platinocyanide 

fluoresced near a discharge tube even with a shield opaque to light was placed between the tube and 

screen [1]. However, the high-end application of x-ray now depends on synchrotron x-ray sources, 

which are only available to a small proportion of the scientific community for limited times. The 

development of alternative sources could, however, provide some of the characteristics of synchrotron 

radiation, such as tunability and high brightness, which would be required for important applications 

such as studies of radiation-induced cancers and phase contrast imaging of biological samples. 

 X-rays can be broadly classified into two types, soft x-ray with wavelengths between 10-0.1nm and 

hard x-rays with wavelengths 0.1-0.01nm [2]. This classification depends on the ability of x-ray to 

penetrate through a medium. Extreme ultraviolet (EUV) radiation has wavelengths between                     

10-50 nm.  

The variation of the penetration /attenuation of the electromagnetic spectrum in water in the x-ray region 

can be seen in Figure 1-1. It shows that soft x-rays have a low attenuation within water than visible 

light. The wavelength range (2.34 - 4.4 nm) is called the water window because it consists of soft x-ray 

radiation between the K absorption edge of oxygen at 2.34 nm or 530eV energy and the K absorption 

edge of carbon at 4.4nm or 280eV energy. Water is relatively transparent to x-rays in this range while 

they are absorbed in nitrogen and other elements in biological samples, which can provide a good 

contrast of the substance to be imaged with respect to its surroundings [3,4]. 

 

 

Figure 1-1 The attenuation lengths in water from hard x-ray to radio waves. Data from the National Institute 

of Standards and Technology (NIST), the Centre for X-ray Optics (CXRO), and [5]. 
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Hard x-rays can be produced by electron impact with solid targets in table top laboratory sources and 

by synchrotron radiation in large facilities. In addition, hard x-rays can be generated by radioactive 

nuclei [6]. These high energy x-rays can penetrate optically opaque objects and give information about 

the internal structure of the material in medical imaging. According to their penetration ability, this type 

of x-ray energy range is widely used in applications such as medical radiography and many other 

applications such as airport security. Due to their short wavelengths, approximately similar to the size 

of individual atoms, they are used in investigating the crystal structure in crystallography experiments. 

By contrast, soft x-rays have longer wavelengths than the Bohr radius (the radius of the first stationary 

electron orbit in the Bohr model of hydrogen). This simplifies the treatment of scattering since the 

various electrons in multi-electron atoms experience a uniform phase variation [7]. 

1.1 X-ray Sources   

In this section, the various types of x-ray sources are briefly discussed with a view to demonstrating the 

requirements for a particular application.  

1.1.1 Electron impact sources 

Electron impact sources provide are of the most common laboratory x-ray source. In these devices, x-

rays are produced as a result of two processes (1): bremsstrahlung radiation and characteristic radiation. 

Bremsstrahlung is produced by the rapid slowing of fast electrons colliding with a solid target. The 

bremsstrahlung spectrum extends from zero kinetic energy to a cut-off corresponding to the maximum 

kinetic energy of the incident electrons. This provides a continuous source of x-rays with broad spectral 

emission. (2): Characteristic radiation is produced by electron impact and ionisation of core electrons 

in the target material due to the removal of inner shell electrons of the atoms. The energy difference 

between the electron shells produces a characteristic x-ray line spectrum. Part of the kinetic energy (0.5-

1%) of the electron is converted to x-rays, while the rest is converted to heat in the target, and the latter 

will limit the possible x-ray output from the tube [8]. X-ray brightness is inversely proportional to the 

size of the electron beam (the electron beam in this thesis refers to the electron rays emitted in ~ π angle 

from and traveling perpendicular to the cathode surface and focused by the electron gun electrodes and 

magnetic lenses), and it is linearly proportional to the electron beam power (power density W/mm2).  

Therefore, to reduce the overheating, cooling of the anode is necessary. Rotating anodes or rectangular 

shape electron beams with angled viewing shows in figure 1-2 are often employed to dissipate the heat 

introduced with small focused spot sizes [9]. 
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Figure 1-2 Showing a rotating anode/target where greater area and greater heat dissipation is achieved [10]. 

 

 

The relatively simple design of the electron impact source has made it widely used in medicine and 

science. The table-top sources, MKI whose cross section drawing is shown in Figure 1-3 and MKIII is 

shown in Figure 1-4, are conceptually typical electron impact sources (under active technical 

development). By using different targets such as carbon, aluminium, titanium and chromium, K-line 

characteristic radiation of different energies can be produced as demanded by experimental 

requirements.  

The new third generation of electron impact x-ray source (MKIII), a novel x-ray source, developed at 

King’s and Imperial College London will use electrons of up to 30 keV energies. This energy defines 

the maximum energy of bremsstrahlung x-rays produced. It follows the base set by MKI now operating 

at Imperial College London, previously developed at King’s College London under the supervision of 

A. Michette, and the second generation source (MKII), of which two are operating in ongoing radiation 

biology research, one at Queens University Belfast and another at Nagasaki, Japan. 
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Figure 1-3 A cross section of the X-ray Microfocus source MKI. Redrawn from shows, electron gun and 

magnetic lens focusing the electron beam on the Al target. Silica mirror used as (monochromator) and zone 

plate placed on top x-ray beam path to focus the beam to few nm spot size on the target [11]. 

 

To avoid damaging the target, the electron beam power incident should not exceed the maximum power 

density allowed for the target material used. The current source (MKI) produces a small electron spot 

of ≈ 30 µm on a target surface. The front surface of the target is mounted at 45° to the direction of the 

electron beam to reduce the effective viewed x-ray focal spot size. The background pressure of the 

system is required to be below that of the interlock (~5×10−3 mbar) to prevent damage to the cathode 

filament and the detector due to ionisation interaction occurring in air molecules in the system. Two 

turbo molecular vacuum pumps are used to maintain a high vacuum (~5×10−5 mbar). In MKIII source, 

a new magnetic focusing lens design will provide a considerably smaller electron spot size (< 10 um) 

and higher energies of the electron beam will increase the range of the source applicability. The 

building, characterization, and applications of these sources form the majority of this PhD thesis. 
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1.2 Synchrotron radiation 

Synchrotron radiation takes its name from a type of particle accelerator because it is generated in a 

particular type of cyclic particle accelerator. It has become a general term to describe the radiation 

emitted from relativistic charged particles moving in curved paths in applied magnetic fields [12]. The 

radial acceleration of these electrons is performed by bending magnets, wigglers or undulator devices 

as seen in Figure 1-5 (a, b, c) and they are called “insertion devices”. The brightness of these x-ray 

source has steadily increased due to the increases in the energies of the electrons in the storage ring and 

advances in the type of radiation scheme. This has allowed the development of high brightness 

monochromatic x-ray beams for different applications using monochrometers [7]. The drawback of 

synchrotron sources is the location and time availability due to the large size of the facility and their 

high cost, meaning there are a limited number of such facilities worldwide. For laboratory sources, it is 

desirable to have sufficient brightness with continuous availability. 

 

 

Figure 1-4 Drawing of MKIII x-ray device shows deflection coils (condenser) electron beam path, focusing 

lens and chamber. 
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In the second-generation synchrotron radiation source, bending magnets cause a single curved trajectory 

of the electron when relativistic electron travels in a uniform magnetic field (Figure 1-5a) executing a 

circular motion with acceleration toward the centre. The radiation spectrum produced is very broad in 

a narrow cone instantaneously tangential to the electron curved path. The emission angle is 1/γ in the 

transverse direction, where γ is the Lorentz contraction factor. The peak brightness reached by single 

turn synchrotron sources is ~ 1016 ph/ (s× mm2× mrad2× 0.1%BW), and this is about ten orders of 

magnitude larger than typical electron impact sources [7]. 

 

In third generation synchrotrons, a periodic magnetic structure (undulator), is used with the relatively 

weak magnetic field (Figure 1-5c), causing small changes to electron trajectories smaller than the 

angular width of the natural radiation cone (1/γ). The characteristic of the emission angle can be reduced 

by a factor of (√N), where N is the number of the magnetic periods. Wiggler radiation is produced by 

using a strong magnetic field undulator, leading to increasing of the oscillation amplitude with higher 

power emitted. As a result, the wiggler makes the angular changes of the electron greater than the (1/γ) 

radiation cone as shown in Figure 1-5b. A similar radiation spectrum is produced as for bending 

magnets, but with high photon flux and x-ray energy shifted to the harder x-rays, due to the stronger 

acceleration in a limited strong magnetic field. The brightness achieved with wigglers is one to two 

orders larger in magnitude than achieved by bending magnets [14]. Electron energy loss by radiation is 

 

Figure 1-5 Synchrotron radiation, primary methods: a) Bending magnets where the relativistic electron traveling 

in uniform magnetic field executing acicular motion with acceleration towards the centre, emitting very broad x-

ray in narrow cone tangential to electron path with angle (1/γ). b) Wigglers, produced high flux photons and 

harder x-ray energy produced due to stronger acceleration in limited strong magnets. The electron angular 

changes greater than (1/γ). c) Undulator, weak magnetic field used making the electron trips smaller than the 

angular width of radiation (1/γ) and brighter radiation with small spot size [13]. 
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restored by an accelerating electric field oscillating at the same frequency as the oscillating frequency 

of the electrons. Modern storage rings can be optimised to produce either soft or hard x-ray radiation 

by selecting operating parameters.       

1.3 X-ray Free Electron Lasers 

With a suitably long undulator, the radiation field increases from the entrance to exist. Electrons 

traversing through an undulator experience a force from the magnetic lattice of the insertion device. 

The generated radiation field causes bunching so that after some distance it begins to coherently feel 

the field from other electrons in bunches [12]. The interaction with the electric field is spatially 

modulated with a period equal to the x-ray wavelength, and will hence tend to modulate the electrons 

into micro-bunches. Once this mechanism exists, it is amplified in a single frequency, and so is a laser 

like source [15]. Two working examples of the 4th generation source are LCLS at 1.5 oA and FLASH 

6.2 nm. The spectral average brightness for LCLS and FLASH within one pulse has reached 1022 

ph/(s×mm2×mrad2×0.1%BW) [16] and [17]. 

1.4 High Harmonic Generation Sources 

The first high harmonic generation (HHG) was observed in the interaction of intense high-energy, CO2 

laser nanosecond pulses with a plasma formed from solid targets [18]. In addition, it was observed from 

gas targets in 1987 [19]. The difference between field ionisation processes and impact ionisation is that 

the released electron will be immediately placed under the effect of the laser field. The ionised electrons 

start oscillating with an amplitude of many Bohr radii and when the field reverses a recombination with 

the parent ion can occur, emitting a single high-frequency photon [20]. This process (HHG) was 

predicted by [21] and experimentally confirmed by [22]. The spectral brightness achieved for 

wavelengths less than 4 nm, the water window region, is > 1022 ph/ (s ×mm ×mrad × 0.1BW). The range 

of wavelengths is of particular interest for bio-spectroscopy [23]. 

 

1.5 Laser Plasma Sources 

When an intense pulsed laser beam is focused onto a small spot on a solid target, the surface is heated 

to a sufficiently high temperature that a plasma is formed [24]. The plasma comprises of a collection of 

electrons and ions and is formed when the matter has maintained a highly ionised state [1]. Further 

heating by the laser causes the raising of the temperature of the material to a very high level. Therefore, 

this will give rise to a thermal plasma of several hundreds of electron volts temperatures [25] and similar 

fluorescent x- ray emission line is produced from the thermal plasma in a short time scale as a result of 
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the fast electron ejected from the inner shell electrons of the target plasma creating vacancies filled by 

outer shells [26].  

The unit used in plasma physics for temperatures is typically electronvolts. A plasma will produce black 

body radiation has a wavelength peak in the nm given by λpeak = 250 (TeV)-1 for a temperature TeV. This 

equation is called the Wien displacement law.  Electrons falling from higher to lower ionic energy level 

will produce line emission. The ratio between line and continuum emission strength is based on how 

the plasma is created. For example, for high atomic numbers Z, continuum emission dominates while 

for low 𝑍 numbers line emission is stronger. Such high temperatures (energies) exist in nature in the 

stellar atmosphere and can be created in the laboratory by a pulsed laser beam, sparks, tokamaks, and 

pinch devices. 

The earliest types of plasma x-ray source used high electrical currents of several hundred kilo-amps at 

voltages of about 10 kV in a vacuum spark, creating plasmas with temperatures TeV ~ 1keV. This 

produces x-ray with wavelengths in the range of ~ 0.25-0.6nm [27].The problem of this source is 

temporal and spatial variability.  

Pulsed laser beams were used to produce plasma in two models, single shot and repetitive. Single pulse 

sources used laser energy range EP of a few joules to several tens of kilojoules with plus lengths τP few 

hundred picoseconds to several nanoseconds. The repetitive pulse energy range EP was about (0.2-1J) 

and pulse lengths τP ~ 50 ps-25 ns with a repetition rate of several hundred hertz. Much lower pulse 

energies have been used by a few tens of millijoules and few hundred femtoseconds to form laser 

generated plasma source in the laboratories [28], whereas larger laser energies EP ˃10J are normally 

found only in large national facilities. 

The laser wavelength is also important; as shorter wavelengths are highly absorbed by target material 

resulting in a high conversion efficiency into x-ray emission. For a high Z material, the conversion 

efficiency of laser power can reach 50% to x-ray; while for the low, Z material can be 1%. Usual laser 

wavelengths are 249 nm (UV, KrF excimer), 532 nm (visible, frequency doubled Nd: YAG), 1.053µm 

(IR, Nd:glass), 1.064 µm (IR, Nd: YAG) and 10.6 µm (IR, Nd: CO2) [1]. Soft x-ray and EUV spectra 

can be produced using nanosecond pulses from Nd and CO2 lasers.  Elements like carbon and nitrogen 

are used to generate soft x-rays within the water window. The size of the x-ray source depends on the 

size of the laser source focus. A liquid nitrogen jet target laser plasma was used to generate soft x-ray 

to be used in microscopy, producing 2.5 nm with an average brightness of                                                  

2.4×1010 ph/(s×μm2×sr×0.1%BW) [29]. 
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1.5.1 Laser-driven Synchrotrons  

The idea of driven plasma waves with high electric fields using a high power laser was first suggested 

by [30] to accelerate electrons.  

The time scale of the electron response in plasma given by plasma frequency [7];  

𝜔𝑃 = √
𝑛𝑒𝑒2

𝑚𝑒𝜖𝑜
                                                                   1.1 

Where me is the electron mass, ϵo is the permittivity of free space and e is the electron charge. The 

electron electrostatic waves tend to oscillate at this plasma frequency ωp. In addition, the 

electromagnetic waves can only propagate in a plasma when their frequency is greater than plasma 

frequency ωp. In addition, the laser energy coupled to the plasma through nonlinear ponderomotive 

force. This force (Fp= -e.∇𝜙L), is a laser force acting on the electrons, when averaged over the laser 

cycle, and 𝜙L is the ponderomotive potential. To displace the electrons within a plasma period, the laser 

pulse gradient must be short enough. Also a, sufficient laser pulse intensity I(λL)2≳1018 Wcm-2um2, must 

exist for the wave potential 𝜙p ≃ 𝜙L to be enough high for electrons to become relativistic γe˃1. 

The ponderomotive forces of the intense femtosecond laser pulse will generate a large amplitude 

wakefield plasma wave, breaking and trapping plasma electrons in a large electrostatic field that can be 

used to accelerate ultra-short electron beams to few hundreds of MeV in a millimetre distance scale 

[31]. This Wakefield electron density drops off behind the laser pulse, generating an ion column 

resulting in a strong radial electrostatic field. As the high energy electrons propagate through this field, 

they start to undergo transverse oscillations (betatron oscillation) with frequency (ωp= ωp/√2γe) that 

produces a collimated x-ray beam [32]. The plasma wiggler wavelength (in this regime  became a 

widespread in the laboratories [33]), is in the range of tens of microns length while in synchrotron using 

fixed magnets it is centimetre length. Thus, to produce high brightness x-ray beam requires a few 

millimetres instead of 10 meters and much lower electron energy.  

High power laser pulses can be simply focused to intensities of I ˃ 1018W cm-2. This energy density is 

necessary for a plasma accelerator in order for a particle to enquire a lot of energy in small spatial 

dimensions. Also, the driver must be able to deliver energy to a small length scale. In the laser wakefield 

acceleration scheme, the short pulse must be resonant with electron plasma wave by choosing its length 

to be about half the plasma wavelength, λp= 2𝜋c/ωp =1.05 × (1021/ne[cm-3])1/2µm. For a plasma density 

of ne =1018 cm-3, λp ≈ 30 µm, referring to the need of short pulse laser lengths τ ~ λp ≤ 50 fs [34]. 

Comparisons between synchrotron radiation sources spectral brightness and electron impact sources are 

shown in figure 1.6 [35]. Since the brightness for the x-ray tubes depends on the accelerating voltage 

and take-off angle, these data are rough estimates.  Also for the synchrotron radiation, these values are 

variable and today may have higher values due to increasing the average current and decreasing beam 



28 
 

emittance. Table 1.1 show estimated different x-ray peak brightness [35–37]. For or our developed 

MKIII device the expected brightness range of (105 -108). 

 

 

Figure 1-6 Spectral Brightness for conventional x-ray sources and several synchrotron radiation sources. 

Redrawn from[35]. The first two orders ranges of energies show the expectation for the electron impact sources 

(solid targets), the middle for the rotating anodes and an upper end for the rotating anodes with micro focusing 

beam. The envelope curves for spectral brightness for 3rd generation synchrotron radiation facilities is higher 

today than these curves above as a result of increasing average current and decreased electron beam emittance.    

 

Source Type Peak Brightness  

Ph s-1mm-2mr 2(0.1%BW)-1 

Photon Energy 

Synchrotron Radiation   

Bends35 1013 -1014 10-100 keV 

Wigglers35 1015 -1016 10-100 keV 

Undulator35  1016 -1019 10-100 keV 

Laser-based light sources    

FEL FLASH, LCLS37 1029 -1030 , 1032-1033 26-192 eV, 8.2 keV 

Gas HHG, 35fs, 10Hz, Phase-

matched 

1028 -1030  

Betatron Sources    

Laser plasma source (Gemini) 1022 - 1024 10-100 keV 

Electron Impact Sources   

Standard sealed tube35 108 50-160 keV, (2000W) 

Microfocus sealed tube35  108 50-130 keV, (50W) 

MKIII microfocus source  105-108  Expected 10-30 keV, (20W) 

 

Table 1-1 Table 1-2 X-ray beam peak brightness for main types of sources. Taken from [35–37]. 
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1.6 Motivation for a new electron beam source (MKIII) 

Many modern x-ray instruments are based at synchrotrons, with corresponding limited accessibility and 

high costs. This has driven the development of imaging/ microscopes using table top x-ray sources that 

could replicate some of the ability of synchrotrons. The work detailed in this thesis is to build and 

develop an electron impact x-ray source and associated optical systems for various applications.  

The electron impact microfocus x-ray source, MKI, has been investigated and successfully used for 

imaging biological samples (more details in Section 6.8). The bremsstrahlung emission of the source, 

MKI, can be coupled with a silica mirror or multilayer monochromator, and zone plates. This allows 

the possibility of x-ray spectromicroscopy[38]. In addition to phase contrast images and imaging 

tomography. 

For non-pulsed radiation, the design and set up of a microfocus x-ray source (MK III) is in progress. 

The innovative aspect of MKIII is the novel target and magnetic lens design. This will provide a range 

of energies (1-30keV). A novel target will be used, allowing considerably smaller x-ray focal spot sizes 

~1um, increasing the range of applicability of the source. Targets of carbon, aluminium, titanium and 

chromium can be used, providing characteristic x-rays with energies of 284 eV, 1.5 keV, 4.5 keV, and 

5.4 keV respectively, superimposed on a bremsstrahlung emission background. 

 

The ultimate project target is the design of a new electromagnetic lens suitable for use in the new MKIII 

x-ray microfocus device with an energy range (1-30 keV). By using an improved electron lens design, 

the electron source will be optimised for 15 keV electrons as required for the planned range of x-ray 

energies but capable of operating at 5–30 keV. Limiting the electron current to ~1mA allows a source 

size of about 1 µm or a little less; higher currents are possible, but then the source size will broaden 

because of unavoidable electron repulsion (space charge effects).  

Commercial x-ray sources with similar source sizes are available, but they operate at much higher 

electron energy, which imparts more heat into the target causing heating problems. This makes cooling 

of the target more problematic.  Consequently, these sources necessarily operate at low beam currents, 

in turn resulting in relatively low x-ray intensity output at the required energies. The computational 

model of the new electron gun (EG) and magnetic lens provides an ideal technique to study and 

investigate the operating system characterise of the EG. The validity of the solutions generated by the 

computational model needs to be precisely experimentally examined, and the optimum parameters set 

in order to achieve the required electrons beam diameter and target beam currents. Experimental work 

has been carried out to test the EG and an electromagnetic lens to optimise the optimal parameters.  

Although the minimum target electron beam diameter had not yet been achieved, ~ 1µm, by this 

computational model, a satisfactory diameter had been achieved ~29 µm, which is an improvement in 
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comparison with a previous MKI device (~100 µm beam diameter)[38,39], with the MKIII electron 

beam diameter reduced by a third. 

 In the initial design of MKIII x-ray source, a titanium target (characteristic Kα line at 4.5 keV) was 

planned, but titanium has a poor thermal conductivity (21.9 W m-1K-1) and a melting point of 1941K 

and so it would be difficult to provide the required level of cooling to prevent the target melting. Hence, 

it has decided to use chromium (characteristic Kα line at 5.4 keV) because it has superior thermal 

conductivity (93.9 9 W m-1 K-1) and high melting point (2180 K). These properties make it easier to 

remove the heat from the target, and so allow the use of higher electron currents, resulting in increased 

x-ray emission intensity. Calculations of the heat produced at the surface of the different target material 

used have been determined by calculating the penetration depths of the electron beam on the surface of 

these materials.  

Operating the MKIII x-ray device with a range of electron beam energies of 15-30keV will increase the 

breadth of its applicability. The microfocus source MKIII could also, in principle, be pulsed but with 

longer pulse lengths, on the order of ~ milliseconds. This source will need to be characterised in terms 

of the spectra and flux intensity output of the x-ray in order to allow quantitative doses to be determined. 

Such characterization can be done using transmission gratings and an x-ray CCD camera. 

Measurements of the focused intensities and spot sizes using suitable x-ray optics–zone plates [40], 

multilayer mirrors or grazing incidence reflection optics can also be accomplished with these sources 

[41]. 

1.7 Thesis Outline 

This thesis reports on the experimental characterization of electron impact sources, and modelling of 

the electron gun, magnetic lens and design of the new magnetic lens. An electron beam tracking 

simulation code, calculation of the heat generated at the target surface achieved to avoid exceeding the 

melting point of the target materials, and the design of new target are also included. The phase contrast 

imaging, imaging techniques is discussed.  The summary of the thesis chapters is as follows: 

Chapter 1 Introduction and summary of the types of x-ray sources. 

Chapter 2 Summarises the theoretical background on the electron impact sources and characteristic x-

ray emission mechanisms plus the electron gun geometry, performance, and alignment.  

Chapter 3 Outlines the operation of MKI, the electromagnetic lens used and specification of detectors. 

In addition, the mechanical design of the new electron gun for the MKIII x-ray device is presented. 

Chapter 4 Details the experimental characterisation of the MKI x-ray device, including measurements 

of the source size, spectrum using bent and flat crystal spectrometers, calculations of the thermal limits 

of the machine, geometrical effects of the targets, x-ray intensity measurements, machine performance 

and Monte-Carlo simulation of the x-ray source.  
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Chapter 5 Details the development of the new x-ray source MKIII, including the theory of operation 

of the electron gun, a new electromagnetic lens design, the theory of the magnetic lens and design 

procedures, magnetic lens types, the design of coils and pole pieces, simulation and experimental tests 

for the new electromagnetic lenses. 

Chapter 6 Details experiments for x-ray biological imaging and a study of phase contrast imaging 

techniques using both laboratory electron impact source (MKI) and laser plasma source. Images are 

successfully recorded for biological samples and PMMA material, processed and analysed using Matlab 

and Image J codes. 
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2 Theory 

In this chapter, the necessary theory is reviewed to understand the mechanism of the x-ray emission 

from the solid targets, the basics of electron gun physics, electron sources, beam brightness, and electron 

optics. 

2.1 Basics of electron gun physics and optics 

The main purpose of the electron guns described here is to produce high power density, focused intense 

beams of electrons. In most of the applications where the sources are used, the most important properties 

are the maximum intensity and stability of beam emission. 

In the electron gun, electrons are released from a material surface (cathode) and accelerated towards a 

target. The electron gun consists of a triode in which the electron beam is produced and controlled. The 

triode consists of three parts: a cathode at a negative high voltage, a Wehnelt (Grid) electrostatic 

aperture and a grounded anode. For focusing, a deflection coil and magnetic lens is used as the 

equivalent optical element. All these parts can be seen in Figure 2-1. 

 

 

Figure 2-1 A block diagram of an x-ray tube layout (not to scale). The diagram is a side-on cross section of a cylindrical 

system (horizontal is the z-direction). The arrangement shows C: Cathode, W: Wehnelt (grid), A: Anode, L: Magnetic 

lens, T: Target. 
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2.2 Electron source types  

There are two types of thermionic emission cathodes commonly used, tungsten and the lanthanum 

hexaboride (LaB6). The latter is more suitable for low accelerating voltages because it produces a beam 

of high brightness and small source diameters in comparison to tungsten cathodes [42]. 

The point cathode electron sources are classified into two types, cold field emission (CFE) and 

thermally assisted field emission (TFE) cathodes. CFE emitters are not able to produce high current nor 

the long-term electron emission stability required [43]. The TFE cathode developed for high vacuum 

principally uses two types of the emitter; tungsten <100> and ZrO/W<100> cathode Schottky emitter. 

ZrO/W cathodes provide higher current emission than tungsten [44]. The characteristic of various 

electron sources is given in Table 2-1. 

 

Table 2-1 Comparison of electron source characteristics of different cathode materials [43].  
 

 

2.2.1 Thermionic field emission  

The first reported thermionic emission was by Child C. D. [45], who discovered that when heating a 

CaO cathode, electrons would be released at a lower voltage than for cold cathode tubes because 

electrons in the conduction band more easily gain enough kinetic energy to overcome the potential 

barrier at the cathode surface. Field emitter electrons are released from the cathode by passing through 

the narrow potential barrier at the surface by quantum mechanical tunnelling. This requires a high local 

electric field of about 108 Vcm-1 [46]. To reach this field strength, the radius of curvature of the tip of 

the cathode should be small. This results in an emitter, that is high brightness, but low current, because 

the emission current is proportional to the surface area of the cathode.  
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In the thermionic field emission case, where the cathode is sufficiently sharp (Figure 2-2a), this can 

benefit from the increased field emission. Hence, they are required to produce a high current of about 

1mA emitted from very small spot sizes in our microfocus sources, a thermionic emitter would be more 

suitable for our electron gun, due to the high source brightness. Thermionic emission is described by 

using the Richardson-Dushman equation [47]. The current density at the cathode surface is given by; 

𝐽 = 𝐴𝑇2 𝑒
−[

ø

𝑘𝐵𝑇
]
                                                                2.1 

Where J is the emission current density in amps/cm2, ø the work function of the cathode in electron 

voltage, T is the emitter temperature in kelvin and kB is Boltzmann’s constant, A is the Richardson 

constant for the cathode material. Because of the variations of A when impure or outgassed cathodes 

are used [48], the constant formula becomes: 

𝐴 = (1 − 𝑅)𝐴𝑜                                                                2.2       

where Ao= (4πme k
2) /h3, me the classical electron mass and h is Plank’s constant, (1-R )  the probability 

of reflection of electrons from the material surface which depends on the emitting materials and                       

Ao =1.204 ×106 A m-2 K-2 is a true universal constant [49]. Calculations of the current density J for both 

tungsten and LaB6 cathodes were obtained by [11]. Figure 2-2b shows J as a function of temperature 

using the values of A = 2.9 × 105 A m-2K-2, ø = 2.66 V from [50] for LaB6, and the values of ø = 4.53 V 

and A = 1.204 × 106 A m-2K-2 from [51] for pure tungsten.  

 

In this calculation, the emission current density versus the cathode temperature changes for both 

tungsten and LaB6, where the latter had a five order of magnitude larger emission than tungsten.   

 

Figure 2-2 a) The cathode arrangement (conical shape) and micro flat emitter surface area (177 um2). 

The electron beam emitted from the micro flat surface is suppressed by the electrical field of the Wehnelt 

(grid) [52]. b) Calculated emission current densities of LaB6 and tungsten cathodes as a function of 

temperature, taken from [11]. 
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Thus, according to the calculations above, a LaB6 cathode was chosen for the MKIII x-ray device 

because of the ability to generate high current at low cathode surface temperatures. The MKI device 

currently uses a tungsten cathode.   

2.3 Cathode operating modes  

As we have seen, the emission of the cathode is a function of the cathode temperature T and energy E 

as set by the supply voltage. We can classify two operating modes; the first when the cathode 

temperature is set “low” and the electron energy is “high”, called the temperature-limited mode as 

described by the Richardson-Dushman Equation 2.1, [52]. The second when the cathode is set at higher 

temperatures and lower electron energies, this is called the charge limited mode and can be described 

by Langmuir-Child space charge equation [52]:  

 𝐽 = 2.335
10−6𝑉

3
2

𝑑2                                                             2.3 

where J is the emission current density, A/cm2, V is the high potential applied to the cathode in volts 

and d is the distance between the cathode and anode.  

Figure 2-3a shows the two operating modes when E, the potential between cathode and anode, is kept 

constant at a low level and the cathode temperature increases. The cathode emission makes a transition 

from the temperature limited region to the space charge limited region. At higher temperatures, the 

potential E applied is not enough to collect all the electrons emitted from the cathode surface [52].  

Figure 2-3b shows the two operating modes when the cathode temperature is kept constant by keeping 

the same source voltage, and increasing potential E applied.  

 

 

 

Figure 2-3 a) The effect of temperature on cathode emission at constant potential E, b) The effect of potential 

E on cathode emission at a constant temperature. The figures are taken from [52]. 
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The cathode makes the transition from a space charge limited mode to the temperature limited mode as 

shown in Figure 2-3b.Emissions densities level off at higher energies (potentials) E because there are 

fewer electrons produced at low cathode temperatures. 

As a result, a cathode operating in a temperature limited mode causes the electron beam current drift as 

the temperature drifts, on the other hand, a cathode operating in a space charge mode results in shorter 

cathode lifetimes since the temperature is extreme. The cathode lifetime decreases as a function of 

surface cathode temperature because the cathode surface material evaporates more readily at higher 

temperatures. To balance between the need for optimised beam emission, beam stability and cathode 

lifetime, the cathode should operate in the transition region between space charge and temperature 

limited behaviour.   

2.4 Electron beams brightness 

The electron gun is required to give as high a current density per unit solid angle as possible, over a 

sufficient area, which is called the brightness (cathode current density Jc per unit solid angle) of the 

source [53]. The limitation to brightness derived theoretically arises from the fact that electrons emitted 

from the hot surface of the cathode have a Maxwellian energy distribution with a most probable energy 

of kT and the average energy of 2kT, [54]. The electrons are emitted from the cathode surface area into 

the field free area and travel out in a Lambertian distribution with a solid angle following a cosine law. 

The emitted electrons are then accelerated in a uniform parallel electrostatic field that will add to the 

parallel component of the velocity and keep the perpendicular component unchanged. Thus, the semi-

angle of electron beam divergence will be reduced from π to the ratio of perpendicular and parallel 

velocities. When the electrons are accelerated through an electrostatic potential drop (Vo), the electron 

beam parallel velocity will be (2eVo /m)1/2 and the new semi-angle (kT/eVo)1/2. This results in an average 

solid angle of divergence at (πkT/eVo), assuming all electrons have the most probable energy of emission 

(kT). The average brightness for a suitable cathode extent (emission area), where the current density 

will be the same at both the cathode and accelerating anode, can be given by: 

 

  𝛽 =  𝐽𝑐𝑒𝑉𝑜/𝜋𝑘𝐵𝑇                                                            2.4 

 

Where β, the brightness in amperes per solid angle per unit area is given in terms of Jc the cathode 

current density, Vo the accelerating voltage, and T the cathode temperature [54]. Thus the limiting value 

of the brightness β is proportional to accelerating voltage and to the current density and inversely 

proportional to cathode temperature. However, for a thermionic emission source, the cathode emission 

current density increases exponentially with temperature (equation 2.1). Therefore, the total effect on 

the brightness can be controlled by increasing the temperature. 
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Note that the brightness cannot be increased by introducing a focusing system after the gun, simply 

because a focusing system with magnification M will reduce the current density by (M)2 times and 

increases the angular aperture by 1/(M)2, which combine to keep the brightness unaffected.  

The cathode lifetime decreases with increasing surface temperature because of the evaporation rate and 

therefore there is an upper limit on current density consistent with a reasonable lifetime. Figure 2-4 

shows the capabilities of LaB6 cathodes at different temperatures in terms of lifetime and brightness. 

From previous experimental measurements of filament lifetime, because of evaporation and by relating 

the lifetime and brightness with filament diameter, heating current and temperature [56], an 

approximate expression for the lifetime is found to depend on wire filament diameter as given by: 

𝑡 =
32

𝐽
   sec/Am2                                                            2.5 

Where t is the lifetime in hours and J the temperature limited current density. According to the previous 

experimental data in Figure 2-4, a typically acceptable value for a cathode filament working at 1800K 

temperature is about 5000 working hours.  

2.5 Electron gun geometry  

 In the thermionic gun, electrons are emitted from the cathode by heating. For a tungsten cathode at an 

approximate temperature of 2600K, the electrons in the conduction band can achieve a sufficiently high 

 

Figure 2-4 Left) Surface recession rate versus theoretical brightness for LaB6  cathode at different temperatures 

Right) LaB6 cathode filament. Taken from [55]. 
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energy such that they can exceed the potential barrier at the cathode surface [46]. The electron gun 

consists of simply a hairpin tungsten filament forming a sharp point cathode enclosed by the Wehnelt 

cap (grid) and the anode electrode in front of it (Figure 2-5). The anode has a small aperture that must 

be at a positive potential with respect to the cathode. Electrons emitted from the cathode will be 

accelerated towards the anode hitting and heating it strongly. To avoid this problem, a Wehnelt (grid) 

is introduced between the cathode and anode surrounding the filament with negative potential 𝚽w with 

respect to the cathode. The anode for the microfocus MKI source is fixed at 0V potential along with the 

main body of the source, with the potential of the cathode or filament at - 𝚽e. The Wehnelt focuses the 

electrons and stops them from hitting the anode. The kinetic energy of accelerated electrons is equal to 

the difference between the anode and cathode filament potentials. The cathode surface emission area is 

confined by equipotential lines of the Wehnelt in the cathode potential, allowing a small region of 

electron emission to be accelerated.  

 

In Figure 2-5 the red dotted lines along the axial section show the area from which electrons are 

accelerated. The high negative potential of the grid, comparable to the filament, has a strong effect on 

the electron beam because of the shape of the field lines on the grid potential, decreasing the emission 

area of the filament surface. They cause distortion of the electric field around the cathode filament and 

reduce the angle into which electrons are emitted. Varying the grid potential can then suppress the 

electron beam and cut-off the beam at a certain high grid potential value. The distance between the 

Wehnelt cap and the cathode filament (dw) also has an effect on the bias voltage that suppresses the 

electron beam. 
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2.5.1 Electron gun performance  

The performance of the gun is not extremely sensitive to the shape of the electrodes because, for a wide 

variety of shapes, approximately the same performance can be obtained by suitable selection of the 

cathode [53]. Two types of emission cathodes and shield geometries [57] are shown in Figure 2-6. In 

both shapes, a hairpin cathode (C), a flat anode (A) and grid (G) are the electrodes. In  Figure 2-6a, a 

flat grid surface is facing the anode and the cathode tip is at a distance ci from the grid aperture. In 

Figure 2-6b, the grid shape is re-entrant and the cathode tip at a spacing distance -ci. This spacing 

distance is a very important parameter for the gun performance in addition to the negative grid bias -Vg 

and the cathode filament temperature. By selecting an acceptable value of the spacing distance ci and 

the cathode temperature, the value of Vg-opt  that gives the maximum brightness of electron emission and 

maximum directional intensity can be achieved. 

 

Figure 2-5 Shows a simplified schematic of the electron gun assembly and the electron beam path (red) from 

cathode filament towards the anode. Where dw is the distance between cathode surface and grid and 𝚽w is 

the grid potential.  

 

Figure 2-6  Shows the electron gun emission system (cathode C, Grid G, anode A and 2rg the grid aperture 

diameter), ci is the spacing distance between cathode surface and grid aperture. Redrawn from [57]. 
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Varying the grid bias Vg, making it less negative, will increase the brightness promptly until it reaches 

the maximum brightness βmax at the optimum value of Vg-opt and falls off slowly after that point. The 

impact of the cathode filament temperature on the electron gun operation was studied by [58] as shown 

in Figure 2-7. This study employed a wide range of electron gun geometries. The ratio of maximum 

brightness to theoretical (βmax /βthor) versus the cathode temperatures were calculated. The graph shows 

that at higher temperatures, this ratio (βmax /βthor) (red curve) decreases due to the space charge effects, 

causing a repulsion that limits the size of the crossover of the electron beams formed in front of the 

cathode as a virtual source. The second curve (black curve) shows that the cathode filament life 

decreases (by evaporation) with increasing temperatures. Thus, it is advantageous to run the gun below 

2700K for long lifetime operation.  

 

2.5.2 Cathode beams intensity modulation 

The cathode electron beams current emission Iem in the electron gun for a given geometry depends on 

the grid potential Vg and anode potential Va. Figure 2-8 shows the effects of varying Vg on the cathode 

current emission Iem [57] and [54].  By increasing the negative value of the grid bias potential -Vg, Iem 

starts decreasing. Technically, it is important to define the approximate grid potential Vg at which the 

current Iem = 0 practically. This voltage is called the cut-off voltage or black-out voltage blVg [58]. 

Increasing the negative grid potential bias beyond the blackout voltage will reduce emission current Iem 

leaving a current that is due to the Maxwellian tail of the electron energy distribution (Figure 2-8). For 
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Figure 2-7  The ratio of maximum brightness for an electron gun (red curve) and lifetime for the hairpin 

cathode in hours (black curve) both as a function of filament temperature. Redrawn from [58]. 
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high positive Vg values more than blVg, a new term called grid drive VD is introduced in the literature. It 

is increased by reducing Vg, this can be given by: 

𝑉𝐷  = |bl𝑉𝑔
 _

  𝑉𝑔|                                                                    2.6 

According to experimental results by [59] taken with different values of grid potential Vg , the radius of 

the cathode emission area is given by: 

𝑅𝑔 = 𝑟𝑔𝑉𝐷/ (bl𝑉𝑔 )                                                              2.7 

 

where rg is the radius of the grid aperture (Figure 2-8). It is important to notice that the cathode potential 

surface can be calculated by the superposition of the potential fields of both the grid and anode.  

 

2.5.3 Electron beams divergence  

According to [60], any variation of the grid voltage bias will result in a large change of the angular 

divergence of the emitted cone of electron paths from the cathode surface, for which a linear relation 

holds: 

𝜃 = 𝜃𝑜𝑉𝐷 / (bl𝑉𝑔 )                                                            2.8 

blVg   is the cut-off voltage, θ is the semi-divergence angle of the bundle of “paths” emitted from the 

cathode surface, VD is the applied grid drive voltage, θo is the semi-vertical angle when VD=zero. Figure 

2-9 shows the effect of changing the vertical distance between the grid and cathode, C, at constant grid 

potential. When the cathode is well in front of the grid, the emergent electrons will converge slightly 

due to the local field curvature and continue travelling away from the axis, creating a virtual source 

 

Figure 2-8 The modulation characteristic of the electron gun emission system, where Vg, Va  grid and anode 

potentials, Iem  cathode emission current. Gradually increasing grid voltage -Vg decreases cathode current  Iem 

until it zero at a grid voltage called cut-off voltage 
 blVg. Redrawn from [58]. 
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position behind the cathode (Figure 2-9a). Shifting the cathode back a little makes the electrons 

converge and cross the axis. Then, the virtual source moves quickly backwards (Figure 2-9b). Crossover 

of the electrons occurs within the gun for all larger values of C. The effect of the space charge will 

widen the size of the crossover and increase the shift in focus. Both values are larger for greater 

perveance or space charge factor of the beam (I/V 3/2), of the beam current I and beam energy V (electron 

volts) [61]. 

 

Figure 2-9 Shows electron cross over and variation of the effective source by increasing the grid to cathode 

distance (C).a) when the cathode is placed well in front of the grid the electron paths converge slightly and 

continue travelling away from the axis. Moving the cathode a small distance behind the grid makes the 

electrons converge inwards from of the grid and they cross the axis at a range of distances (b). Moving the 

cathode still further back (C) causes axis crossing at a more localised position (c).Redrawn from [58]. 

 

2.5.4 Electron gun alignment  

Efficient operation of the electron gun requires that the axis of the electron beam emission from the 

cathode are coincident with the axis of the rest of the system [54]. The correct arrangement of different 

parts of the system will maintain the geometrical axis of the system, but the filament needs to be 

perfectly adjusted and centred. A slight misalignment of the filament can occur due to two reasons, poor 

centring and distortion of the filament wire during heating. These misalignments can cause the beam to 

shift and reduces the current passing through deflecting coils, focusing lens and the total current incident 

on the target. There are two useful methods for electron beam alignments. The first is by controlling the 

cathode filament centring in the vacuum shield during the gun operation. This method is utilised in the 

microfocus MKI device, although this has practical difficulties when the full high voltage is present. 

The second method can be achieved by providing the electron gun with a transverse movement so that 
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the beam axis will pass through the deflecting coil and the focusing lens. In addition, alignment can be 

achieved by moving the anode hole section so that it meets the electron beam axis. This will work as an 

electrostatic lens and the beam will be bent on the axis, allowing the previous method to do the rest of 

the alignment. 

2.6 X-ray production 

The most common laboratory x-ray source is the electron impact source, (excluding small-scale 

radioactive sources that are generally low intensity and often provide fixed discrete photon energies), 

typically operated in a vacuum to avoid loss of electron beam, where the x-ray generated in two 

processes:  

A) Bremsstrahlung: is produced when fast electrons collide with a solid target. Deceleration of 

these electrons is a result of Coulomb interactions between electrons and nuclei of the solid target, 

producing a continuous spectrum. The x-ray spectrum shape depends on the kinetic energy of the 

primary electrons and nature of the target [1]. This spectrum has a maximum high energy given by: 

𝐸(𝑘𝑒𝑉) = ℎ𝑣   ⇛     𝜆min(𝑛𝑚) =
ℎ𝑐

𝐸
=

1.24

𝐸(𝑘𝑒𝑉)
                                                 2.9 

where v is the photon frequency and E the maximum kinetic energy of the electrons. The λmin wavelength 

is the result of single electrons losing all of their energy in one collision. More commonly, however, 

the electron experience collisions that result in a distribution of x-ray energies or hence a continuous 

wavelength spectrum as shown in Figure 2-10. 

B) Characteristic radiation is generated by ionisation of the core electrons of the solid target when fast 

electrons are incident on it. This is caused by removing the inner level electron followed by 

relaxation of the atom via higher lying electron making a radioactive transition and emission of a 

line spectrum characteristic of the target material, Figure 2-10. 

 

 

Figure 2-10 Shows the continuous x-ray emission (Bremsstrahlung) and characteristic emission peaks, K∝, 

and Kβ. Taken from [7]. 
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In a microfocus x-ray sources, either transmission targets made from thin metallic foils are used as is 

often the case in radiography [62] or reflection targets (electron impact targets) are used as in the early 

days of medical x-rays [63]. Both, the operating MKI and under development MKIII generation devices 

at Imperial College London are electron impact sources. Electrons bombard the solid target, generating 

x-rays from the surface. Positioning the target at an angle with respect to the electron beam maximises 

the x-ray yield at an angle to the incident angle of the electrons, typically directed towards an exit 

window. This window is normally made from low attenuation materials such as beryllium and Kapton. 

By using a thin (few µm) silicon nitride window, the problem of attenuation with the vacuum window 

is solved for the energy for our existing source MKI [64]. 

Rotating and liquid metal targets can also be used, but fixed targets are preferable when a high stability 

of the source is required. Also, fixed targets are simple to replace without changing the alignment and 

feature no potentially dangerous exhaust. 

 

 

2.6.1 Characteristics of x-ray emission  

Characteristic radiation can be understood from the atomic models of Bohr [65], and Somerfield [66]. 

In the electron impact source, it is necessary to know the electronic structure of the atoms forming the 

target material to be able to analyse the radiation emission lines. Formation of a hole in the atomic core 

level when the electrons are incident on the target is the first process that happens for line emission. 

The hole and electron properties are described by s, l and j, which are the spin, orbital angular 

momentum and total angular momentum quantum numbers.  Figure 2-11 shows the transition of the 

electron from higher levels to the hole, leaving a hole in the outer shell of the atom. In addition, this 

process is accompanied by the emission of the x-ray photons with energy equivalent to the difference 

between energy the atomic energy levels. These transitions are subject to the dipole selection rules [67]: 

 

 

𝛥𝑙 = ±1,               𝛥𝑗 = 0, ±1     but  𝑗 = 0 ↛ 𝑗 = 0                                          2.10 
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The spectral series K, L, M…. appear when an electron fills a vacant level with a quantum number 

n=1,2, 3…. The strongest emission line due to the change of 1 in n is denoted the subscript α and the 

second β and so on. The energy levels for n ˃1 are split according to their l and j quantum numbers, 

orbital and total angular momentum quantum number, so that for some transitions, spectral lines can 

split into discrete features α1, α2, β1, β2 etc. The main features for K- series are the Kα1, Kα2 doublet, and 

Kβ1 and Kβ2 lines. These are also dispersible into doublet structures in the heavier elements. The energies 

of the Kα atomic level with quantum number n given by [69].   

                                                                 𝐸𝑛 = −ℎ𝑐𝑅 
(𝑍−𝜎)2

𝑛2                                                          2.11 

Where R is the Rydberg constant and σ the screening parameter which defines the effective reduction 

of the nuclear charge experienced by an electron due to shielding from other inner electrons. This 

expression was first obtained by Moseley and the approximate dependency on Z2 is known as Moseley’s 

law. From the application of the Bohr model, for σ =1, Moseley’s law can be expressed as:     

                                           𝐸𝑛 = −𝑅ℎ𝑐 (
𝑍2

𝑛2)                                                           2.12  

En is the energy required to remove the electron from the level of quantum number n, forming a hole in 

the shell so that the energy E of the x-ray emitted when the hole jumps from ni  to nf is:  

𝐸 = 𝑅ℎ𝑐𝑍2  ( 
1

𝑛𝑖
2 − 

1

𝑛𝑓
2 )                                                          2.13 

 

Figure 2-11 A diagram displaying atomic energy levels and the allowed x-ray transitions. The red circles 

represent the electrons. The number of electrons in each energy level is 2j + 1. Energy is increasing in the 

direction of increasing n. Redrawn from [68]. 
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For example, for K lines σ ≈1 and for L lines σ ≈ 7.5, so that Kα x-ray emission with frequency v given 

by: 

ℎ𝑣 = ℎ𝑐𝑅(𝑍 − 𝜎)2  (
1

12 −
1

22)    𝑖. 𝑒, ⇛ 𝑣 =
3

4
𝑐𝑅(𝑍 − 𝜎)2  ⇛ 2.01 × 10−8 𝑣1/2  ≈ 𝑍 − 1       2.14 

Plotting v(1/2)  versus Z gives a straight line for a given transition for K𝜶  verifying equation 2.14 for 

Moseley’s Law as shown in Figure 2-12. 

 

 

2.6.2 Relative intensities of spectral lines  

The relative intensities for x-ray spectra for the observed multiple line series can be derived from the 

Burger-Dorgelo-Ornstein sum rules [70]. There are obtained by taking the intensities of all multiple 

emission lines that come from the same initial or final state proportional to a statistical weight (2j+1) 

of the initial or final state. Here, a multiple is a transition for the initial hole state with particular principle 

and orbital momentum quantum numbers, and the final hole state with different values of quantum 

numbers.  
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Figure 2-12 Shows Mosely’s Law for the K𝜶 Series over a range of atomic numbers. Redrawn from [1]. 
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 For K𝜶1 , K𝜶2  in Figure 2-13a the final states have j1=3/2 and j2=1/2 respectively and the relative 

intensity ratio is thus: 

𝐼𝛼1/ 𝐼𝛼2 = (2j1+1)/ (2j2+1) = 2,                                                  2.15 

These values are in an agreement with experimental values for elements 26Fe =2.00, 29Cu=2.01, 40Zr 

=1.99 and 47Ag =2.00. A more complicated case arises when this rule is applied for a triplet’s intensities. 

For example, for L𝜶1, L𝜶1, Lβ1 intensities in Figure 2-13b, comparing the pairs of α1 and α2 originate 

form LIII level with β1 originates from LII, the ratio: 

( 𝐼𝛼1   +  𝐼𝛼2 )/ 𝐼 𝛽1 =  2                                               2.16 

where MIV is the final state for the pair α2, β1, while MV is the final state for α2 and thus; 

( 𝐼𝛼2   + 𝐼 𝛽1  )/ 𝐼𝛼1 =  2/3                                             2.17 

Thus, from equations 2.16 and 2.17 the results Iα1:  Iα1: Iβ1 = 9:1:5 which is in good agreement with 

experimental results for these elements 42Mo 9 :1.17 :5.58, 47Ag 9: 1.08 :5.31, 74W 9 :1.04 :4.95 and 

78Pt 9 :1.03 :4.59. 

 

2.6.3 Absolute intensities 

The creation of the characteristic K emission x-ray depends on the energy of the incident electron and 

the threshold region (i.e. the energy just greater than ionisation energy) to produce a relevant hole. The 

 

Figure 2-13 Shows a) multiple K𝜶1 , K𝜶2  emission lines , and b) triple L𝜶1, L𝜶1, L𝜷1 emissions.                       

Redrawn from [1]. 
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intensity of K-shell emission in the threshold region, where the electron energy is greater than the 

ionisation energy, obeys the empirical relationship [71]: 

               𝐼 𝛼 𝑒(𝑉 − 𝑉𝑘)𝑥                                                                 2.18 

x ≈ 1.7, V  is the electron accelerating voltage and (eVk) is the target material threshold energy, required 

to generate a hole. That means that higher V leads to higher intensity signals. The ratio of Kα to the 

continuum x-ray as a function of accelerating voltage had been measured by [72] for tungsten targets. 

They found that below the voltage required to form a K-hole state the ratio is zero and above this voltage, 

the ratio will increase to a broad maximum and its position depends on the tube geometry.  This is due 

to the fact that K lines predominate with higher atomic number targets, and a high electron beam energy 

results in a greater penetration depth into the target. 

 In addition, the intensity is subject to variations of the target geometry and the self-absorption occurs 

when the emission angle changes [73].  

 

2.6.4 Fluorescence yield 

After the creation of a hole state, a relaxation is followed by either of two competing processes, x-ray 

fluorescence decay or Auger emission. The fluorescence yield γk for K is defined as the ratio between 

these two processes: 

𝛾k =
Intensity of 𝐾 x− ray photons

Intensity of 𝐾 x−ray photons − (𝐾 Aguer electrons)
                               2.19  

The probability of Auger emission for an element Z is constant and independent of atomic number Z, 

but for x-ray fluorescence, it is proportional to Z 4 [1]:  

 𝛾𝑘 =
𝑍4

𝑍4−𝑎
                                                                   2.20 

Where for K-shell emission the value of a = 1.12 ×106 [1].  Hence, the x-ray fluorescence yield γk will 

be low for low Z numbers as a result of competition from Auger emission. Experimental results for γk 

are in agreement with equation (2.20) above [74]. Figure 2-14 shows K fluorescence yield γk as a 

function of atomic number Z determined by [75]. 
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Figure 2-14 Percentage K fluorescence yield γk as a function of atomic number Z. Taken from [75]. 

 

2.6.5 X-ray line emission widths  

The probability of transition a Pt  for inner shell relaxation is given by [76]; 

𝑃𝑡 = 𝐴 + 𝐵 𝑍4                                                               2.21 

where Pt is the probability assumed in unit time for an atom in the state A may pass into the state B at 

time t equal to 2𝜋ГA  (ГA is the full width at half maximum for intensity), in quantum theory. Thus, the 

mean lifetime for the hole state A Δt is given by 1/Pt, so that the energy width ΔE given by the 

Heisenberg uncertainty principle is; 

                                                     𝛥𝐸  =
ℎ

𝛥𝑡 
= ℎ(𝐴 + 𝐵𝑍4)                                                 2.22 

Experimental results for the line widths for K𝜶 shows the predicted dependence for high Z atomic 

numbers, but it shows some deviation at low Z atomic numbers [77]. According to studies by [78] for 

the line width, the element with atomic number Z= 36 ( krypton), the probability of radiation transition 

for K-shell is equal to that for Auger transition and that lead to the development of a theoretical curve 

between the line width and elements atomic numbers from 34 to 53. The same result were obtained by 

Zinn [79] for absorption limited line widths in which K approached an approximate constancy for 

elements below Z = 32 (Germanium) and tends to the ideal case of a fourth power law for heavier 

elements. 

 

2.7 Target geometry  

In the microfocus source device MKI, the target is mounted on a copper plate at 45o with respect to the 

electron beam axis and at a few millimetres from the end of the electromagnetic lens aperture. The 

output port for the x-ray beam produced is situated at 45o to the target surface. The target materials used 

with the microfocus source are usually carbon and aluminium, producing characteristic energies of 
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0.277 keV and 1.477 keV respectively. Other target materials could be used in the future to produce 

higher energy x-rays. The target can be mounted horizontally so that the x-ray output produces a vertical 

beam for use with zone plate optics to irradiate cells with a beam of spot size diameter < 1µm, and 

imaging using UV microscopy [38].  

 

 

 

The chamber also allows the horizontal use of the x-ray source and flexible target positioning using two 

adapter plates. Thus, the x-ray source can be used vertically and horizontally as shown in Figure 2-15. 

The horizontal x-ray beam set-up was used by the author in this thesis because of the advantage of the 

extendable length of the x-ray beam so that we can use optical elements, filters, samples and detectors 

along the beam path for image purposes. The extended path length also required a high vacuum. A 

turbo-molecular vacuum pump used to reach the pressure of 5 × 10-6 mbar was used to protect the 

cathode filament and PI-MTE in vacuum CCD camera. 

 

 

2.7.1 Target geometrical effects / the effect of anode surface  

The condition of the anode surface was studied by atomic force microscope (AFM) and the computation 

of x-ray spectra obtained by [80]. It is well known that the material surfaces have aspects of shapes and 

topography as a result of manufacturing errors. Surface topography or texture can be classified by 

roughness, waviness and lay as shown in Figure 2-16. 

 

Figure 2-15 a) Shows the MKI target (red) and the exit x-ray radiation (green) in horizontal set up with an in-

house developed shutter (yellow) introduced into the beam path, b) Sketch showing the inclination angle (θ) of the 

target with respect to the electron beam.   
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Figure 2-16 Shows the topography of the anode surface with peak roughness (𝜎 RMS) which is the root mean 

squire of the anode roughness, and surface defects (Flaw). 

 

“Waviness” in comparison with roughness has a longer spatial wavelength, its period is larger than the 

diameter of the electron beam. Roughness (σ RMS) is superimposed on waviness and is the short 

wavelength distortion produced by the machining process. The predominant direction of the surface 

topography is surface Lay. Surface defects are called Flaws which include ridges and scratches. The 

RMS of the anode surface roughness is related to the size of the electron beam diameter. The effect of 

roughness cannot be seen in the x-ray machines, as the electron beam may be focused on the peaks or 

on the valley as per Figure 2-1. Focusing the electron beam on the peaks increases the characteristic 

output yield because the x-ray escape path is reduced. On the other hand, focusing on the valley will 

increase the escape path, which means more attenuation, minimising the yield. Experimental results 

agree with these predictions in [81] and [11].These properties are averaged by using a larger electron 

beam diameter, with the rough target surface at 45o to the incoming beam. With the output having an 

angle to the surface, the effect of the surface roughness will add to the effective size of the x-ray source 

produced [82]. The roughness will also cause a reduction in the numbers of electrons hitting the surface 

as a result of backscatter. This can be seen as reductions in the target current, in the simple electrostatic 

process when this electron incident on the valley and collected at the sharp edges. For low electron 

beam energies, the effect of the roughness is important as it results in a reduction of the penetration 

depth. For a range of energies between 10-1000keV, the penetration depths can be calculated 

theoretically by [83]: 

𝑆 =
5.025 × 10−11 𝐴𝐸𝑜

5/3

𝜆𝑜𝑍8/9                                                       2.23 

Where Z is the atomic number, An atomic mass number, Eo the initial electron kinetic energy and λs an 

empirical constant of value 0.182 [83] for electrons with kinetic energies between 10-1000keV[83]. For 

example, to reduce the effect of the roughness, the beam diameter should be greater than the depth of 

the roughness, for an electron beam diameter of 10 µm half of this value for roughness should be 

allowed.  
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Figure 2-17 Shows the effect of a target surface roughness on the broad and focused electron beam. The 

incident broad electron beam (Black lines) on the rough surface and x-ray rays produced (Red lines), the small 

focused electron beam can be focused onto surface peaks to increase the x-ray yield (as results of reducing the 

escape path) while focusing the electron beam on the troughs of the surface will increase the escape path, 

reducing the x-ray yield (depending on the take-off angle).   

 

 

 

2.7.2 Evaporation of target surface  

The electron beam power dissipated in the target can cause damage to the surface as a result of 

evaporation. When the material surface starts melting, a pool of circulating liquid is formed bonded by 

a skullcap to the solid [84]. Localisation of melting causes loss of material mass and flow is driven by 

thermally-induced gradients in the density, a buoyancy effect. known as the Marangoni effect [85]. This 

causes the material mass to concentrate on the edge of the pool as the liquids cool at the interface.  

Figure 2-18 shows pit formed on the surface of carbon target. 
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Figure 2-18 Shows boring in to the graphite target surface material as a result of losing material forming a pit 

on the anode surface. Taken from[11] 

 

These signs indicate that deformation of the surface has occurred and that the material surface melting 

threshold has been exceeded. The pit (mark) on the graphite surface indicates that the material has 

reached the melting point (3650 oC), which suggests that the electron beam spot size should be 5 µm 

diameter or less as shown in (more details in section 4.1, figure 4.5). The high vacuum chamber can 

increase target evaporation and damage may have occurred at lower temperatures [86]. According to 

[87], the graphite target will start sublimating at temperatures lower than melting point ~ 2100 oC and 

that suggesting an electron beam spot size is 10 µm (more details in section 4.1). The circular gap 

formed by the melting liquid pool reduces the x-ray output. The amount of the x-ray reduction depends 

on the beam position in the gap. When a beam is focused in the centre of the gap, the x-ray emission 

will be filtered by a thickness equal to the radius of the gap. When the beam is focused at a distance 

close to the edge of the gap, the filtered thickness is reduced and the output emission is increased. If the 

beam is focused on the edge, less attenuation will occur and the x-ray emission increases further. So the 

target surface topography and electron beam diameter will have an effect on the output yield.   

 

2.7.3 X-ray yield from solid target   

Selecting the target of interest depends on the K𝜶 energy emitted by that target and its thermal and 

mechanical properties.  

For the MKI x-ray device, C and Al targets were used which have K𝜶-edge emission at 278 eV and 

1487 eV. The availability of free electrons in graphite makes it electrically conducting. It has a high 

melting point and high thermal conductivity. Aluminium has a low melting point and high thermal 

conductivity. For a target titanium is also an interesting material to investigate. It has a K𝜶-edge line at 
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4511eV, and it has a high melting point with relatively low thermal conductivity. Simulation of the 

three targets using the Casino Monte Carlo Method software [88] version 2.48 code to model an electron 

beam, 5 µm diameter, and interactions with solid targets at a 45o  beam incidence angle was performed.  

For an electron beam incident at 90o  onto the target surface, much of the radiation emitted is reabsorbed. 

Thus, the target in our microfocus source, MKI, is tilted by 45o to the beam direction to reduce the x-

ray absorption. This ensures that x-rays are produced closer to the surface of the target, so are less 

readily absorbed. This implementation for MKI and the device being developed MKIII will follow the 

same method for x-ray production. 

The integrated efficiency of the continuous x-ray energy produced (ɛ) of the electron kinetic energy 

incident is given by [89]: 

ɛ = 1.1 . 10−9𝑍𝑉                                                            2.24 

Where Z the atomic number and V is the accelerating voltage of the electrons. Thus, for high efficiency, 

we need to have high values for both Z and V. For tungsten targets (Z=74) and V=100kV, the conversion 

efficiency ɛ is only 0.8% [89]. 

The primary non-radiative process that also occurs during the electron beam interaction with the target 

is called Auger emission. When an x-ray of energy E= hv is emitted as a result of the energy difference 

of the two electron levels, the outer shell electron of the relaxed ion that has binding energy BEa  can 

absorb the x-ray energy and an Auger electron is ejected with kinetic energy KEa [1] given by: 

ℎ𝑣 = 𝐾𝐸𝑎 + 𝐵𝐸𝑎                                                       2.25 

 

2.8 Thermal limits in x-ray tubes  

When the electron beam is perpendicularly incident on a solid target, most of the emitted x-rays will be 

reabsorbed by the material. Thus, the target is often positioned at an angle to the electron beam or a thin 

foil target is used to reduce the x-ray absorption and allow for an x-ray “beam” emitted in the forward 

direction [90]. The conversion efficiency of the electron beam power to x-ray continuum energy is          

~ 0.80% when using a tungsten target (Z=74) and accelerating voltage of V= 100 keV [1].This efficiency 

will increase with increasing atomic number and accelerating voltages. The intensity of continuum        

x-ray energy given by [91]: 

 𝐼 = 𝐾 𝑉2 𝑍 𝑖                                                                      2.26 

where I is the total intensity emitted or received per unit solid angle, V the accelerating voltage, i the 

beam current, Z atomic number and K is a constant that depends on the atomic structure of the material. 
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Most of the electron beam energy is converted to heat in the target. The maximum acceptable loading 

power of the electron beam on the target surface is determined by the surface temperature of the target 

for both stationary and rotating targets [92]. Since the x-ray intensity produced is linearly proportional 

to the current of the electron beam incident on the target surface, the heat dissipation is the limiting 

factor in this intensity.  Muller found that by using a rotating target, the maximum power could be 

increased by: 

W(rotating)

W(static)
~√

𝜌𝑐 𝑣  𝑟

𝑘
                                                               2.27 

Where r is the electron beam radius, v the target rotation velocity (rpm), c thermal capacity, ρ density 

of the target, and k the thermal conductivity. Rotating targets can have a large radius so that the loading 

power can be increased. For small radius, the maximum electron incident power should be decrease to 

avoid reaching the target material melting point. In addition, the target rotation velocity must also be 

decreased at the same time to allow for the heated spot to have time to cool. Decreasing the electron 

beam spot size with a diameter very much smaller than the target thickness increase the loading power 

by an order of magnitude [93]. The usual limitation of using the rotating targets is the problem of 

mechanical instability of the targets. 

 

2.8.1  Mathematical model of electron penetration and maximum power density 

The heating effects of the focused electron beam on the solid target, with the assumption that all the 

electron beam energy is imparted to the surface, has been calculated by a simple model of electron 

penetration, (Archard’s model), by which the spatial distribution of the power dissipation in the target 

is computed [94]. 

The electron beam is supposed to travel perpendicularly into the target a limited distance reaching the 

depth of complete diffusion (maximum depth reached by an electron when its energy decreases to zero) 

, Figure 2-19. The beam then diffuses in all directions approaching the total distance called the “range”. 

This model gives a description for the radial spreading of electrons and also for backscatter of the 

electrons re-crossing the target surface after diffusing. The success of this model has been verified 

experimentally, where the characteristic x-ray and backscatter electron number agree for a wide range 

of atomic numbers as predicted by this model [95]. 

Heat flow and the melting points of the target material have an effect on the x-ray output and also on 

the performance of the vacuum system. The required high power electron beam (3W) with a typical 

electron beam diameter (1µm) produces a large amount of power loading, approximately                       

(2.65 × 1010 W/m2) which is few thousand times more than the energy flux at the surface of the Sun. 
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Over the electron beam path distance in the target material, it is assumed that the electron loses energy 

at a rate given by the Thomson-Whiddington Law [96]: 

𝑉𝑜
2 −  𝑉2 = 𝑘 𝑥                                                               2.28 

where Vo is the electron beam accelerating voltage at distance x = 0 on the target material surface, eV 

is the energy after travelling a distance x in the target material and 

 

 𝑘 = 𝑏𝜌𝑍/𝐴                                                                     2.29 

 

where b = 7.7 × 1011 (eV)2 cm2 g-1  varies slightly according to the material and is assumed to have a 

constant value, ρ is the density, Z atomic number, and A atomic weight. For a large number of electrons 

travelling in the target, the energies will scatter around (eV) energy. The total range (xo) of electron in 

the material is the distance when V = 0 can be given by: 

 

𝑥𝑜  =
𝑉𝑜

2

𝑘
                                                                           2.30  

 

where the depth of complete diffusion (zd) is given by [97]: 

𝑧𝑑 =
40𝑥𝑜

7 𝑍
                                                                         2.31 

Therefore, the diffusion centre will be near the surface of the material target for larger atomic numbers 

Z. Figure 2-19 shows the electron diffusion for narrow electron beams (Archard Model). 
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Figure 2-19 Archard Model for electron beam penetration. shows the incident electron beam and backscatter 

electron energy (blue cap of the sphere), the depth of complete diffusion zd , total range xo  and the centre of 

complete diffusion D. Redrawn from [97]. 

 

The heat dissipation is present in a sphere of radius (xo - zd) around the centre of complete diffusion D. 

The cap of the sphere on top of the surface, Figure 2-19, is the backscattered electron beam power. 

Assuming the beam current is dI at point A on the surface as the centre of cylindrical coordinates. So 

that at point X, the total path length in the material is x and the volume density of power dissipation dP 

is given by [97]: 

dP = −
𝑑𝐽 𝑑𝑉

𝑑𝑥 
                                                                   2.32 

Where dJ is the current density at point X as a result of current dI. Since the electrons are diffused at 

point D, the current density can be given by: 

𝑑𝐽 =
𝑑𝐼

(4𝜋(𝑥−𝑧𝑑)2 ) 
                                                          2.33 

Inserting an equation (4.1) and (4.8) into (4.7):  

𝑑𝑃 =
𝑘𝑑𝐼

8𝜋(𝑥−𝑧𝑑)2 (𝑉𝑜
2−𝑘𝑥)1/2 

                                                2.34 

By integration over all dI within the range of X, the spatial distribution of the incoming electron beam 

is a gaussian shape, the current distribution is given by: 
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                                                              𝐽 =
𝐼

1.44𝜋𝑎2 𝑒
− (

𝑟2

1.44𝜋𝑎2)
                                                    2.35 

Where I is the total beam current, and a is the current “beam radius” at which the current beam density 

is half-maximum its value.  Due to the heat dissipation P in the target, the temperature rises in the centre 

of the gaussian shape of the electron beam spot imparting all of its energy to the surface of the target 

can be determined (Disc Heating Model) by; 

                                                                           𝑇 =
0.099𝑊

𝜋2𝐾𝑎
                                                           2.36 

Where W is the total electron beam power which is equal to IV, K thermal conductivity and a is the 

radius of the electron beam at half-maximum. 

 

2.9 Radiation interaction with matter  

The interaction process depends on both the type and energy of incoming photons. It can be classified 

into different interaction mechanisms: 

 

2.9.1 Photon interaction and absorption in matter 

The interaction mechanism of photons in the matter at “low” intensities occurs due to different 

processes; photoelectric absorption, Compton scattering, Rayleigh or Thomson scattering, and pair 

production. In all these processes, the partial or complete photon energy is transferred to the energy of 

an atomic electron [98]. The probability or the cross section for all these interactions depends on the 

incident photon energy and material composition. Figure 2-20 explains three processes, photoelectric 

absorption, Compton scattering and Rayleigh scattering.  
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Figure 2-20 various photon interactions with atomic electrons. Shown the Photoelectric absorption effect (a), 

Compton scattering (b) and Rayleigh scatting (c). 

                              

In photoelectric absorption, the interaction occurs with atomic electrons and cannot take place with free 

electrons. Photons with sufficient energy, hv, can be completely absorbed by the most tightly bound or 

K-shell electrons. Photoelectrons are ejected with energy given by, 

      𝐸𝑒 = ℎ𝑣 − 𝐸𝐵                                                                2.37 

where EB is the binding energy of the photoelectrons in the shell and Ee the kinetic energy of the ejected 

photoelectrons. In this case, the entire interaction is with an electron cloud rather than individual 

electrons and the atom will take a small recall energy, so that momentum and energy are conserved. 

Incident photons with energies more than K-shell electrons have a probability of about 80% for 

photoelectric absorption to occur involving the emission of K-shell electrons [99]. Thus, lower photon 

energies than the binding energy of the shell will not cause emission of electrons. The element 

absorption spectrum will show the characteristic absorption edges where the ionisation energy of the 

electrons in shells (K, L, M,…), matches the incident photon energy. The vacancy left by photoelectrons 

is filled by electrons falling from the higher orbit, which is weakly bound. In the process, they lose 

energy by emitting a photon with energy equal to the difference in energy levels. The characteristic 

energy of the atom can internally absorb or ionises the electron outer shell, Figure 2-21, by an Auger 

process. 
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Figure 2-21 (a) photon emission and (b) Auger emission due to 𝐾 shell photoelectric absorption. 

 

The Auger effect occurs when an electron is ejected from an inner shell, creating a vacancy, escaping 

the atom, and leaving it in the excited state. The unstable atom will typically stabilise itself by emitting 

one or more electrons. This internal process is named after French physicist Pierre Victor Auger, who 

discovered it in 1925 [99]. 

Compton scattering was firstly observed by Compton (1922) and he provided a theoretical description 

of the process.  It can be treated as an elastic collision in a kinematic description and occurs when a 

photon with energy E is incident on a free electron or outer shell electron and scatters, emerging at an 

angle θ to its original direction of motion. The photon transfers part of its energy to the electron Ke. By 

energy conservation, the scattered photon energy as a function of photon scattering angle is given by 

[98]; 

𝐸` =
𝐸

1+
𝐸

𝑚𝑜𝑐2(1−cos 𝜃)
                                                      2.38 

where moc2  is the electron rest mass (0.511MeV). Rayleigh scattering occurs when a photon with energy 

E scatters from electrons or atoms. The effective mass is considered as the atomic mass since the 

electron is strongly bound to the nucleus. This prevents the electron from recoiling and thus the photon 

energy E will not change after the collision, and hence is an elastic collision. 
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Figure 2-22 Shows the three various important high energy photon/atom interaction processes with matter. 

The values of 𝑍 and ℎ𝑣 in which the two effects are equals. Redrawn from [98]. 

 

Pair production can occur when the incident x-ray photon has energy above twice the electron rest mass 

≥ 2 moc2 = 1.02 MeV. The interaction must take place in the Coulomb field of the nucleus. 

 For photon energies above 1.02 MeV, the extra energy can be converted into kinetic energy shared by 

(electron and positron) pairs. The positron can annihilate by meeting another electron and two gamma 

rays are emitted, each with energy 511keV, while the electron can make successive collisions with the 

electrons of atoms. Figure 2-22 shows the three interaction processes for different absorption materials, 

where the left curve shows the energy at which both photoelectric absorption and Compton scattering 

effects have an equal probability as a function of the material atomic numbers Z. The right curve differs 

where both Compton and pair production effects have equal probability [98]. 

 

2.10 X-ray optics 

Transmission and reflection gratings have been considered as a means of dispersing a polychromatic   

x-ray beam according to the wavelength, using a plane grating structure with a constant period over the 

illuminated area [1].  Conventional optics based on refraction are not usually used in the x-ray range as 

refractive indices of all materials at x-ray wavelengths are very close to unity. Image formation is 

restricted to reflection and diffraction optics [100]. The reflectivity of x-rays is high only for small 

grazing angles. Hyperbolic and elliptical surfaces are suitable for high-quality imaging, and these have 

been used in reflection microscopes where a resolution of about 0.5 µm has been achieved [101]. 

Advances have been made in manufacturing methods of grazing incident optics to produce higher 

resolution by this technique. 
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To use mirrors at near normal angles of incidence, multilayer coatings may be employed [102]. These 

layered coatings reinforce reflections at boundaries in much the same way as reinforcements are 

obtained by Bragg reflection. Images have been made using normal incidence mirrors, however, the 

resolution obtained was poor [102]. A high-resolution microscope based on multilayer mirrors used at 

near normal incidence has been proposed, but fluctuations in coating thickness have thus far impeded 

the fabrication of optics capable of sub-micrometers resolutions [103]. Coating multilayers on figured 

surfaces is the subject of increasing interest and the technology could lead to the high tolerances 

required for high-resolution x-ray microscopy in the future. 

 

2.10.1 Zone plate  

Higher spatial resolution achieved with focused soft x-ray has been obtained with Fresnel zone plates 

A Fresnel zone plate is a circular diffraction grating which is composed of concentric opaque and 

transparent zones e.g. Figure 2-23. About 10% of the radiation incident on a zone plate is diffracted into 

the small spot which has similar properties to the focus produced by conventional lens. 50% is absorbed 

by opaque zones and 25% is un-diffracted and the remainder is dispersed into other diffraction orders. 

When illuminated by a coherent plane wave, a zone plate produces an Airy pattern at focus [104]. If the 

zone plate pattern has minimal distortions, the FWHM of this Airy pattern at the first order focus is 

approximately equal to the width of the finest zone. Thus the resolution obtainable by a Fresnel zone 

plate is dependent on the width of the finest zone that can be fabricated and the accuracy to which the 

pattern can be obtained. Holographic methods have been used to produce zone plates by recording the 

interference of spherical waves in a suitable medium. Zone plate made by holography have finest zone 

widths of ~ 55 nm [100], and these are being used with near theoretical resolution in a microscope using 

x-ray wavelengths of 4.5 nm. The smallest zone plates have been fabricated by electron beam 

lithography. The smaller electron beam diameter can produce the smaller finest zone widths. However, 

there are a number of factors that limits the fabrication of such zone plate, including the scattering of 

the electron beam in the recording materials and distortions in the zone plate pattern introduced by 

aberrations present in the electron optics [105]. The structure of the zone plates is described in  

[7,101,106].  
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Figure 2-23 Zone plate structure for focusing x-rays. The diffraction occurs from the transparent (white) rings. 

 

The zone plate can be used as a dispersive elements in certain types of x-ray monochromator, but they 

are usually exposed to monochromatic x-ray radiation as this reduces the chromatic aberration and 

allows the highest possible image resolution. Figure 2-23 shows the two-dimensional structure of a zone 

plate with axial symmetry. Consider a zone plate with a series of concentric circular masks. A 

monochromatic point x-ray source located at A, incident on and diffracted by the circular transparent 

zone plates, will be focused at a common point B as shown in Figure 2-24. 

 

Figure 2-24 Cross section along zone plate radius, with the ray diagram indicating the lengths of possible light 

paths from A to B. Redrawn from[106].  

 

The lengths of the beam paths from point A, O (origin) and B are shown. The inner and outermost zones 

are shown with opaque and transparent structures. The focusing properties of the zone plate can be 
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calculated by choosing the positions of transparent and opaque sections. So, assuming the total optical 

path from AOB differs by  λ/2 from the neighbouring path of the zones. The distance from the optical 

axis to the zone boundary can be given by r so that the radius of the outer boundary is rn which is the 

radius for all over the zones. The optical axis AOP is equal to za + zb, and can be given by: 

𝑙𝑛 + 𝑙𝑛
` =  𝑧𝑎 + 𝑧𝑏 + ∆ +

𝑛𝜆

2
                                                2.39 

The outer beam path length increases between the adjacent zones by (nλ/2). Thus from the equation 

(2.39) the most inner zone, when (n=0) the beam path can be given by:  

𝑙𝑛 + 𝑙𝑛
` =  𝑧𝑎 + 𝑧𝑏 + ∆                                                     2.40 

Where ∆ is the path difference for the beam passing through the first zone. By applying Pythagoras 

theorem to equation 2.39, the radius of the nth zone is given by: 

𝑟𝑛
2 = 𝑛𝜆𝑓 + 2𝑓Δ                                                            2.41 

And for the central zone, n = 0, ro
2 = 2fΔ , given by: 

𝑟𝑛
2 = 𝑛𝜆𝑓 + 𝑟𝑜

2                                                               2.42 

 The focal length can be described by:  

1

𝑓
=  

1

𝑧𝑎
+ 

1

𝑧𝑏
                                                                  2.43 

so that the width of the outermost zone (d=rn- rn-1) is approximately given by:  

𝑑𝑛 ≈  
𝜆𝑓

2𝑟𝑛
=  

𝑟𝑛

2𝑛
=  

 𝐷𝑛 𝑑𝑛

𝜆
                                                      2.44 

Hence the x-ray beam can be focused in the same manner as visible light in the thin lens focusing 

equation 2.43 with a focal length described by equation 2.44 depending on the outer zone dn and overall 

zone plate diameter Dn. From equation 2.44 zone plate focal length depends on the wavelength. Thus, 

it is highly recommended to use it with a monochromatic x-ray source. In addition, the zone diffractive 

properties will focus the x-ray radiation to a different distance along the optical axis, as a result of 

multiple diffraction orders, which can be described by: 

𝑓𝑚 =  
𝑚𝐷𝑛𝑑𝑛

𝜆
     𝑚 = 0, ∓1, ∓2, ∓3 …                                     2.45  

Due to the high spatial resolution of the zone plate it is commonly used in x-ray microscopy, where 

the achievable resolution can be determined by the Rayleigh limit [106], as: 

∆𝑟 =  
1.22𝑑𝑛

𝑚
                                                                  2.46  

For m =1 the resolution depends only on the outer zoned width dn. 
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3 The Present x-ray source (MKI)  

The soft x-ray microfocus facility (MKI) was originally developed by the Gray Laboratory cancer 

research radiobiological research [81] & [107]. The device now based at Imperial College was originally 

custom built at a National Physical Laboratory NPL in collaboration with King’s College London. This 

chapter describes the theory of operation and instructions for the MKI x-ray device and related 

engineering drawings. More details are given in chapter five of the newly developed x-ray device 

MKIII, including the design of a new magnetic lens, target holder for the MKIII and magnetic lens 

simulation.   

3.1 The Microfocus x-ray source MKI 

MKI was designed and developed to be used for radiobiological applications, where a microprobe size 

beam would irradiate a large number of cells individually with a submicron beam of focused carbon K-

edge x-rays [108]. 

The MKI microfocus x-ray device was used as a source of x-ray carbon K-edge radiation (277 eV), 

which is in the soft x-ray range. The x-ray beam could be focused by use of zone plates on cellular 

targets. The first generation of radiation studies was performed by a group at King’s College London 

[39]. Although these types of devices are available commercially from different companies, none of 

these devices was capable of generating an electron beam spot size less than 13µm [109] and [110]. 

Moreover, these sealed devices operated at several tens of keV, which is not suitable for producing soft 

x-rays.  

A drawing of MKI is shown in Figure 3-1. The system is housed in two blocks of aluminium 27 × 23 

cm of 10 cm wall thickness; one contains the electron gun and electromagnetic lens and other the target 

and x-ray optics. The gun components comprise the main elements, a thermionic cathode (tungsten 

hairpin filament), grid and anode. The cathode is situated a few hundred microns behind the Wehnelt 

(grid) and biased to -10kV, whilst the grid is kept at a potential of a few hundred volts more negative 

than the cathode filaments. The grid works as an electrostatic lens, focusing the electron emission and 

has a small aperture ≈ 5 mm. The anode is placed at 5 cm from the grid surface, attached to the back of 

the magnetic lens and grounded. Two screws can control the gun alignment with the anode direction so 

that a divergent electron beam can pass through a small plastic tube. The electrons are then steered by 

two small coils mounted around the tube, in the electromagnetic lens axis. A water chiller cools the 

electromagnetic lens. The electron beam is focused by the lens onto the C or Al target positioned at 45o 

to the lens. The maximum beam emission current reported is ≈ 3mA and a maximum target reading of 

≈ 550 µA has been recorded [38]. In this thesis, we recorded 250 µA on average. 
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Figure 3-1 Shows microfocus source MKI. An electron gun, a magnetic lens, target and x-ray optics assembly  

Redrawn from [11]. 

 

The electron gun requires a vacuum of better than 10-5 mbar to stop cathode oxidation. A turbo pump, 

6 inch inlet conflate flange, fixed to the side of the chamber shown in Figure 3-2, maintains this vacuum 

pressure. Control interlocks stop the electric circuit until the vacuum pressure reaches the required level. 

A grid designed to reduce the electron trapped volume is created by making a series of holes around the 

aperture. The target chamber is evacuated in the channel through the gun chamber to minimise 

ionisation of residual gas and attenuation of the x-ray beam.  

 

 

Figure 3-2 Shows the MKI vacuum system turbo pump and rotary pump. Redrawn from Atkinson 2006 [11]. 
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X-ray optics can be assembled above the target, Figure 3-3, consisting of an x-ray monochromatic 

mirror and zone plate lens used to focus the x-ray beam on the cellular target. The tilted silica mirror is 

at a grazing angle ~ 1o to reflect C K𝜶 x-rays onto the sample and absorb most bremsstrahlung energies.  

A mask is used to block all un-reflected x-rays reaching the sample. A silicon nitrite vacuum window 

(100 nm thick, 0.5 mm square) [111], was mounted on the top of the flange above the x-ray source, it 

has an axis parallel to the x-ray beam. 

 

 The measured count rate passing through the silicon nitride (Si3N4) window is 5 × 105 photons s-1 for 

energy range (1-10 keV). This will yield about 1.3 × 104 photons s-1, as reported by [108]. More details 

on system set-up and optics assembly can be found in this reference [112]. 

 

3.2 Theory of operation for MKI x-ray source 

The MKI x-ray device parts shown in Figure 3-4 are the electron gun electrodes, an electron beam path, 

an anode, the electromagnetic lens and the target. The whole assembly is operated under a vacuum 

pressure of about 10-5 mbar. The electron beam energy and current produced are controlled by the 

electron gun triode. Electrons are emitted from the cathode and accelerated by triode electric field. The 

maximum electron beam kinetic energy is 10 kV controlled by the power supply. The beam is finally 

focused and positioned on the target by an electromagnetic lens and deflection coil.  

 

 

 

Figure 3-3  Shows the microfocus source set-up, imaging system, sample stage, and the x-ray source. 
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3.2.1 Cathode  

The standard cathode shown in Figure 3-5, is constructed of a bent tungsten hairpin material (20 mm 

ceramic base diameter and about 100 µm hairpin diameter) [113] and powered by a negative high 

voltage of 10 kV referenced to ground. The maximum current passing through hairpin was 1-3.5 A. 

Thermionic current emission from the cathode surface is a function of energy supplied and cathode 

surface temperature according to the Richardson–Dushman equation [114].  

 

Figure 3-4 Microfocus x-ray device parts, a) Vacuum pump and electron gun chamber, b) magnetic lens inner 

pole aperture 1mm c) Grid and cathode assembly position, d ) Anode aperture 2 mm diameter,  d) grid assembly 

and e) electron gun drawing . 

 

Figure 3-5 Cathode filament (tungsten), 20 mm ceramic base diameter and about 100 µm hairpin  diameter   

[113]. 
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3.2.2 Wehnelt (Grid) 

The cylindrical structure houses the cathode, as shown in Figure 3-6, with a small aperture of 1mm 

placed at about 300µm from the cathode filament tip. This distance is adjustable, allowing the operator 

to optimise the emission current. The negative voltage supplied has a range of 0-1 kV. Five holes were 

made on the base of the grid to reduce the space charge effects. As explained in chapter 2 section 2.5.3, 

the electric field produced by the grid controls the electron beam divergence emitted from the cathode 

surface. Voltage optimisation is required to control the emitted electron beam, which can be adjusted 

using a control panel located within the cabinet near the device (Figure 3-8). 

 

 

Figure 3-6 Grid assembly showing the small aperture 1mm at the top, placed at a 300µm distance from the 

cathode. 

 

The anode (2 mm aperture and 15 mm diameter) is the third electrode placed a few centimetres from 

the grid aperture and is at ground potential. The potential difference created between the anode and 

cathode (modified by the Grid) will accelerate the electrons towards the magnetic lens aperture axis, 

where the electron beam is focused on the target.  
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3.2.3 Electron gun and magnetic lens circuit 

   All the electron gun electrodes and magnetic lens are controlled by an electronic circuit (Figure 3-7). 

    

 

3.2.4 Control panel  

The control panel, 31 × 49 cm, shown in Figure 3-8, is a unit of the system where all the device 

parameters can be controlled and optimised for the best operating conditions. It contains the high 

voltage anode (10 kV), grid voltage (0-1kV), the filament current (3A) and an electromagnetic lens 

current (10A). All these parameters can be changed according to the required conditions. There are also 

other digital monitors that display the anode high current (A), target current (µA) and the inner wall 

chamber temperatures (oC). The thermocouple sensor is placed at the top of the flight tube passing 

through the magnetic lens inside the chamber. The vacuum system is also controlled by a digital 

pressure monitor unit so that the pressure can be set up at about 10-5 mbar to protect the cathode and to 

reduce the electron beam interactions with molecules inside the chamber. The electron gun circuit 

cannot run without the vacuum being maintained at 10-5 mbar. There is another digital temperature 

monitor for the magnetic lens, which is separately installed inside the lens to measure the lens coil 

temperature and the operator can switch off the lens circuit when the temperature increases. Though 

this should not occur since a chiller cools the lens coil with the temperature set at 5 oC. 

 

 

 

Figure 3-7 Schematic drawing of the MKI circuit showing the circuit components. 
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Figure 3-8 Control Panel for MKI Device showing the control buttons for accelerating voltages, grid voltages, 

magnetic lens current and cathode current.   

 

The lens current can manually be controlled from the top and bottom analogue monitors, where the 

water-cooling flow meter is also viewed. External digital monitors can be connected to the control panel 

and Lab VIEW software can be programmed and remotely controlled. Two vacuum pumps are used, 

the first one is used to reduce the system to 10-3 mbar and the second one reaches 10-5 mbar when the 

turbo pumps are operated. The first vacuum pumping stage takes about 15-20 min to reach the set 

pressure while the second turbo pump takes about 5 min. 

 

3.2.5 MKI Target position 

The target (15 mm diameter, 2 mm thickness) in the micro-focused source MKI is placed in front of the 

electron beam at 45o, a few centimetres from the magnetic lens aperture as in Figure 3-9, aluminium, 

carbon and titanium elements can be used as targets. The target is placed on a copper holder and stacked 

with conducting glue to allow the target current to be measured by the control panel monitor using the 

external digital multimeter. 
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Figure 3-9 Shows Target position and electromagnetic lens aperture and copper target holder. 

 

3.3 MKI Electromagnetic lens   

The electromagnetic lens used is composed of three copper coils wires of 0.8 mm outer diameter, 

separated by a few millimetres and each coil is made of 60 turns. All the coils are placed in a plastic 

cylinder and shielded by a soft iron pole piece in order to increase the strength of the magnetic field 

along the axis of the central lens as shown in Figure 3-10. Cooling water is circulated within the sealed 

plastic cylinder. Both the plastic cylinder and soft iron pole piece are placed in a vacuum inside the 

chamber.  

 

 

 

Figure 3-10 MKI electromagnetic lens components. On the top left coil plastic jacket, top right soft iron 

and inner and outer poles, bottom left flight tube and deflection coil around it, on right bottom coil 

assembly.  
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The value of the flux density B generated beyond the lens aperture depends on the coil current passing 

through it. Simulation of the strength shows that the maximum theoretical values in these positions 

reach 0.1T [39].  

The flight tube surrounded by the deflection coil generates a magnetic field force perpendicular to the 

direction of motion of the electron beam in order to force the beam motion parallel to the magnetic lens 

axis. This will provide additional alignment of the electron beam passing through the central bore of 

the lens. The electron beam passing through the central bore of the pole piece focuses at a position 

beyond the lens aperture, which depends on the magnetic field 𝐵 and the kinetic energy of the 

accelerated electrons.  

 

3.4 CCD detector used with microfocus source MKI 

 An x-ray charged coupled detector camera CCD back-illuminated without coating to allow soft x-ray 

detection was used in a vacuum system with MKI source placed at the end of x-ray path system. This 

detector system offers a large imaging area (27.6 × 27.6 mm) with high spatial resolution and dynamic 

range ( wide range of brightness values) [115]. The detector specification is described in Table 3-1. 

 

 

Table 3-1  Shows the x-ray CCD (PI-MTE in vacuum Camera, Princeton) specification [115]. 

 

 

A customised interface was designed to keep the CCD chip in a vacuum while the whole body is at 

atmospheric pressure as shown in Figure 3-11. Peltier cooling was used to cool the cold finger on which 

the CCD is fixed. The heat is removed from the camera by the flow of a coolant through the heat sink. 

Condensation on the CCD chip is avoided by the vacuum system. Contaminants are prevented by 
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introducing a gate valve between the CCD chip and the vacuum system and provides a clean 

environment for shots or experiments.  

 

 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-11 Shows a schematic of the CCD camera, displaying also the gate valve.   
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4 Experimental characterization of MKI X-ray device 

In this chapter, experimental measurements were performed for the characterization of the microfocus 

x-ray source MKI. Calculations of the electron beam thermal effects are also discussed. Simulation of 

the electromagnetic lens and x-ray spectrum have been obtained. 

4.1 Calculation of the heating effect of electron beams impinging on a 

solid target surface.  

The heating generated at the surface of the target, assuming that all electron beam energy is imparted 

to the target surface, has an effect on the x-ray yield. Thus, it is important to estimate the heating 

generated by the microfocus x-ray source. This heat has been calculated using Archard’s model [97]. 

Agreeing with Archard model discussed in section 2.8.1, to derive the electron backscattered coefficient 

the cone volume (backscattered electrons in the cone shaded spherical cap) is divided by the total sphere 

volume in Figure 4-1. By assuming the backscattered power Wb is the power dissipated in the spherical 

cap and the power absorbed in the target material Wa, thus the total electron beam power: 

 

                                                                 𝑊 = 𝑊𝑎 + 𝑊𝑏                                                             4.1 

 

Figure 4-1 Shows backscattered electron energy calculations. Where the dissipated power in the spherical 

shell SSʹ shell, the surface area of the shell 2π × r(r-zd), and the plane of diffusion centre at D.  Redrawn from 

[97]. 
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where W is the total power (IV) and assuming the dissipated power in the element spherical shell SSʹ 

with radius r and thickness dr as in Figure 4-1.The surface area of the shell is 2π × r(r-zd), so the 

backscattered current Ib passing across it: 

 𝐼𝑏 =
𝐼 (𝑟−𝑧𝑑)

2𝑟
                                                                   4.2 

and the backscattered electron beam power dissipated in the shell: 

 

𝑑𝑊𝑏 = − 𝐼𝑏 𝑑𝑉                                                                 4.3 

where -dV is the voltage drop across the shell. By substituting dV in equation (2.28) and using equation 

(2.30) in (section 2.8.1): 

𝑑𝑊𝑏 =
𝑊

4(𝑥𝑜)1/2  
(𝑟−𝑧𝑑)

𝑟(𝑥𝑜−𝑧𝑑−𝑟)1/2 𝑑𝑟                                            4.4 

By integrating over   zd  ≤ r ≤ (xo-zd ) we can calculate the total backscattered power: 

 

𝑊𝑏 =
𝑊

2
[(1 −

2𝑧𝑑

𝑥𝑜
)1/2 −  

(
𝑧𝑑 
𝑥𝑜

)

(1−
𝑧𝑑   
𝑥𝑜

 )
1
2

  𝑡𝑎𝑛ℎ−1{
1−

2𝑧𝑑
𝑥𝑜

1−
𝑧𝑑
𝑥𝑜

 }
1

2]                           4.5          

From equation (2.31) in section 2.8.1 for any element number Z, the ratio (zd /xo) can be determined. 

The ratio of the beam power backscattered (Wb/W) can also be determined from equation (4.5). The 

power retention factor is given by: 

 𝑃 =
𝑊𝑎

𝑊
= 1 −

𝑊𝑏

𝑊
                                                           4.6 

Where both equations are independent of voltage V, but are a function of the Z atomic number only, as 

shown in  Figure 4-2  below: 

 

Figure 4-2 Shows the fraction of incident beam power absorbed as a function of element atomic number (Z). 

Redrawn from [97].   
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which covers the range of atomic numbers (12-100) [97]. The solid line (black curve) for the power 

retention factor P become equal to 1.0 when (zd /xo) = 0.5 and that occurs when (Z=80/7). Equation (4.5) 

becomes invalid when (Z ˂ 12, zd/xo ˃ 0.5). At large Z=100, then zd /xo = 0.5. The second curve (red 

line) is for the fraction number of incident electrons retained in the target material, which is below the 

P-factor as a result of energy loss of backscattered electrons hitting the target surface. So the curve 

passing through 1.0 at Z = 80/7 is similar to the P curve leading to 0.5 for higher Z numbers. The data 

obtained in this way, in connection with the steady-state heat flow problem, is analysed and the results 

are presented for the temperature rise estimated in various materials under a variety of beam conditions 

in Table 4-1. 

There are different types of material targets used to produce diverse x-ray energies. In our device MKIII, 

we assume the use of carbon, aluminium, titanium and chromium targets. These targets will provide 

characteristic x-rays with energies of 284 eV, 1.5 keV, 4.5 keV, and 5.4 keV respectively, 

superimposed on the bremsstrahlung emission. The table shows the maximum temperatures calculated 

with electron beam size 6 µm, 0.5 mA current and 10 kV accelerating voltage.  

 

 

 

Table 4-1 Calculations of the expected target temperatures for different material targets using Archard's model 

and the computer penetration correction method according to equations in section 4.1 & 2.8.  

 

 

It is seen that all the targets can survive except the titanium that will exceed its melting point. Another 

calculation has been done for different electron beam parameter Table 4-2 to obtain the penetration 

depths and temperatures.   
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Table 4-2 Shows calculations of the target temperatures and penetration depths for different material targets 

parameters using Archard model and the computer penetration correction method according to equations in section 

4.1 & 2.8. 

 

 

 

In addition, the calculations for the graphite/ target surface temperatures for different electron beam 

diameters and energies are calculated and presented in Figure 4-3. 

 

 

Figure 4-3 Shows calculations for variations of graphite target surface temperatures (red) and spot size 

diameter (green) for different electron beam energies. 
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As expected, the higher temperatures are produced when we have small electron diameters and high 

accelerating voltages. In addition, penetration ranges in graphite material have been calculated for 

different electron beam powers, figure, showing that the higher the power applied the larger penetration 

depths occur. 
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Figure 4-4  Shows calculated electron beam penetration range for the different atomic number (Z) materials 

with maximum power applied.  

 

 

Figure 4-5 Calculated maximum electron beam power range that can be applied to graphite, aluminium and 

titanium targets before it starts melting at ≈ 5-micrometer diameter beam radius.  

 

Thus, at more than 12W power of electron beam incident on graphite target surface, the electron beam 

cannot be focused to a few tens of micrometres diameter because the material starts melting when it 

reaches melting temperature as shown in Figure 4-5. Exceeding the temperature melting points of the 

target materials will cause a degradation to the vacuum system due to target surface evaporation and 
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may cause the vacuum to trip. For a temperature profile described by gaussian distributions for the three 

materials, (C, Al, and Ti), the maximum temperature depends on the thermal resistance of the target. 

The low thermal conductivity material became hotter for a given beam size as shown in Figure 4-6. 

 

Figure 4-6 Calculated peak temperature profile at the surface of graphite, aluminium and titanium bombarded 

by (10 kV, 0.3mA) electron beam with different beam diameters (2- 50µm). 

 

 

4.2 Characterization of x-ray source (MKI) 

This section details the experimental characterization of the microfocus x-ray source MKI.  

4.2.1  Experimental measurements of MKI performance  

The effect of changing the vertical distance between the Wehnelt (grid) and cathode filament position 

on the target beam current for the MKI device had been experimentally determined [39]. It shows that 

it has a major effect on the target current measured and in consequence on the x-ray output generated 

(intensity). Figure 4-7 shows that at 0.5 mm spacing between the cathode surface and the Wehnelt (grid) 

the maximum target current is obtained, which means higher-intensity x-rays are generated. 
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Figure 4-7 Experimental measurements for the target current dependence as a function of the filament current 

for different gaps between the filament and Wehnelt, taken from reference [39]. 

 

 

4.2.2 Experimental measurements to study the effect of the grid voltage and the 

cathode current on the target current. 

The effects of variation of the grid voltages on the electron beam current (target current) were measured.  

It was found that by increasing the cathode (filament) current (cathode temperature), the target current 

increases linearly at fixed grid voltage until it reaches either space limited charge region or temperature 

limited region as detailed in section 2.3. Another experimental verification is to study the effect on the 

target current whilst varying the grid voltage. This shows that slight changes resulted in major effects 

on the beam current incident on the target material as shown in Figure 4-8. Also, the two cathode 

operating modes have been experimentally verified, the temperature limited mode and the charged 

limited mode as shown in Figure 4-9. 
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Figure 4-8 Measured effect of fixed grid voltage on the target current with parameters 10 kV accelerating voltage, 

10.4A magnet lens current, and vacuum pressure 3.6 × 10-6 mbar. The dependence is shown for different grid 

voltages.  

  

 

Figure 4-9 a) The effect of cathode temperature (the cathode current) on the emission current at constant 

electron energy E, b) The effect of E on cathode emission at a constant temperature. 

 

 

4.2.3 Characterisation of MKI with the mica bent crystal x-ray spectrometer 

The crystal spectrometer type (XTLSWF4-1A) is a wide spectral range x-ray instrument operating in 

defocusing mode. The x-ray spectrum of the microfocus source, MKI, was reflected by the convex 

defocusing bent mica crystal and detected by image plate (BAS-TR). This data was then analysed          

(as explained in section 4.3) to give the intensity spectrum of the source. This technique was first used 

by de Broglie and Lindeman [116]. The physical specifications of the mica crystal are shown in              
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Figure 4-10. The parts in Figure 4-10(a) refer to 1) - the detector unit and Image Plate (BAS-TR).             

2) - The vacuum tight spectrometer chamber and 3) - the crystal holder with bent crystal. The chamber 

is made from solid aluminium with diameter D = 150 mm and height H = 78 mm. The bent-crystal 

diameter is 40 mm. The recorded spectrum can fill the full 40mm input height. The spectral range of 

the spectrometer is between (0.36min -1.26.5max nm) in the first order and (0.12min-0.42max nm) in the third 

order. Adjustment can be made by the movement of the crystal translation screw. The spectrometer 

chamber was pumped through the entrance connection to the x-ray chamber to a pressure of 10-5mbar. 

Recording of the x-ray emission spectrum for two targets, aluminium and graphite were obtained.  

 

 

Figure 4-10 a) Mica Crystal drawing shows the x-ray beam path, curved crystal surface, and detector IP. b) 

Shows curved mica crystal spectrometer.  

 

4.3 Methodology and results 

The experimental setup is shown in Figure 4-11. The incident x-ray beam, generated by the focused 

electron beam on the solid target, incident on the bent crystal surface is diffracted by reflection from 

the plane orientation (0010) of the mica crystal towards the Image plate (BAS-TR). The Image plate is 

placed on top of the spectrometer aluminium block cylinder that houses the crystal. Both the crystal and 

image plate are in the vacuum environment of about 10-5mbar. The spectral lines recorded for different 

exposure times on the image plate related to wavelengths λ diffracted according to Bragg’s Law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                    4.7 

Where d is the crystal constant (1.984 nm), and n is the Bragg diffraction order. Several numerical 

calculation methods have been adapted to trace the x-ray beams diffracted in this technique in literature. 

One of these methods is by knowing the system design dimensions: a detector to crystal distance and  
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crystal dimensions; the energy resolution, wavelengths, and positions of reflected beam can be 

calculated [117,118]. Because in our system, the electron impact source used was MKI, we knew the 

expected characteristic emitted wavelengths for the targets used, we avoided calculating the dispersion 

by using the known wavelengths to calibrate the detector.  

The Imaging plate used in this experiment is the BAS-TR type, which contains phosphors that trap and 

store a fraction of the incident radiation energy, then when scanned again with an optical laser beam it 

will release the energy as luminescence. There are different types of image plates used for different 

applications in dentistry, medicine, and experimental physics. The common types are BAS-MS, BAS-

SR, and BAS-TR used in x-ray, electron, and ion detection. The first two types have protection layers 

(polyethylene terephthalate) above the phosphor layers shown in Figure 4-12, which means that BAS-

TR has high sensitivity for low x-ray energies. The property of the phosphor used in the imaging plate IP 

that makes it operate is photostimulated luminescence (PSL). This is a material that emits light again in 

a second stimulation. The wavelength of the second light is longer than the first stimulation used. This 

sensitive material layer contains 5 µm grain size crystal of photo-stimulable phosphor of Ba: F: Br: I 

containing a trace of bivalent Eu2+ uniformly coated on a polyester support film [119]. 

 

 

 

Figure 4-11 Shows Experiment set up for Mica Crystal spectrometer. 
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The primary x-ray radiation stimulates the Eu2+ ions to an excited state of Eu3+, releasing electrons in 

the conduction band. These electrons become trapped in the empty lattice of Br ion within the crystal 

forming F-centres with defects. These F-centres are metastable and when the PSL excitation light is 

absorbed by the centres, the trapped electrons are released into the conduction band and recombine to 

Eu2+ resulting in luminescence PSL. The Image plates are read by scanners using a He-Ne laser. In our 

work, we used a Fujifilm scanner of type BAS-1800II with different resolution parameter options, 200, 

100, and 50 µm. The scanner output data in PSL is encoded on a logarithmic scale, the quantum level 

(QL), for high dynamic range: 

𝑃𝑆𝐿 = (
𝑅

100
)

2
 (

4000

𝑆
) 10

𝐿[
𝑄𝐿

𝐺
 − 

   1    

2
]
                                        4.8 

where R is the scanner resolution, L is the latitude = 5, S is the sensitivity = 4000, G is the bit depth of 

the scan = 65535 for 16 bits and 255 for 8 bit. The spectral response is calculated using the exponential 

attenuation law: 

𝐼

𝐼𝑜
= 𝑒

[−(
𝜇

𝜌
)𝜌𝑡]

                                                                   4.9 

Where Io is the incident intensity of a monochromic photon on the sensitive layer of the IP with thickness 

t, density ρ, I is the penetrated photon intensity and (μ/ρ) is the mass attenuation coefficient. From the 

NIST data [120], the mass energy absorption coefficients are available. Also from the LNBL data [121] 

the ratio I/Io has been determined as a function of incident photon energy range from 1-30 keV [121]. 

Knowing that 1 PSL = 2.5 MeV for BAS-MS imaging plate type and 1 PSL = 7 MeV for BAS-TR[122], 

therefore the response to x-ray R (photons/PSL) can, therefore, be calculated, which was found to be: - 

 

 

Figure 4-12 Shows the composition of BAS-TR imaging plate,50 µm phosphor layer thickness and 250 µm 

support layer [119]. 
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N photons =
counts × 2.5 ×106

E (keV)
                                                 4.10 

 

 

Figure 4-13 Characteristic spectrum for Al target using BAS-MS Imaging Plate detector showing two dark 

lines corresponding to Kα and K𝜷 using Mica Crystal spectrometer.  

 

A characteristic spectrum is plotted (Figure 4-13) using BAS-MS image plate data for the aluminium 

target used with the tube setting parameters, 10 kV accelerating voltage, 100 µA beam current, 180 s 

exposure time, 10.3A lens current, 0.49 kV grid voltage, 2.4 A cathode current, 10-5 mbar vacuum 

pressure. The strong emission lines were reflected by Mica crystal and recorded are for Kα and Kβ 

energies and identified using the data in [123]. Diffracted angles for these peaks were calculated using 

Bragg’s law equation 4.18 and a calibration obtained for the spectrum.  

The line width of the Kα peak was calculated by subtracting the background and then fitting a gaussian 

shape to the peak at full width at half maximum (FWHM). Figure 4-14 shows the spectrum where a line 

width of (Δλ = 0.0015nm) is determined. The Mica crystal spectral resolution determined for the 

wavelength peak of (λ = 0.830 nm) and thus the spectral resolving power (λ / Δλ = 553.3) with total 

peak intensity 221 counts /s. This value is in good agreement with theoretical values (100-2000) 

resolving power for the wavelength range (0.83 - 0.15 nm)[124][125]. In addition, Mica crystal has low 

reflectivity sensitivity in comparisons with a KAP type crystal.  
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Figure 4-14 the line width of the Kα edge peak (λ = 0.830 nm) for Al Target spectrum using Mica crystal 

spectrometer. 

 

4.4 MKI source characterization with flat KAP crystal spectrometer  

This section details the experiments to calculate the x-ray spectrum for solid targets. 

4.4.1 Methodology and results 

The experimental setup is shown in Figure 4-15 with details in the caption. The measurements data 

were obtained by using flat a potassium acid phthalate (KAP) crystal with spacing distance 2d =2.66 

nm, and reflection plane orientation (001) using an image plate (BAS-MS). An aluminium target was 

used as the x-ray source. The flat crystal with about 3 cm width, 6 cm height, and 5 mm thick was 

placed inside the aluminium housing as shown in Figure 4-16. A variation of the incident x-ray angle 

controlled by a screw holding the base crystal holder, so that the reflected ray wavelength can be 

recorded on the image plate placed with a direction perpendicular to the diffracted rays. The 

wavelengths are determined from Bragg’s law equation 4.7 with the approximate incident angle of 20o.        
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Figure 4-15 Shows the characterization of MKI source spectrum with KAP crystal experiment set-up. KAP 

crystal place inside the chamber in vacuum pressure of ( 10-5mbar) and electron beam energy of 10 keV.  

 

 

      

 

 

Figure 4-16 a) Shows the KAP crystal drawing and b) Setup of KAP crystal and image plate inside the vacuum 

chamber. 

 

The experimental results shown in figure 4.17 are for the strong line emission recorded on the image 

plate using KAP crystal spectrometer. Radiation was analysed by using Bragg equation where                

(2d = 2.66 nm) is the spacing distance of the KAP crystal. The characteristic K lines (Kα and Kβ) were 

recorded in first and second order of diffraction. The calibration of the spectrum was performed using 



89 
 

Bragg’s equation and the data in the reference [123]. Figure 4-17 shows the calibrated characteristic 

peaks for an aluminium target at diffraction angles.  

 

 

 

 

Figure 4-18 The spectrum for the carbon target using KAP crystal spectrometer, the strong line for the 

graphite K𝜶 line edge appears in the imaging plate (right). 

 

 

The spectrum displayed the structures of the peak at λ= 0.830 nm and the continuum radiation 

(bremsstrahlung). The background subtraction and the line width of the peak were calculated by fitting 

a gaussian shape at FWHM. From figure 4.17 the determined line width was Δλ = 0.0135 nm, and that 

 

Figure 4-17 X-ray spectrum, K𝜶 & K𝜷  peaks plotted for an Al target, diffracted by a KAP crystal onto image 

plate. 
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relates to the KAP crystal spectral resolving power of (λ/Δλ = 61.48) with a total peak intensity of 

3227.15 counts/ s. This value is in good agreement with theoretical values (1-94) resolving power for 

the wavelength range (0.45 - 0.62 nm)[124,125]. Therefore, the KAP crystal has higher reflectivity than 

Mica crystal but lower resolving power. Energy spectrum calibration was determined for both available 

targets by replacing Al with C target and using the same tube parameters. In addition, Figure 4-18 shows 

the graphite spectrum where the K𝜶 peak (278 eV) energy and the diffraction angle determined to be 7o. 

The image plate shows a strong line for the graphite target.    

4.5 Source intensity experiments with Si-PIN photodiode detector   

This section details the experiments to determine the source yield using a photodiode detector. 

4.5.1  Methodology and results  

The experimental setup is shown in Figure 4-19. X-ray intensity calculations for the polychromatic 

electron impact source were obtained using a Si-PIN photodiode detector cooled by a Peltier element. 

A charge sensitive preamplifier and a linear main amplifier with pulse shaping electronics are all 

integrated into the detector housing (LD Didactic) as shown below. 

 

Because the experiment was performed in air at room temperature and pressure a compensation of the 

photodiode and air filter absorption along with a detector efficiency used in the experiment was 

calculated using data in NIST [120]. The amplifier, multi-channel analyser (MCA) and Cassy software 

[126] were used to record and analyse the spectrum. A silicon nitride window of 1.0 × 1.0 mm 

 

 

Figure 4-19 Shows the experiment setup for Si-PIN photodiode detector with Cassy amplifier circuit on the 

right. The yellow arrow shows the direction of the x-ray radiation.  
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dimensions, 100 nm thickness, coated with 20 nm aluminium on both sides was used to separate the 

electron gun vacuum chamber, set at 10-5 mbar, from the room atmosphere. This window was placed 

with vacuum glue on a flange containing a 1mm diameter hole as shown in Figure 4-20 below. This 

window has a high-pressure difference, and resistance, as it is used to separate the electron gun chamber 

from the room environment. Another important property is that it is made from very low attenuation 

material, to reduce the yield reduction. 

 

 

 

Figure 4-20 Silicon nitride (Si3N4) window 1.0 × 1.0 mm, 100 nm thickness and coated with 20 nm 

aluminium on both sides, glued on the stainless steel flange. 

          

According to the Si-PIN photodiode detector specification data [127], the gain was set at (6 e)/ counts), 

so we can calculate the x-ray yield by following the steps below: - 

 

1. The number of electrons generated per x-ray photon absorbed = photon energy (x-ray) eV / 3.65.   

Since we have a photon energy of 1.5 keV, the total generated electrons = 1500/3.65 = 548 electrons 

per photon. 

2. The quantum efficiency (QE) for this type of detector around 95% at 1.5 keV, so we will need 1.176 

photons to generate the above number of electrons.  

3. Using the device gain of 6 for one count, result in 410/6 = 86.3 total counts per photon. 
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Counts per seconds were recorded and the reduction in the intensity calculated using the exponential 

attenuation law:   

𝐼 = 𝐼𝑂 𝑒−𝜇𝑥                                                                      4.10 

Where I is the x-ray intensity at depth x, Io the initial intensity and μ the linear attenuation coefficient 

of the medium. The x-ray beam attenuation occurred at different material layers before the incident on 

the Si photodiode detector. These layers are carbon, aluminium, Silicon nitride Si3N4 window and air 

elements. Using the data available at NIST [120], for the linear attenuation coefficients and layer 

thicknesses, the final intensity was recorded I. X-ray yields for different electron beam energies (powers 

W) were recorded at 300s exposure time for each shot and are plotted in Figure 4-21a. It shows as 

expected that the intensity increases by increasing the electron beam powers. 

 

 

Figure 4-21 a) X-ray spectrums shows the intensity variation versus beam energies, b) Intensity integrated for 

each spectrum versus beam powers. 

 

The total intensity produced calculated by integrating over the whole frequency range in Figure 4.2a 

plotted in Figure 4-21b, is proportional to atomic number Z and accelerating voltage V. According to 

Michette A. [1] the efficiency of the x-ray production  increases by increasing Z  and V (E eV) and 

given by:   

ϵ = (x-ray power) / (electron beam power)                                        4.11 

Where ϵ  ≈ 0.92 × 10-11 ZV  a cording to [1,69], So that, the intensity linearly increasing with electron 

beam power as shown in Figurer 4.2a. 
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4.6 X-ray source size measurements (knife edge technique) 

This section details the source size measurements. 

4.6.1 Methodology and results. 

The experimental set-up is shown in Figure 4-22. The focal spot size distribution from the x-ray source 

is an important parameter for uses in imaging.  

 

 

Figure 4-22 Shows experiment set up for spot size measurements. 

 

The electron beams focal spot size and resulting x-ray intensity distribution will profoundly affect the 

system’s resolution characteristics. Therefore, a precise measurement of the source size is necessary to 

estimate the system’s resolution transfer properties [128]. Two methods have been used to determine 

the x-ray spot size, which involves observing the penumbra effects of the source when opaque sharp 

edges are placed in the x-ray beam path (knife edge technique) [129]; 

Frist method: The detector is placed at 29.4 cm from the sample to achieve a magnification factor of 2 

for these measurements. The detector type is a PI-MTE: 2048B camera incorporating a back-illuminated 

CCD without AR coating for low-energy x-ray detection. The camera features 13.5×13.5 µm pixels, 

offering a large imaging area size, and very high spatial resolution and dynamic range (16 bits) [115].  

                    



94 
 

 

Figure 4-23 a) Image of the knife edge b) Edge spread function ESF computed from the image (a) and c) Line 

spread function LSF obtained by numerical differentiation of the ESF.  

  

A high absorption stainless steel knife-edge (32.4×15.5 mm) was placed at 29.2 cm from the source, 

with a thickness of 400 µm, perpendicular to the x-ray beam path. Several images were taken until 

optimisation (x-ray device operating parameters for the best image taken) of the system was achieved. 

A small square box was selected along the edge surface in the recorded image as shown in Figure 4-23a. 

The profile plotted and its edge spread function (ESF) was calculated, Figure 4-23b. The ESF is 

numerically differentiated to yield the line spread function (LSF), Figure 4-23c. The LSF is in turn equal 

to the projection of the x-ray emission intensity of the source integrated parallel to the edge [130]. A 

calibration for the source size dimensions was performed to convert pixels to µm units. The 

magnification of the system set-up was calculated. Fitting a Gaussian function to the LSF data enabled 

the full width at half maximum (FWHM) to be computed, where the source size measured using                 

(c = 2√ln2/ FWHM) where c is the standard deviation.   

Second method: A line of best-fit LBF, in which the source size is measured by fitting a straight line to 

the knife edge scan data for ESF over a range of transmitted flux intensities from 80% to 20%. The 

source size was calculated by dividing the reduction in the flux (ΔF) by the gradient of the line. 

Comparison between these two methods was performed for a range of different x-ray source parameters 

as shown in Figure 4-24,  which shows the effect of changing the magnetic lens strength in ampere turns 

AN, on the x-ray source size diameter.   
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Figure 4-24 Comparison of two methods LSF and LBF, to determine the x-ray source size. The x-ray tube 

parameters are; acceleration voltage 10kV, grid voltage 0.540 kV, the cathode current 2.729 A, and vacuum 

pressure. 7.5×10-5 mbar, exposure time 10s. 

 

The flat part in Figure 4-24 above (≈ 10-12 A) represents the saturation of the magnetic lens where 

increasing the current has no effect on the measured x-ray source size. According to the system design, 

the distance between magnetic lens aperture and the surface of the target is fixed at about 5 mm as 

shown in Figure 4-25b. In addition, the measurement of the x-ray source size was investigated by 

varying the electron beam accelerating voltage and holding the magnetic lens strength unchanged, 

Figure 4-25a.  

 

 

   

 

Figure 4-25 a) The effect of varying the electron beam energy on the measured x-ray source diameter and a b) 

picture showing the Al target and magnetic lens aperture.  
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In these measurements, we show that increasing the accelerating voltage will cause an increase in the 

focal length of the electron beam and lead to variations in the measured x-ray source spot size. In Figure 

4-25, the beam at 7.5 keV energy was focused in front of the aluminium target shown in Figure 4-25b 

and the electron beam divergent from this point hit the target with a spot size diameter 41.5 × 50.6 µm2 

(FWHM) measured in vertical and horizontal directions. 

 

 

 

Figure 4-26 Shows the effect of increasing electron beam energies incident on angled target (to produce small 

x-ray source) on the FWHM of the x-ray source sizes measured in both horizontal and vertical directions.  

 

By increasing the electron beam energy (accelerating voltage), the focal point moves towards the 

aluminium target until at 8.5 keV it has a minimum (FWHM) of ≈ 26.1 × 47.9 µm2. For higher 

accelerating voltage values, the electron beam has larger diameter again. Figure 4-26 shows the 

experimental measurements for source spot sizes measured in horizontal and vertical directions of           

x-ray beam size diameter (FWHM) when varying the electron beam energies (7-10 keV). 

 

4.7 Simulation of the MKI electromagnetic lens    

The Field Precision TriComp. 5.0 program was used to simulate the MKI single pole magnetic field 

[131]. The electromagnetic lens was drawn in AutoCAD and then a structured mesh constructed by the 

MESH program Code. Finite element magnetostatic analysis was carried out using the program 

PERMAG Code. Figure 4-27 shows the magnetic field distribution along the central lens axis, a few 
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millimetres beyond the lens aperture and the focused electron beam in front of the lens generated by a 

tracking code (Appendix A). The maximum field strength was found from the simulation to be 0.1 

Tesla, compared to our maximum experimentally measured value 0.145 Tesla.  

 

 

Figure 4-27 a) Modelling of an MKI electromagnetic lens module showing the magnetic field strength lines, b) 

Simulated electromagnetic field B at the lens aperture for MKI lens, c) electron beam paths (blue lines) using 

field precision Monte Carlo code [39]. 

 

 

4.8 Monte Carlo simulations of the MKI x-ray source   

“Casino” is a Monte Carlo software program acronym, derived from the words (monte CArlo 

SImulation of electroN trajectory in sOlids), and was used to simulate the low electron beam energy 

trajectory interactions in bulk and thin foil [132]. It was also used to determine the x-ray signal 

generated and the backscattered electron flux. When an electrons strikes the solid target surface, these 

electrons are scattered elastically by material atoms, changing their direction before reaching zero 

velocity. Most of these electrons are scattered with small angles, as a result of electrostatic interactions 

with the atoms orbital electrons and distributed in a gaussian manner. Most of their energies are 

dissipated in heating the target. Some of the electrons are deflected by large angles up to 180o when 
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they come close to atomic nuclei (Rutherford backscattering). In this case, energy is conserved as a 

result of the large mass difference between electrons and nuclei. Figure 4-28 shows the calculated            

x-ray spectrum produced by an electron beam incident on an aluminium target using the quantitative x-

ray microanalysis DTSA-II software [133]. It shows a “standard” x-ray spectrum where the K-edge 

peak is superimposed on the continuum radiation (Bremsstrahlung). Figure 4-29 shows the spreading 

of the large volume of interaction for a 1µm diameter electron beam incident on a target at 45o for three 

different targets, aluminium, carbon and titanium. This incident angle results in an elliptical shape on 

the target surface with the large horizontal axis. The scattered electrons make a halo shape of radially 

decreasing intensity, causing broadening of the interaction volume. 

 

 

 

Figure 4-28 Calculated X-ray spectrum of 10 keV electron beam incident on AL target using DTSA-II software package. 

 

Figure 4-29 also presents the percentage of the electron beam energy absorbed as heat load on the 

surface of the target. Figure 4-30 shows the electron beam with energy 10 keV incident on the three 

different targets. The primary, secondary scattered electrons and backscattered electron beam track are 

presented.   
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Figure 4-30 Monte Carlo simulation of 10 keV electron beam bombardment targets of Al, C, and Ti at 45o. The blue 

and yellow lines show primary and secondary scattered electrons while the red show backscattered tracks. 

 

 

 

Figure 4-29  The percentage ratio of the absorbed energy in Al target, energy contour lines for 10keV e-beam 

energy moulded. 
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4.9 X-ray source size simulation  

Figure 4-31 presents the calculated intensity distribution of x-ray emission generated in the longitudinal 

and radial directions (the source size dimensions). The simulated source size for 10 keV energy 

(FWHM) is less than 1 µm in radial distribution, but due to an extended long tail at low intensity, the 

source size became less than 5 µm. 

  

Thus, from the x-ray intensities in two directions, the source size can be calculated vertically from the 

electron beam intensity distribution and horizontally by the penetration depth which is dependent on 

the electron beam energy and heating properties of the material used as a target.  

4.10 Conclusion  

In this chapter, we reported on experimental measurements for the electron impact source MKI. The x-

ray spectrums for two solid targets (Al, C) were recorded using Mica and KAP crystal spectrometers. 

The Characteristic spectrum for the aluminium target was found using BAS-MS Image Plate with two 

dark lines observed corresponding to Kα and K𝜷.The line width of Kα peak in the spectrum was also 

measured. Source intensities were recorded using image plates, Si-PIN photodiode, and CCD camera. 

The integrated flux measured for different electron beam power was in the range 103-104 photon/s. The 

source sizes were measured using the knife edge technique. The measurement of the x-ray source size 

was investigated by varying the electron beam accelerating voltage and holding the magnetic lens 

 

Figure 4-31 X-ray source size simulation of Al target in the vertical and horizontal directions. Left: x-ray 

intensity in the direction of the electron beam. Right: radial line emission intensity. Since the numbers are 

much smaller than the measured x-ray spot size ≈ 13 µm in section 0, the major effect on the x-ray source size 

is likely to be the electron beam dimensions. 
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strength unchanged. At 7 keV electron beam energy the x-ray source size measured was (FWHM)     

41.5 × 50.6 µm2 determined in vertical and horizontal directions. 

Optimisation and source MKI performance were investigated by changing the vertical distance between 

the grid and cathode filament position [39]. Grid voltage effects on the cathode filament current were 

experimentally studied and total target current determined to be 240 µA. Electron beam heat effects 

were calculated and validity of using aluminium and carbon target verified. In addition, electron beam 

penetration ranges for the different atomic number (Z) materials with maximum power applied for some 

given beam diameters was calculated. Simulation of the electromagnetic lens to calculate the B-field 

strength and comparison with the measured field was obtained. The maximum field strength was found 

from the simulation to be 0.1 Tesla, compared to our maximum experimentally measured (by using 

digital Gaussmeter) value 0.145 Tesla. Expected x-ray spectra were also simulated and showed that 

smaller x-ray spot sizes can be obtained when we have smaller electron beam incident on the target.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 

5   Development of a new x-ray source, MKIII 

This chapter focuses on the development of the third generation of microfocus x-ray source (MKIII). 

This source is intended to be used as a soft x-ray microprobe for radiobiology studies [108] and [39]. 

The uniqueness of MKIII is a microfocus soft x-ray source with interchangeable targets which will 

provide a superior spatial resolution and control of the dose delivered to irradiated cells. The new design 

of MKIII was done by previous researchers group at King’s college London [39] and that puts 

constraints on the developments of the new magnetic lens design because of the small size of the 

chamber designed. This small size has forced us to reduce the lens size of the magnetic lens designed 

in order to fit it in the system. Although, the new lens was successfully designed, tested and fitted with 

the system. Source characterization of the spectra and intensities is required in addition to the focus 

intensities measurements. Future work of MKIII may include ascertaining the spot sizes created by 

focusing optics such as x-ray optics, zone plates, grazing incidence microstructured optical arrays and 

multilayer mirrors. 

5.1 Theory of operation for MKIII 

The customised EGG-4200 electron gun (Kimball Physics) in Figure 5-1 and its power supply       

(EGPS-4200) can provide electron beam with medium energies (1-30 keV), [52]. The electron gun 

contains a triode in which the electron beam is generated. The control panel for the power supply 

controls both the electron beam energy and current.  

 

 

 

Figure 5-1 Electron gun EGG-4200 shows the anode surface (orange). 
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5.1.1  Electron gun power supplies circuit  

The three active parts of the triode are the cathode, Wehnelt (grid) and anode (grounded). Electrons 

emitted from the cathode are accelerated by the electric field between the cathode and anode. With the 

use of electron optics (Figure 5-2), the electron beam can be focused on the target. The system power 

supply (30 keV) contains a group of modular power supplies for the different required voltages. Both 

the power supply and Wehnelt (grid) are based on negative high voltage (-30 kV). The electron beam 

can be focused by user controlled electron optics. 

 

 

 

 

Figure 5-2 Diagram of the electron gun and power supply MKIII, showing the electrodes power supplies and 

the pulsing unit connected to the grid voltage circuit and controls on electron beam emitted from the cathode 

surface  [52]. 

 

 

5.1.2  System specification  

The electron gun must run in the vacuum between ≈ 10-11-10-5 mbar. Table-1-5 shows all the possible 

operating parameters. This system has approximately 4 times higher current than the MKI device. 
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5.1.3 Cathode  

Lanthanum hexaboride (LaB6) is the cathode used as the thermionic emitter, powered by a referenced 

voltage source to the power supply is shown in Figure 1-3. The emission current from the cathode 

surface depends on the surface temperatures and obeys the Richardson-Dushman equation (more details 

in section 2.2.1.). This type of cathode consists of a single crystal with a diameter of 150 µm, having a 

lifetime of thousands of hours in high vacuum conditions. The guard ring cathode has a 533µm outside 

diameter with a 150 µm LaB6 emitting surface. 

 

 

 

 

Table 5-1 Electron gun specification. taken from [52]. 

 

 

Figure 5-3 LaB6 cathode assembly showing crystal head left and emitting surface right. taken from [52] 
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5.1.4 Wehnelt (Grid) 

The grid is at a negative voltage controlled by a power supply. When increasing the grid negative 

potential, the electric field between the cathode and the grid suppresses the electron emission from the 

cathode perimeter, leaving only the centre of the cathode to emit the electrons. The grid aperture size is 

0.75 mm shown in Figure 5-4. Increasing the grid voltages further can cut off the electron beam current. 

Figure 5-4 also, shows that the cut-off can occur at different grid voltages for different beam energies.  

Thus, these voltages can be used to make the electron beam pulse when required. As explained 

previously in section 2.5.3, the grid electric field can control the electron beam divergence by changing 

the electron beam trajectory. The efficiency of the electron beam creation can be adjusted with the grid 

voltage. The ratio between the beam current (actual current leaving the gun) and the emission current 

leaving the surface of the cathode is used as the best indication of the operating mode of the gun when 

it has the maximum value for a range of different grid voltages [52]. 

 

 

Figure 5-4 Left: The effect of the grid voltage on the beam current and the cutoff at different electron beam energies 

(1-30 keV). Right: grid assembly and cathode inside it, taken from [52]. 

 

5.1.5 Anode 

The anode is situated downstream of the Wehnelt (grid) and is at ground potential. The potential 

difference (electric fields) created between the cathode and anode is modified by the Grid and has an 

effect on the electron beam trajectory and energy. The anode aperture diameter size is 1.5 mm        

(Figure 5-5).  
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Figure 5-5 MKIII anode. taken from [52]. 

 

5.1.6 MKIII Control Panel 

A small unit for the electron gun EGPS-4200 power supply with a digital screen can provide a control 

on the electron beam accelerating voltage (0-30 kV), emission current, cathode source voltage and grid 

voltage ( Figure 5-6). 

 

 

 

Figure 5-6  Front panels of EGPS-4200 electron gun power supply [52] 
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5.1.7 MKIII Target Design   

According to the calculations made in section 4.1 for the target heating problems, it was found that 

the suggested cooling system, (liquid nitrogen) used to remove the heat produced at the surface of the 

target material is not suitable. This is because nitrogen boil-off could damage the transfer line if its 

temperature goes above room temperature, leading to a damage to the rest of the system. This led us 

to design a new target holder using a water cooling system. Targets are designed according to heat 

calculations in section 4.1. 

 Figure 5-7 shows the target and target holder made of copper material due to it is the high melting 

point (1000 oC) and good thermal conductivity, with a stainless steel transfer line. 

 

 

 

5.1.8 Target positioning / UHV Multi base device 

The MultiBase in Figure 5-8 provides repeatable axial alignment on the x and y-axis.  The device offers 

true UHV performance and provides 10 mm movement in both axes, equating to a vector of 14mm 

[134].  

 

 

Figure 5-7 Left) MKIII new target design (Al, Ti, C and Cu) materials. Right,) target holder (Cu). 
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Figure 5-8 MultiBase manipulator in x, y and z-axes. Taken from [134]. 

 

 

The MultiBase design includes two parallel flanges, one remains fixed, whilst the other provides the 

movement. The device works by adjusting the position of the travelling flange in relation to the fixed 

system mounting flange. The positioning of the travel flange is controlled through two external lead-

screws, one for each axis of movement. A linear and micrometre style scale for each axis, resolving to 

0.01mm increments, indicates the position of the travelling flange/ target.  

 

 

5.2 Monte Carlo Simulation of MKIII electron gun and magnetic lens 

Design and optimisation of the electron gun device and the magnetic lens were performed using the 

Field Precision TriComp 5.0 suite of programs [131]. It produces a good approximation of the electron 

beam spot size of about 30 µm diameter. It appears that changing the electrode parameters has a great 

effect on the electron beam size and the focal length of the magnetic lens.  
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The program uses finite-element codes to generate field solutions for 2D planar systems or 3D 

cylindrical design geometries [131]. The simulation procedure of the MKIII x-ray microbeam device 

followed the pathway shown in Figure 5-9 the process involved the following steps: 

1)  Create a Mesh input file (.min) for the system. 

2)  Use the Mesh program to generate the computational mesh from the (.min) file.  

3) create an EStat input file (.ein). 

 

4) Use the EStat program to generate an electrostatic field solution from the Mesh output file (.mou) 

and the (.ein) file. 

5) create a Track input file (.tin). 

6) Use the Track program to generate a particle tracking solution from the EStat output file (.eou) and 

the (.tin) file. 

There is no mention of BStat code or corresponding input and output files in the pathway shown in 

Figure 5-9, as the magnetic lens was not added to the system at this stage. The flow diagram above 

 

 

Figure 5-9 Pathway for simulation of electron gun MKIII system electrodes using TriComp5.0 code. 
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indicates all the codes used in the TriComp suite of program and input and output files in simulating 

the electron gun and magnetic lens of the MKIII x-ray microbeam device. 

 

5.2.1 Generating a computational mesh for the MKIII electron gun 

The key task in generating a computational mesh of the system is the formation of a mesh input file 

(.min). However, in order to construct such a file geometrical information about the system is required. 

The dimensions and relative positions of elements within the electron gun were found from a scale 

drawing of the “EGG-4200” electron gun system as shown in Figure 5-10. A comprehensive view of 

the mesh code can be viewed in Appendix A. 

 

 

 

 

 

 

 

 

 

Figure 5-10 Unit of MKIII electrodes dimensions, showing the dimensions of the cathode, grid and anode 

apertures. Taken from [52] 
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5.2.2 Generating a particle tracing solution 

In order to generate a particle orbit solution for the system using the Track code, the requirements are 

a field solution output file which in this case is an electrostatic field solution file (.eou), and a Track 

command script input file (.tin). The field solution, in this case, was an electrostatic field solution only, 

i.e. the (.eou) file generated from the (.ein) file. Figure 5-11 presents simulation results. 

 

 

The figure on the right represents the electron beam density as it approaches a maximum value close to 

the cathode surface, then starts to decrease along the path to the anode. The figure on the left shows the 

effect of the electric field between cathode and anode. It accelerates the electrons towards the anode. 

The grid moderates the electric field and suppress and focuses the electrons in front of the grid       

(Figure 5-11). 

 

5.2.3 Studying the effects of Wehnelt (grid) potential variations on the total emitted 

current. 

Due to the relative position of the Wehnelt grid to the cathode emitting surface, it was anticipated that 

by making the grid potential more negative the beam diameter could be reduced due to the increasing 

coulomb of repulsion supplied to the beam electrons by the grid potential. 

 

Figure 5-11 Left: The calculated electric field between electron gun electrodes (cathode C, an anode, and grid) 

and emitted electron beam path (blue).  Right: electron beam density along its path from cathode surface to 

anode.    
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Optimisation of the electrode parameters to minimise the beam diameter was conducted and the results 

are presented in Figure 5-12. The cathode voltage was set at (-2.8 V) and the anode at (10 kV). It shows 

that decreasing the negativity of the grid potential increases the total emitted current. 

 

5.2.4 Comparison between computational and experimental results 

The experimental and modelling results are presented in Table 5-2. The results show expected total 

emission current (TEC) with the variation of three parameters: anode potential (kV), a cathode (V) and 

grid (V). The physical tests were mirrored by the simulation in the computational model and the results 

compared. The results from the physical and simulation tests differ considerably, with the 

computational model having a lower TEC than the physical model. Because of the limited time for 

using the software, there has not been a significant improvement of the model to get a satisfactory 

similarity or verification between the model and physical system.  

 

Figure 5-12 Shows the computational effect of grid potential on the total emitted current (A). 

 

Table 5-2 Achieved values of the total emitted current TEC in (mA) for a variety of differing potential conditions 

when tested on the physical MKIII x-ray microbeam device system compared the computational model of the 

system to the same voltage settings. 
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5.2.5  Generating of BStat and PerMag files for magnetic lens 

The design of electromagnetic lenses by creating a PerMag file is a versatile numerical to start 

creating a PerMag script from TC (TriComp program launcher). The blank screen and status bar 

indicate the program is waiting for input. 

Where H is the magnetic field intensity, (H0 = B0/µ0). The three step reminder in the magneto-static 

solution is as follows: - 

1. Set up program controls and material properties. 

2. Generate and solve the finite-element equations.  

3. Analyse the solution. 

The input values in the three regions should be: -  

 Region 1. Air: µr= 1.0. 

 Region 2. Iron, a non-linear material with a relative magnetic permeability defined by the values 

in the file SOFTIRON.DAT (Figure 5-13). 

 Region 3. The drive coil section with µr = 1.0 and current -20,000 A-turn. The total drive current 

amplitude for the H-magnet is 40,000 A-turn. Figure 5-13 shows the geometry of mesh and 

magnetic calculation.  

 

 

 

Figure 5-13 Left: Geometry for the H magnet calculation. Right: Mesh for H magnet calculation for 

magnetic lens dimensions in mm. 
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5.2.6  Results and conclusion of running the PerMag code for magnetic lens 

Testing different designs of the magnetic lenses for focusing the electron beam on the targets with small 

spot sizes can be done using the PerMag code, but due to the limited time of using this software, the 

results below ( 

Figure 5-14) are not totally verified and require experimental testing.  

Also, we studied the effects of variations of the parameters (coil turns, emission current, and pole 

geometrical shapes) on the strength of the magnetic flux B at the lens aperture. The strength of B has a 

major effect on the electron beam diameter and on the focal length of the lens. Increasing a value of B 

that is too high led to a total stopping of the electron beam. Thus, by adjusting this value of B the 

preferred electron beam position and diameter could be obtained.  

The design in  

Figure 5-14 shows that the magnetic lens poles, using a 700 A. turn coil with 12 keV electron beam 

energy produce an electron beam diameter size about 0.178 mm and a focal length of   6.9 mm. The 

increase in the strength of the lens coil in A-turns will decrease the beam diameter for giving parameters 

(Figure 5-15). 
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Figure 5-14 (A) Shows the electron gun electrodes, the electric field flux contour, and cathode emission 

current, (B) the magnetic flux lines density and B strength at the aperture of the magnetic lens and electron 

beam convergence along the lens axis (blue line) in (C), calculated by using field precision code [131]. 
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Figure 5-15 Left: The calculated electron beam spot size vs lens I.N (A-Turns) for 12 keV electron beam energy. 

Right: The Lens focal length vs lens I.N (A-turns) for 12keV beam energy. 

 

 

 

 

Figure 5-16 Left top: Shows the calculated magnetic field flux at the lens aperture and the electron beam spot 

size versus lens strength I.N (A-turns). Right bottom: The electron beam diameter and focal length vs lens 

strength for 12 keV electron beam energy. 

 

Another design had been tested (Figure 5-16) for the magnetic lens poles using a 630 A-turns coil with 

12 keV electron beam energy. The minimum beam diameter obtained is 0.177 mm and the focal length 
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is 3.5 mm. Data was collected for different parameters. According to the calculation above, the new 

magnetic lens design was predicted and designed using SolidWork software as shown in Figure 5-17. 

Full drawings with dimensions for the magnetic lens are in Appendix B. 

 

 

 

Figure 5-17 The new design of the magnetic lens, with the inner pole aperture (green) of 2 mm aperture 

diameter and outer pole (blue) of 10 mm diameter.  

 

5.3 Air coil magnetic lens simulation 

Simulation of the electromagnetic lenses used to focus the electron beam on the sample to a spot size 

of about 10 nm was predicted using the particle tracking module of the COMSOL multi-physics 

software [135]. Electrons are released from near the left boundary of the space and pass through a 

collimator. The DC coil generates a rotationally symmetric, inhomogeneous axial magnetic field, which 

can force non-axial electrons to spiral about the axis. With the high perpendicular component of their 

velocities on the axis, the radius of their helical/spiral paths decreases. Therefore, the parallel beam of 

electrons entering the air coil lens will converge to a point. In this simulation, the equation of motion 

of charged particles (Lorentz Force) in a magnet field was solved: 

𝑑

𝑑𝑡
(𝑚𝑣) = 𝑞(𝑣 × 𝐵)                                                              5.1 

Where the particle charge in units of coulombs is q, v is the velocity of the particle in m/s, and B is the 

magnetic density in tesla. The work done on all particles by a magnetic field is zero.  
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𝑑𝑊

𝑑𝑡
= 𝐹. 𝑣                                                                            5.2        

W is the work done on each particle (N/m) and F is the force on the particle. The starting parameters 

were with the coil lens inner radius 7.5 mm, outer radius 10 mm, particle accelerating voltage 10 kV, 

coil current 0.15A and the number of coil turns is 10000. The focal length is given by:  

               𝑓 = 𝐺 [
𝑉

𝐼
]                                                                          5.3 

Where G is a constant depending on the coil geometry and number of turns, V is the accelerating voltage 

and I is the coil current. Thus, the lens focal length increases linearly with V or with the electron velocity, 

because the electron beam spends less time in the magnet lens field when it has a high energy. Though, 

as the coil current increases the magnetic field strength increases, so the electrons trajectory curves 

faster taking the focal length closer. With the parameter trajectory given above, the magnetic flux 

density plotted in Figure 5-18. 

 

 

 

 

Figure 5-18  Left: Plot of the magnetic flux density in the magnet lens (air coil). Colours bar for magnetic flux density in 

tesla. Right: plot of the magnetic flux lines in the lens (red lines), where the coloured bar is the time taken for particle 

trajectories to travel a specific distance. 
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The variation of the electron beam diameter gives a measure of the focal length of the lens as shown in 

Figure 5-19. The benefits of these simulations are the ability to study the effect of changing the lens 

parameters (coil inner and outer diameters, coil length, current and electron beam accelerating voltages) 

of the electron beam diameter. In addition, the maximum magnetic flux that can be produced and the 

geometrical dimensions of the coil and as a result, the magnet lens dimension and the spot size of the 

electron beam can be determined. The importance of these parameters in the designing of the magnetic 

lens can also be determined. 

 

 

 

 

Figure 5-19 Left) Plot of the electron trajectories travelling through the magnetic lens. Colour bar for a particle 

trajectory time in seconds. Right,) Plot of the particle location in the x-y –plane initially (red), at the focal point 

of the lens (blue) and the last time step (black). 
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5.4 Theory and design of the magnetic lens  

At the end of the nineteenth century, it was discovered that an axially symmetric magnetic field has a 

focusing effect on an electron beam in a cathode-ray oscillograph, which acts as a lens. The effect is 

similar to that of a glass lens on light [43]. This effect was first investigated by Busch in 1926, both 

theoretically and experimentally [136]. He realized two results; first, he found that the focal length of 

the lens decreases with an increase of the magnetic flux density, secondly, he discovered that for a lens 

made from a coil wrapped around a ferromagnetic yoke (iron), the concentration of the magnetic flux 

by the iron yoke makes it a very effective lens. For example, if electrons emerge at various angles from 

a certain point on the z-axis, in a uniform magnetic field, the helical paths of more or less equal pitch 

meet again at another point on the axis [58]. The action of the magnetic field on a pencil of electron 

paths is shown in Figure 5-20, where the motion of each electron consists of drift along the z-axis and 

the angular motion in the plane perpendicular to this axis.  

 

 

 

Figure 5-20 Drawing of Helical paths of electrons in a uniform magnetic field of axial symmetry: a) side view; 

(b) axial view. Redrawn from [58]. 

 

 

When the electron path is along a radius of a circle, lying in the x-y-plane perpendicular to the 

propagation direction, this can be given by the equation [137]. 

 

                         𝑅 = 3.37 ×  10−6 × 𝑉𝑜
1/2/𝐵          [m]                                                  5.4  

 

Where Vo is the potential corresponding to the initial velocity of the electron, B is the magnetic field 

and 3.37 × 10-6 = [2/(e/m)]1/2. The pitch height (h) in Figure 5-21 is found to match with a focal length 

determined by the magnetic field. 
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The value of the focal length depends on the electron velocity component vo along the z-axis and the 

period of the electron circulation along the circle   

 

h= vo× T= vo × 2π/ωc                                                                                                    5.5 

 

 

 

Figure 5-21 Electron path with a uniform magnetic field. A helical line of pitch h is circumscribed on a cylinder 

of radius R. Redrawn from [58]. 

 

Where T is the period of electron circulation along the circle 2R. It is found that the electrons emerging 

from the z-axis with same velocities at angles less than 10 degrees define the focal length with an 

accuracy of up to 1.5% [58]. 

 

5.4.1 Types of magnetic lenses 

Using the magnetic lens, we can produce a region of the axially symmetrical magnetic field. Subject to 

how this region of the field is produced, the shape of the magnetic coils, their possible shields, pole 

pieces and on the value of the magnetic induction, we can differentiate many types of magnetic lenses.      

Figure 5-22 shows us the shape of Bo (z) magnetic field for typically non-shielded magnetic lenses. 

From these types, only the solenoid lens (a) has broad applications. In Figure 5-22 the magnetic field 

Bo (z) is plotted for several kinds of coils and the effect of shielding surrounding the coil by a 

ferromagnetic material or magnetic circuit for the coils with ferromagnetic material, the Bo (z) 

distribution can be seen in (a) and (b). Pole pieces are shown in Figure 5-23 (d and e) are used to 
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increase the induction near the gap (lens aperture). The coil consists of two separate windings in which 

the current flows in opposite directions (c) and are called Stabenow’s coil [58,138]. This coil does not 

cause rotation of an image with respect to the object. In the magnetic lens, there is no change in the 

electron energy in the lens region. To avoid using a current supply, we can use a permanent magnet to 

make the magnetic lens.  

 

Figure 5-22 Distribution of the magnetic field B0 (z) of the induction of a magnetic field of;( a) Long solenoid; 

(b)a single-turn solenoid; and shielded magnetic solenoid coil (c). Redrawn from [54]. 

 

Figure 5-23 Shielded magnetic coils and the magnetic field B0(z) distribution they produced, (a) coil 

partially shielded; (b) coil with a gap(s); (c) Stabenow’s coil; (d,e) shielded coils with pole pieces. 

As seen the field became narrower and has more strength with increasing magnetic material. 

Redrawn from.[54]. 
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5.4.2 Magnetic inductions on the central axis of the lens 

 In order to calculate the properties of the magnetic lens, the magnetic lens flux distribution Bo (z) along 

its axis must be found theoretically and verified experimentally. For example, for the case of the 

magnetic field of a magnetic lens made of a coil without the iron which is not saturated, the strength of 

Bo (z) is proportional to the product (N.I), where I is the current and N is the number of coil turns. For a 

lens with a gap S as in Figure 5-23e, the function of Bo (z) will be proportional to N.I/S [54]. From 

Ampere’s theorem, B (z) along the axis of the lens can be given by: 

  

∫ 𝐵(𝑧)𝑑𝑧
∞

−∞
= 𝜇𝑜. NI                                                             5.6 

Where μo = 4×10-7 N/A2 and (NI) is the ampere-turns for the coil. The NI value becomes a zero for a 

permanent magnet.  

 

5.5 Gaussian lens approximation 

 This section describes the lens properties and important parameters in magnetic lens design.  

5.5.1 Relativistic Correction 

In the magnetic lens, the force acting on the charged particles F = q (v x B) is normal to the charged 

particle velocity v, and B is independent of time. It follows that the velocity v remains invariant along 

the length of the beam trajectory. The mass of the charged particles becomes m = mo / (1-β2)1/2, where 

mo is the rest mass and β = v/c. When the accelerating voltage is V on the charged particle and the 

electron charge q, then the energy is qV in joules and the momentum is:  

 

𝑚𝑣 = [2𝑚0 |𝑞𝑉|(1 +
|𝑞𝑉|

  𝑐22𝑚0   
)]1/2                                          5.7 

 

So that the term V* can be introduced as V*=V|1+ |qV|/ (c2 2m0)) |. For example, for relativistic particle, 

and using e in place of q, so e/m0 =1.76 × 1011 C/kg; V* = V (1+0.98 × 10-6 V). The correction term for 

heavy ions of mass M0 of the same energy will be weaker [54].  

 

5.5.2 Trajectories Equation  

 

Using cylindrical coordinate variables (r, φ, z) and complex variables u = x + jy = r exp (jφ), where x, 

y are the coordinates of point M of the trajectories in the abscissa plane z and starting from an initial 

point zo on the axis (xo, yo), the angle of rotation at point z1 in the (x, y) plane is given in [54,139] by; 
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𝜃 = (
𝑒

8𝑚0   𝑉
∗)

1

2 ∫ 𝐵(𝑧)𝑑𝑧
𝑧1

𝑧0
                                                        5.8 

where the axes of orientation of (x, y) vary with z. (xo, yo) is the axis in the abscissa plane zo and (x, y) 

plane is the abscissa plane z as shown in Figure 5-24. 

 

 

 

Figure 5-24 Shows the trajectories coordinates of the electron rays (x,y) of point M in the abscissa plan z 

staring from initial plan zo on the axis (xo, yo) and the angle of rotation at point z1 is θ.  Reference axes are 

taken from [54]. 

 

5.5.3 Lens optical properties  

When the rotation of the axes by equation 5.8 is not taken into account, this will cause lens astigmatism 

for the electron beam trajectories, so that the electrons passing through the object point bo in the plane 

Zo in Figure 5-25 will converge on the same point b1 in plane Z1 and equation 5.8 remains valid for all 

electron trajectories. Figure 5-25 shows only the electron trajectories in the plane, without taking the 

rotation into account. 

 
 

Figure 5-25  Magnetic lens astigmatism. Electrons passing through point bo in plan Zo will converge in 

point b1 in plane Z1. Ao and A1 are the object and image points (focusing point). Taken from [54]. 
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5.5.4 Busch equation for a thin lens 

An estimation of the focal length of a magnetic lens can be found simply when the focal length is 

compared with the axial extent of the field. This type of lens is called a “thin lens” or a weak lens and 

the focal length is given by [137]: 

 

1

𝑓
=

𝑒

8𝑚𝑉∗  ∫ 𝐵𝑧
2  𝑑𝑧

+∞

−∞
                                                    5.11 

 

This equation is usable for low electron energies (not relativistic electron energies), but corrections 

should be made for relativistic energies [137]. The magnetic field intensity variation along the axis Bz 

(z) is a function of magnetic lens design and geometry. From the Busch equation 5.11 above, the focal 

length depends on the integrated Bz squared and a stronger flux on the axis of the lens results in a shorter 

focal length.  

  

 

Figure 5-26 shows the case where Ao and A1, the object and image, are at a large distance from the lens 

field B(z) so that the corresponding equation can take the standard form: 

 

          
1

AO
+

1

A1
=

1

f
                                                                 5.12 

 

 

 

 

 

Figure 5-26 Magnetic field distribution B (z) and focusing point A1 (image) for a thin lens. Where the thin 

gaussian shape line is the magnetic field strength B (z) and flatted gaussian shape line is the electron 

beam path from Ao to A1 point. Taken from [54]. 
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5.5.5 Mathematical model of lens magnetic flux (Glaser Model) 

The flux density distribution along the z-axis of a circular current (single wire loop) can be calculated 

using Ampere’s Law: 

𝐵𝑧 = 𝐵0 /[1 + (
𝑧

𝑅0
)2]𝛿                                                    4.13 

where B0 is the maximum flux density in the centre, R0 is the radius of the loop in Figure 5-27, and δ = 

3/2 is a constant. Glaser proposed to present the field of any magnetic lens by taking the empirical 

values for R0 and δ, and for the half-width 2a of the experimental field distribution [137]. For a particular 

case R = a (where a is the half-width or radius of the hole bored in the pole faces, and assuming                   

δ = 1 the above equation becomes[140]: 

  𝐵𝑧 =  𝐵0/[1 + (𝑧/𝑎)2]                                                   5.14 

For this distribution, Glaser has derived a formula for all of the lens properties and the focal length he 

obtained is:  
1

𝑓
=

1

𝑎
𝑠𝑖𝑛

𝜋

√Ќ2  +1
                                                         5.15 

Ќ2 is the Glaser’s magnetic lens strength parameter or excitation parameter  

 

  Ќ𝟐  =
𝑒 𝐵0

2 𝑎2

8𝑚𝑉
                                                                  5.16 

 

 

Figure 5-27 Rotationally symmetric magnetic fields and electron lens. Shows the distribution of the magnetic 

field B on the top lens, construction and focal length F at the bottom along the lens axis. Redrawn from [141].
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5.6 Lens aberrations and theoretical limitation of the probe forming 

system  

In the absence of electron beam aberrations, the beam current with cross section area (πdg
2/4) and semi-

angle α can be given by the product of the beam image area, the brightness β and the solid angle 

containing the impacting electrons [54]:  

𝐼𝑝 = 𝛽(𝜋𝑎2)(π𝑑𝑔
2/4)                                                     5.17 

where β = ( ρc  eV/πKT ) is the brightness, the current density per unit solid angle emitted by the cathode 

source, ρc is the current density at the cathode, Κ is Boltzmann’s constant, e electron charge, Τ is the 

absolute temperature of the cathode and V accelerating voltage. The area of the gaussian image formed 

at a distance beyond the lens is πa2 and dg is the gaussian image diameter. This equation is used to 

determine the probe current Ip where the lens aberration is ignored or not important.  

 

5.6.1 Lens aberrations 

Lens aberration extends the electron beam gaussian image formed by electrons without varying the 

electron number in it. Therefore, reducing the current density (ρc) distribution and electron increasing 

electron beam size. The most important effects that should be considered are a spherical aberration, 

chromatic aberration, diffraction from the lens aperture, astigmatism and space charge aberration. 

Astigmatism caused by asymmetry can potentially be corrected by a quadruple lens [142] and the 

chromatic aberration created by poor system stabilisation can be treated by using more stable electrical 

supplies (lens current and accelerating voltage). The effect of the space charge is not very important at 

this stage and will be discussed later. A wave optical solution is well known for such a specific case, 

where the small size of the gaussian image formed is required in comparison with a central diffraction 

disk diameter dd as given by [143]: 

𝑑𝑑 = 1.22𝜆/𝛼                                                               5.18 

where λ is the electron wavelength and α aperture semi-angle. Figure 5-28 shows the effects of the 

spherical aberrations when electron “rays” passes through a thin lens parallel to the optical axis. The 

electrons passing close to the optical axis (dashed lines, paraxial rays) will focus at F in the gaussian 

image plane at a distance f from the lens centre. Electrons entering the lens at distance x above the lens 

centre will be focused at f1 from the lens centre so that the difference in the axial shift will be Δf = f-f1, 

which depends on the electron position on the x-axis and lens limitation.  This has given by the equation: 

                                               𝛥𝑓 = 𝑐2 𝑥2 + 𝑐4 𝑥4  +  𝑒𝑣𝑒𝑛 ℎ𝑖𝑔ℎ𝑒𝑟  𝑝𝑜𝑤𝑒𝑟𝑠 𝑖𝑛 𝑥                            5.19 
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where c1, c2 are equation coefficients. Because of the symmetric magnetic field, the electrons entering 

the lens in the ± x-axis will be focused and deflected with the same angle α. Thus, equation 5.19 would 

not be valid with odd powers in x.  Therefore, from the triangle in the geometry and assuming that x is 

much smaller than f. The angle can be given by: 

𝑥 = 𝑓1 tan 𝛼 ≈ 𝑓 tan𝛼 ≈ 𝑓𝛼                                                           5.20 

 

 

 

Figure 5-28 Spherical aberration for focused parallel electron rays entering the thin lens at ± x will 

be focused and deflected with the same angle α, creating a disk of confusion with reduce of rs at the 

gaussian image plane F at a distance f from the lens centre. 

 

where α is small and Δf << f, assuming that spherical aberration has a small effect for the electrons 

passing close to the optical axis. Electrons arriving at the gaussian image plane will be displaced radially 

by a distance rs is given by: 

𝑟𝑠 = Δ𝑓 tan 𝛼 ≈ Δ𝑓 𝛼                                                            5.21 

Assuming a small deflection angle α and small x distance to the z-axis, as well as ignoring higher powers 

than x2 in equation 5.19, and substituting equations 5.20, 5.21 results in: 

𝑟𝑠 = {𝑐2 (𝑓𝛼 )2 } = 𝑐2  𝑓
2𝛼3 = 𝐶𝑠  𝛼

3                                               5.22 

where Cs is the Coefficient of spherical aberration for the lens with units of length because the angle 

α is in radians. Because electrons enter the lens in 2π angles around the z-axis, (radial distances along 

±x in the z-y plane), and because of the axial symmetry, these electrons arrive at the gaussian image 

plane in a region of the disk of confusion with a radius of rs. From the drawing in Figure 5-28 moving 
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the target towards the lens aperture will reduce the disk of the electron beam and its diameter becomes 

(rs/2) which is the disk of least confusion moving further will increase the diameter because of the 

electrons medium rays (dotted lines in Figure 5.28). According to equation 5.17, the beam current in 

the gaussian image plane can be given by Ip where dg is the gaussian image diameter. Therefore, the 

gaussian image diameter of the disk of confusion for each point of the source is given by ds = 2rs= 2 Cs 

α3, and total image diameter is d = ds + dg, so that the maximum current can be given by:      

                          𝐼𝑃 = 9
𝜋2  

256
  𝛽  

𝑑8/3

(𝐶𝑠  )
2/3

2

                                                   5.23                                                                   

In equation 5.23, the electron beam current is directly proportional to the brightness β and to the power 

of 8/3 of the beam diameter. The spherical aberration Cs is to the power of 2/3 so then a larger β is 

required to minimise Cs to get higher current. More solutions for the optimisation current and beam size 

for different applications are given by [144] and [145]. 

5.7 Design procedure of magnetic lenses 

The design classification of the of a magnetic lens is composed of two parts: the design of electron 

optics and design of magnetic circuits, including coils, yokes, and poles [43]. Electron optical properties 

can be checked when the design of the second part is completed.  

The optical design of the lens is the first part we should start with to calculate the optimum pole-piece 

geometrical shape and ampere-turns IN under a given condition. Then the second step is to design the 

coil and estimate the heat loading. The last part is to design the yokes and poles [146]. The simulation 

tools used in this thesis are the Field Precision, Comsol Multi-Physics, and Lorentz software 

[131,135,147].  

5.7.1 Design procedure of pole pieces 

Numerical design procedures are described in section 5.2 and calculations of the magnetic flux density 

distribution is determined as well as the magnetic field distributions by changing the lens excitation IN 

ampere-turns. Repeating these calculations by changing the geometrical shape of the pole pieces was 

achieved for lens optimisation, and also to meet mechanical requirements (i.e. size of the chamber and 

focusing lens).  

5.8 Design procedure for magnetic circuit 

Figure 5-29 illustrates half of the lens showing the coils, yoke, and pole. All parameters of these parts 

are calculated, for the coils, the size, and IN (Ampere turns), the pole length and yoke radius to contain 

the coil in the model using Field Precision and Lorentz software. The Rp gives the radius of the pole at 

the bottom and R2 the radius at the top.  
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Figure 5-29 Magnetic circuits of the magnetic lens. Where the solenoid coil inner and outer radius (Rp, Ry), 

water cooling temperatures (T1, T2, T3) and coil wire with insulation diameters (D, Do) is shown. also electron 

beam axis, magnetic lens pole pieces, taken from taken from [43] 

 

5.8.1 Coil Design 

Copper material is used as the coil wire in our present lens design, with 0.8 mm diameter and covered 

with an insulating coating. Figure 5-29 shows the total wire diameter D, which is the sum of the copper 

diameter Do plus twice the thickness of the coating insulator. The coil used is a circular cross section 

wire for the low current electromagnetic lens (below 20 A). Another rectangular wire type can also be 

used (tape winding coil by Mulvey) for high current and high voltage electron microscopes higher than 

1000 kV [148]. The cooling efficiency is not sufficient for this type of coil because of the low resistance 

of the wire and temperature increases, which must be kept low to reduce the effect on the magnetic 

poles, thus removing the heat flow from the coil is necessary.  Furthermore, Figure 5-29 shows the heat 

flow and temperature T1 is generated in the middle of the coil and delivered along the axis to cooling 

plate T2. Then the heat is delivered radially to the cooling pipe T3 which is at the lowest temperature. 

The heat produced qo in the coil must be removed by water-cooling. The coil should be separate from 

the poles and yoke by a small gap to prevent thermal contact. The thermal conduction of the copper 

wire is about 1000 times larger as compared with the insulator.  
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5.9 Heat transfer in the coil and cooling plate and experimental 

measurements for the new focusing magnetic lens coil 

The temperature equilibrium distribution of a medium can be given by a diffusion equation [149]: 

∇2𝑇 = −𝑞𝑜 /𝑀                                                                  5.24 

where M is the thermal conductivity and qo is the heat produced per cubic millimetre (Orloff, 2009). 

Using an average thermal conductivity Mc for the coil, this equation can help to analyse the system. The 

average thermal conductivity of copper wire Mc is about 15 times that of the insulating coating. M for 

the Polyester is 1.8 × 10-4 W/K mm and assuming that Mc is 2 × 10-3 W/K.mm, and M for copper is      

1.4 W/K.mm so that T1 can be given by:  

𝑇1 = 𝑇2 + [
𝑞𝑜

2𝑀𝑐
] (𝐿/2)2                                                      5.25 

The heat qo can be found by knowing the power produced P. By knowing the coil length L, resistance 

Rc and the coil space factor f which depends on the size and shape of the coil. The final temperature 

difference can be given by: 

𝑇3 − 𝑇2 = (
𝑃

4𝜋
𝑀𝑠𝑑𝑠) [1 − {

2𝑅2
2

(Ry 
2 −Rp

2 )
} ln(𝑅𝑦 /𝑅𝑝) ]                         5.26 

where Ms is the copper plate thermal conductivity. All the heat qo generated in the coil passes through 

the cooling plate so that the lens temperature is kept constant. The ideal calculation should be carried 

out using the equations above when the new coil and pole pieces of the lens manufacturing are 

completed. The temperature difference (T3 – T2) must keep below 20 OC and improvements on this can 

be made by adjusting the water flow rate and cooling temperatures. In our case, experimental 

measurements for the new coil magnetic lens show that the average temperature difference (T3 – T2) 

was kept below than 20 OC as shown in Figure 5-30.  

 

Figure 5-30  Shows the experimental measurements of the temperature differences (between water entering 

and leaving the lens (T3 – T2), for the new coil of the focusing magnetic lens versus the input power supply. 
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The parameters used RP =15 mm, Ry= 87 mm, N =320 turns, water cooling flow rate =1900 L/h, and 

measurement period for each reading was set to 4 minutes. Also, it is important to mention that the 

chiller setting parameters were set to 2 OC, 25 OC high and 1 OC low temperatures.  

 

5.10 Design of a pole and yoke for the final lens  

Using the parameters (L and Ry) previously calculated for the coil to determine the dimensions of the 

pole and yoke. The Field precision and Lorentz software were used for modelling the expected flux 

density in the gap between two poles and in the yoke. The working distance l in Figure 5-31 is calculated 

for a given amount of the spherical aberration Cs. It is important to secure the maximum working 

distance for the final lens design. The values of (l/Cs) are plotted versus the lens excitation (NI/NIA), 

which is the ratio of the actual ampere-turns applied to the lens and NIA ampere-turns required to 

generate the absolute minimum focal length possible for various ratios of (S/D). S is the gap spacing 

distance and D is the lens aperture distance as shown in Figure 5-31 [54]. The ratio (NIA/Vr
1/2) can be 

determined by;  

𝑁𝐼𝐴/𝑉𝑟

1

2 = (11 −
𝑆

2𝐷
)                                                     5.27 

where Vr is the relativistically corrected accelerating voltage given by Septier [54]. Wallington and 

Mulvey [150] shows that the absolute minimum focal length fmin can be given by: 

𝑓𝑚𝑖𝑛 = 0.55𝐿                             [cm]                                   5.28  

where L = (S2 + 0.56 D2 )1/2. The ratio l/Cs can be improved when S/D is decreased from 2 to 0.2. It 

shows the best ratio of S/D occurred at the lens excitation NI/NIA ≈ 0.9, which is less than for the fmin 

required. The graph in Figure 5-31 can be used to fix the actual size of the pole pieces by changing S/D.  

Table 5-3 shows a set of values l/S for a range of excitation NI/NIA and NIA/Vr
1/2 for S/D = 0.2 so that 

the S values can be obtained. The value of (S = 0.6 l) gives the best ratio of working distances to the 

spherical aberration coefficient for the peak of the curve of (S/D = 0.2) in Figure 5-31.  
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Figure 5-31 Shows the theoretical ratio of working distance to spherical aberration l/Cs versus the excitation 

parameters NI/NIA for various values of S/D. Taken from [54]. 

 

 

Table 5-3 Series of ideal values l/S over a range of excitation as taken from [54] 

 

5.11 Saturation of magnetic flux density 

 Magnetic flux saturation is reached when the applied magnetising field H is no longer able to increase 

the magnetisation of materials. Hence the increase in magnetic field Bo levels off. This is specifically 

for ferromagnetic materials, such as iron, cobalt, nickel and their alloys. For pure iron, the flux density 

that can be reached is Bo = 2.14T. This singularity is limited to magnetic shielding materials so that an 

air cooled magnetic lens cannot saturate. Ferromagnetic materials such as iron show saturation because 

they contain microscopic regions called domains which have a dipole moment. These act like 

microscopic permanent magnets. When applying an external magnetising field H, all the domains are 

aligned and at this stage, the B-field in the iron no longer increases with increasing H in the same manner 

as for low values. The effective incremental magnetic permeability can be given by: 

𝜇𝑟 = 
𝑑𝐵

𝑑𝐻
                                                                          5.29 

where the relative permeability µr = µ/µo and µo is the vacuum permeability. The relative permeability 

depends on H. It increases with H to a maximum value and then starts to decrease to the value of one 
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when it reaches saturation. Technically, above saturation, the 𝐵-field continues to increase, but at the 

paramagnetic rate, which is three orders of magnitude smaller than the ferromagnetic rate seen below 

saturation [151].  

 

Figure 5-32  Shows BH-curves of 9 ferromagnetic materials, 1. sheet steel, 2. silicon steel, 3. cast steel, 4. 

tungsten steel, 5. magnet steel, 6. cast iron, 7. nickel, 8. cobalt, 9. Magnetite. For all materials permeability 

(slope of the BH-curve) increase with H to a maximum, Eventually, however, all the magnetic domains align 

with the applied field, and the curve flattens out as the ferromagnetic becomes magnetically saturated. Taken 

from [152]. 

 

This indicates that the shielding material will not be the same at high H excitations, i.e. at certain levels 

of the magnetic field all domains are aligned and any further increase in magnetic flux causes no 

significant change in the B field, as illustrated in Figure 5-32. The effect of saturation on the pole piece 

causes a field broadening effect and is equivalent to an apparent increase in lens dimensions apart from 

a loss of magnetic motive force in the iron, which depends on the design of the magnetic circuit as a 

whole [153,154]. Saturation effects can also be determined numerically by solving the field equations 

with software simulation packages (Lorentz) [147].   
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5.12 Space charge effects  

One of the most important effects on the electron beam is the space charge effect (Coulomb repulsion) 

because it spreads the beam and broadens it both transversely and longitudinally. It also limits the spot 

size and the current density incident on the target or a fluorescent screen. 

5.12.1 Brillouin equation 

The flow of electrons can be kept rectilinear by arranging the potential distribution around the beam 

[137]. The potential that fulfils the condition of compensating the mutual repulsion between electrons 

in the beam can be given by Poisson’s equation: 

      
𝜕2 𝑉

𝜕𝑧2 =
𝜌

𝜖
=  

𝑖

𝜖
= (

𝑚

2𝑒𝑉
)

1/2
                                                   5.30  

 

V = V(z) is the potential, -ρ is the electron space charge density and (-i) is the current density in the 

electron beam [154]. When the radial potential gradient ∂V/∂r=0, no repulsion occurs. The electron 

motion under the influence of space charge forces in a longitudinal homogeneous magnetic field was 

studied by [155].  

 

 

 

Figure 5-33  Electron gun shielded and trans laminar electron beam in the Brillouin flow. Taken from [137]. 

 

Therefore, it is possible to use a uniform magnetic field to control and balance the space charge pressure. 

This was theoretically studied by Brillouin [156]. This study shows the electron beam with a constant 

diameter in a magnetic field directed along the z-axis with B =Bz with transverse velocity component 

spirals about the z-axis with an angular frequency: 
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                                                                     𝜔 =
𝑒

2𝑚
 𝐵                                                            5.31 

When the radial distance of electron beams from the z-axis is constant (dr/dt = 0), both the electrostatic 

and centrifugal force must balance the magnetic force: 

                                                      𝑚𝑟𝜔2 + 𝑒
𝜕𝑉

𝜕𝑟
= 𝑒𝐵𝑟𝜔                                                     5.32   

The current through the electron beam cross section is given by (I = πr2 ρvz), where vz is the velocity 

along the z-axis and can be obtained by introducing the energy equation, so that the electron velocity  

vz = (2e/m Vo)1/2 and all electrons have the same vz component of the velocity, which depends on the 

potential V0 on the axis only. This implies the current flow within a cylinder of radius r1 is given by the 

Brillouin flow equation, which is considered when the flux density B required to constrain the space 

charge of the electron beam I with the axial electron voltage V0 within a cylinder of radius r1 given by 

[137]; 

 𝐵𝐵𝑟 =
𝐼𝑉−1/4

1.2×103 𝑟1
                                                              5.33 

 

If the moving electron beam is not parallel or the magnetic field does not have the correct value (BBr), 

the electron beam will broaden and narrow along its path as shown in Figure 5-33. Practically, the flux 

field strength (BBr) required to obtain a constant electron beam diameter r1 is different from the 

theoretical value obtained by equation 5.33 because of the fact that the electron beam is not in a laminar 

flow [137]. Therefore, this equation is correct for laminar beams only.  

 

Brewer showed that the nature of electron beam density variation along the axial distance revealed the 

existence of trans laminar streams because of the spherical aberration of the electron beam gun [157]. 

 

 Thus, with the existence of spherical aberration, beam twisting occurs along all values of the magnetic 

field as shown in Figure 5-33 so that more precautions should be considered experimentally to maintain 

the required conditions for best matching the ideal Brillouin flow equation for the electron gun for our 

new MKIII x-ray device. Experimental studies for Brillouin fields are available in [158] and in the 

design of transmission region [159]. 
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5.13 Calculations and testing the new magnetic lens design using software 

simulation tools 

The Lorentz software provides sophisticated simulation and design tools for charged particle trajectory 

analysis [147]. Different geometrical designs of the magnetic lens developed using SolidWorks were 

tested for optimal parameters for the electron beam. Numerical design procedures and calculations of 

the magnetic flux density distribution were determined, as well as magnetic field distributions by 

changing the lens excitation I.N Ampere-turns. Repeating these calculations by changing the 

geometrical shape of the pole pieces was done for optimisation to meet the mechanical requirements 

specific to MKIII system. The lens design used in this simulation is shown in Figure 5-34A, and the 

electron beam trajectories after passing through the lens axis is in Figure 5-34B. 

 

 

 

Figure 5-34 A) Magnetic lens poles. B) A cross section of the magnetic lens and electron beam trajectories 

with the energy of 26 keV after passing along the lens optical axis, emission surface 10mm and focal length of 

5 5mm, and the spot size 130µm. 

 

A set of different parameters of lens excitation, (I.N.) ampere-turns and electron beam energies was 

tested to determine the lens focal lengths and beam spot sizes. Figure 5-35 presents these calculations.  
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From the above figure, the focal length range is between 10-50 mm and the spot size range is 200-350 

µm both calculated for electron beam energies 10-30 keV.  

 

 

Figure 5-35 Shows, left) Modelled electron beam spot size vs 365A-turns (NI) lens Excitation sing Lorentz 

software [147], right) the focal length vs electron energy, for 356A-turms (NI) excitation. 
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Figure 5-36 Simulation for the electron beam trajectories, with 10 mm emission surface that results in a focal 

length 5mm and spot size of 130µm. Setting parameters are 26 keV electron beam energy, 0.5 mA beam current, 

and 360-390 ampere-turns coil lens excitation. 

 

 

 

Figure 5-37 Simulation for the electron beam trajectories, with 5mm emission surface that results in a focal 

length 9.7mm and spot size of 50µm, both are; 26 keV electron beam energy, 0.5 mA current, and 360-390 

ampere-turns coil lens excitation. 
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Calculations were repeated for different parameters, beam current, and emission surface diameters. 

Results are shown in Table 5-4 and in Figures 5.38 below. 

 

 

 

 

Table 5-4 Shows the variety of excitations (NI ampere-turn) used for the range of accelerating voltages            

(10-30keV) used in steps of 5keV. The highlighted numbers are for the minimum spot sizes obtained for different 

focal lengths 

 

 

 

Figure 5-38 Left) Calculations for spot size vs. electron beam energies for 370 Amperes-turn lens excitation 

for 1 and 0.5 mA beam current. Right) Calculations for spot size vs. electron beam energies at different 

excitations and emission surfaces. 
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5.14 Experimental testing and monitoring of electron gun beam and power 

supply. 

In this section experiment, MKIII electron gun was tested using a phosphor screen detector. 

5.14.1  Methodology and results  

Testing and commissioning the new electron gun is necessary to monitor the alignment of the electron 

beam, the position of the cathode and to define the different power supply settings for optimum routine 

operation. The electron beam spot size can be visually determined by using a phosphor screen detector, 

where the beam current can be determined on the target surface. We placed the phosphor screen          

(ZnS: Ag Type 1330, P-22 Blue) coated on 0.030-inch-thick conductive glass (3.82 × 3.81 cm2), in the 

centre of the chamber. Figure 5-39 shows the experiment set-up. 

 

 

 

Figure 5-39 Left) Experiment setup showed the electron gun EG, chamber, vacuum pump, tube and pressure 

meters. Right) Phosphor screen inside the chamber before firing the electron beam (upper right) and blue 

luminous light on the phosphor detector after firing (lower right). 

 

The cathode can be aligned during operation when the gun is under high vacuum by using an adjustable 

feed-through assembly, with the centre of the stationary anode aperture through the focus lens aperture. 

The mechanical alignment modifies the initial electron trajectories exiting the cathode unit so that the 

electron beam axis can be observed using the phosphor screen.  

The beam current can be measured using the Faraday cup technique. When the electron beam is well 

aligned, a very fine spot is observed on the phosphor screen. When the beam is not properly aligned a 
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large spot with a cut-off on the side appeared on the phosphor screen. When the electron beam hits the 

screen, it starts emitting a blue light. 

Maintaining the vacuum pressure between 10-5-10-7 mbar is the minimum operating pressure required 

to run the electron gun.  Running the electron gun above this pressure will reduce the life of the cathode 

or may damage the vacuum system. The phosphor screen detector was used with high luminosity 

phosphor of type (ZnS: Ag Type 1330, P-22 Blue), which has: saturation threshold: 3 × 10-2 amps/cm2 

and peak emitted wavelength: 450 nanometres. The maximum input power density allowed for this 

phosphor screen was 1 W/cm2, and the minimum power density was 5 × 10-5 W/cm2. Calculating the 

power density imposed on the screen can be given by the equation below: 

 

        Power Density =
(𝐁𝐞𝐚𝐦 𝐂𝐮𝐫𝐫𝐞𝐧𝐭 𝐦𝐀 × 𝐁𝐞𝐚𝐦 𝐄𝐧𝐞𝐫𝐠𝐲 𝐞𝐕 )

𝐀 (𝐒𝐩𝐨𝐭 𝐬𝐢𝐳𝐞 𝐚𝐫𝐞𝐚 𝐜𝐦𝟐)
                                     5.34  

 

So that with phosphor screen area of 14.51 cm2, accelerating voltage = 10 kV and beam current I = 1 

mA this will result in a power density = 0.85 W/cm2.  Therefore, to avoid damaging the phosphor screen 

we run the electron gun with electron beam energies between 1 to 10 keV at the maximum.  Some of 

the data was manually recorded during the experiment to commission the electron gun with the power 

supply, but to optimise the operating parameters, it is required to connect the power supply to the 

computer for remote control and save the data for analysis. Lab VIEW could be used for remote 

programming and measure the data.  

 

5.15 The new MKIII x-ray source device set up.  

Figure 5-40 shown the proposed experiment drawing set up for the new x-ray device. Three magnetic 

lenses could be used, two of them for collecting (condensing) and deflecting electrons and a third one 

for focusing the final electron beam on the target, thus, reducing the number of electrons hitting the 

tube walls and focusing more electrons on the focusing lens axis as shown in Figure 5-41.  



143 
 

 

The electron beam path is shown in Figure 5-41, where the beam is emitted and accelerated by the EG 

electrodes and then steered and focused onto the target by the deflection coil and magnetic lens 

subsequently. The final experimental setup is shown in Figure 5-42B.  

 

 

 

Figure 5-41 A cross section of the microfocus MKIII device, showing the new design of the focusing lens and 

target holder and electron beam path. 

 

 

 

Figure 5-40 Proposed MKIII x-ray device setup showing the electromagnetic lenses, chamber, x-ray exist and 

target holder. 
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Figure 5-42 Shows the focusing magnetic lens (A) and final setup of the MKIII (B).        

 

5.16  Experimental results for the MKIII deflection lens 

In this section, measurements are recorded for the magnetic deflection lens.  

5.16.1  Methodology and results   

Figure 5-43 shows the experimental set-up for testing the deflection of an electron beam by the magnetic 

lens. A digital thermometer was used to measure the temperature changes due to current flow in the 

lens coil. A digital magnetic field probe was also used and situated in the centre of the lens to measure 

the maximum B field generated. The DC power supply was used to provide the lens coil with current 

in the range (1-20 A). Water-cooling is used (chiller) to remove the heat from the lens coil. The lens 

was tested over a range of coil current 1-7A. Figure 5-43 shows the temperatures variation measured 

for the heat generated in the coil versus the magnetic field strength B. 
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Figure 5-43 Experimental set-ups for deflection magnetic lens. 

 

 

The variation is determined by magneto-motive force (IN ampere-turns) applied and the magnetic field 

B generated. A graph is plotted to analyse these parameters (Figure 5-44). The maximum magnetic field 

generated B was 26.6 mT when the coil power supply current was set at I =7A.The current increases in 

steps of 1 A and was fixed for about 1 minute for each reading. The heat generated was recorded for 

each period.           

 

Figure 5-44 Shows the variation of the B strength of the lens (mT) measured with coil current range of 1-7 A 

for one-minute time and the rising coil temperatures in oC as a function of coil excitation IN ampere-turns. 
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Figure 5-45 Comparisons between theoretical and experiment B field (mT) generated for the deflection 

lens. 

 

Comparison between the simulation (theoretical) data and experimental data for the magnetic deflection 

lens was determined. The graph (Figure 5-45) shows a plot of this data. The theoretical data shows a 

larger increase in the B field generated than for the experimental data for approximately the same current 

I applied (200-360 A-Turns). That was expected because the theoretical data assumes that lens magnetic 

material (soft iron) has high purity ( low carbon composition ), typical material composition following 

heat treatment provides typical electromagnetic properties, more details can be found in [160].  

The chemical analysis for soft iron material contains of 13 elements with different concentrations. Heat 

treatment consist of full annealing from 920 oC soak followed by furnace cool at 50 oC/ h maximum to 

600 oC and then furnace  cool again to room temperature [160]. This process will reduce the percentage 

concentration for these elements to provide typical electromagnetic properties. Table for these elements 

and magnetic properties are shown in (Appendix D). Thus, to increase the strength of the magnetic lens 

B field produced, the lens material requires a heat treatment after machining to increase the material 

purity of the soft iron, which has not been performed yet. 

The conclusion from this experiment is that we succeeded in the design and testing of this lens because 

the required theoretical magnetic B field strength was in the range of 1-20 mT obtained from the 

previous simulation in section 5.7, while the experimental data obtained show that we can easily exceed 

these values. 
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5.17 Experimental results for the MKIII focusing lens 

In this section, measurements are recorded for the magnetic focusing lens.  

5.17.1  Methodology and results   

Figure 5.46 shows the experimental setup for testing the magnetic focusing lens. A new magnetic 

focusing lens design was manufactured at Imperial College London. Careful consideration was taken 

to design the focusing lens according to the details given by [43,46,54,137]. Although the lens excitation 

IN (ampere-turns) increases the coil temperature, the heat produced can be removed by water cooling 

and total wattage kept low. Thus, will improve the focusing lens strength B required for the electron 

beam energies (1-30 keV) for MKIII device. As explained in section 5.11, for each Ferromagnetic 

material (soft iron) used to construct this focusing lens, there is a saturation point where the B field 

cannot exceed whatever the magnetic field applied H. As a result, in our system, keeping the coil 

temperature below melting point of wire insulation was able to reach the desired B field for our electron 

beam energies. For higher electron beam energies this B field may be improved by increasing the water 

cooling flow rate and low water temperatures.   

 

 

As in previous experiments with deflection lens, two digital thermometers were used to measure the 

difference between in and out water cooling circulating in the lens coil. Measurements for these 

 

 

 

Figure 5-46 Experiment set-up for testing the focusing magnetic lens with axial B field probe, two digital 

thermometers measuring the in and out temperatures and lens power supply. 
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temperatures and magnetic field strengths B are shown in Figure 5-47. As discussed in section 5.8 the 

maximum temperature is kept below the melting point of the coil insulation (80 OC).  

 

 

Also, the maximum magnetic field strength recorded was 512 mT, at which the maximum water out the 

temperature was 24 oC as shown in Figure 5-48 below. 

 

 

Figure 5-47  Shows the variation of the temperatures for the lens coil cooling water and axial magnetic 

strengths B in (mT) versus the lens excitation (I.N.) in A-turns measured using gaussian digital meter, 

thermometers measuring the in and out temperatures and lens power supply.    
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Figure 5-48 Shown the variation of the outer water coil temperature versus the magnetic field strengths B in 

mT. 

 

Measurements of the magnetic field B of the inner and outer poles were recorded as shown in           

Figure 5-49. The maximum B field recorded was 512 mT at inner pole apertures and 167 mT recorded 

at the outer pole aperture. Theoretically, these values of B field generated are suitable to focus the 

electron beam to few micrometre spot sizes. 

 

Figure 5-49 Measurements of the magnetic field B in mT, for the magnetic lens inner and outer poles versus 

the lens excitation I.N in A-turns. 

 

In addition, the magnetic field B was also measured and recorded along the focusing magnetic lens 

optical axis as shown in Figure 5-50 using the guassmeter device with prob. This measured distance 

was 16 mm from the inner lens aperture to the outer lens aperture.  
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Figure 5-50 The measurements of the magnetic field B versus the optical axis distance using the gaussian 

digital meter device (figure 5-46), thermometers measuring the in and out temperatures and lens power supply.       

 

5.18 Conclusion  

In this chapter, the specification and developments of the of the new MKIII x-ray device were discussed. 

An experiment was performed for optimisation and testing of the electron gun.  Magnetic lenses were 

designed and manufactured at Imperial College London workshop. Experimental measurements were 

obtained and analyised from the lens. For deflection lens, the maximum magnetic field B measured at 

the centre of lens optical axis was 26.6 mT when I.N is 1200 A-turns. Also for the focusing magnetic 

lens the maximum magnetic field B achieved was 0.512T at I.N 2500 A-turns, exceeding the required 

values planned from the modelling that suggest lower B values required for focusing 10-30 keV electron 

beam energies. In addition, the coil cooling water was kept below 24 oC to prevent damaging the coil 

wire insulation. That was agreeing with our theoretical calculations for the heat produced at the lens 

coil.  

The commercial software package “Field Precision” was used to design the lens and model electron 

beam tracking. A brief theory of the lens properties and designing parameters was given. Electron beam 

heating effects were calculated and result suggesting careful precautions should be taken to avoid 

melting the material targets.    
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6 X-Ray Imaging 

The advantage of using x-rays in imaging is that they have a shorter wavelength that can produce a 

higher spatial resolution where these wavelengths are in the range of 10 -10-3 nm [161]. Also, an x-ray 

can propagate through optically opaque material, allowing internal investigation. In this chapter, we 

will discuss different techniques used in absorption and phase contrast imaging using electron impact 

and laser plasma x-ray sources. Images presented are processed using the Matlab code and Image J 

software. 

6.1  Propagation of x-rays through matter 

An x-ray image is created by the transmission of the x-ray beam through a test material; the beam is 

modified as a result of scattering, refraction, and attenuation characteristics of the penetrated samples 

[162]. The x-ray beam is usually recorded as a pattern of grey scale variations coding flux reaching the 

detector. Normally to acquire the best image, a point source size is required, with straight-line x-ray 

trajectories (assuming no scattering) to the detector.   

An x-ray can be considered as a plane wave propagating in the z-direction in a material with initial 

electric field Eo as given by [7]: 

𝐸 = 𝐸𝑜 𝑒
−𝑖(𝜔𝑡−𝑘𝑧)                                                             6.1 

with thickness dz material and refractive index n given by: 

𝑛 = 1 − 𝛿 + 𝑖𝛽                                                                6.2 

where the parameters δ and β are the refractive index decrement and the absorption index, respectively. 

β is related to the mass attenuation coefficient μ [163]. 

The refractive index n for soft and EUV x-ray deviates a small amount from unity. For example, values 

of δ and β are found to be in the order of 10-5 and 10-7 respectively, for carbon at a wavelength of 0.4 

nm [7]. For a higher atomic number material or longer wavelengths, these values will be larger, but still 

less than unity. 

The wave number k is given by: 

            
𝜔

𝑘
=

𝑐

𝑛
=

𝑐

1−𝛿+𝑖𝛽
                                                              6.3 

Solving this equation for k we can obtain: 

𝑘 =
𝜔

𝑐
(1 − 𝛿 + 𝑖𝛽)                                                          6.4 
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By knowing the phase velocity of the wave in vacuum c and the wave propagation direction given by 

(k.z = kz), and substituting into equation 6.1 we obtain: 

                                             𝐸(𝑧, 𝑡) = 𝐸𝑜 𝑒−𝑖[𝜔𝑡−(𝜔/𝑐)(1−𝛿+𝑖𝛽)]                                               6.5 

    or               

 

The first exponential term is for the phase advance for the wave propagated in the vacuum, the second 

(2πδz/λ) for the modified phase shift (ϕ), due to the medium and the third (2πβz/λ) for the decay of wave 

amplitude (absorption). When no absorption occurs the third term in equation 6.6 became zero. 

6.2 The geometry of the images  

X-ray radiation generated by an x-ray tube (such as MKI) has a limited source size. A point x-ray source 

will produce a divergent “beam” that can be used for object magnification depending on the set-up 

dimensions. Figure 6-1 shows the source area represented as a distributed array of point sources. Each 

point source projection would produce one image of the subject [162]. As a result, image blurring can 

occur at the object edges (penumbra), in the form of an edge gradient that reduces the image resolution. 

This phenomenon can be reduced by decreasing the magnification factor or by using a smaller source 

size.     

                                         6.6    

 

Figure 6-1 The process of image formation for two types of sources, A) point source and B) distributed source.                  

M =SID/SOD, where SID is the source-detector distance, OID object detector distance, O object, I image, f - focal spot 

projection, F focal spot distribution, Magnification M = I/O the ratio of image size to object size for a point source. 

Source blurring is caused by the focal spot F distribution on the detector as in B. The blurring is called the penumbra. 

It increases with M for a given F size with increase an apparent magnification of an object (I and Ib). Taken from [162]. 
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 There are different techniques used in x-ray imaging, we will briefly describe some of these techniques;  

6.3 Absorption Contrast imaging 

The most common imaging techniques are based on absorption contrast, as is used in hospitals for 

radiography. The image is produced by the different attenuation power for different materials. The x-

ray radiation intensity is reduced as a function of material thickness (z) as given by; 

𝐼 = 𝐼𝑜𝑒−2𝑘𝛽𝑧                                                                   6.7 

where Io is the initial x-ray intensity before incidence on the object, k is the wave number and β is the 

imaginary refractive index [7]. One of the most important factors that limit the image resolution is the 

source size, (penumbral) in Figure 6-1. The resolution value cannot exceed the source size. The detector 

also has a limited resolution. X-ray radiation with lower energy photons will be absorbed more strongly, 

thus they have a lower transmission than higher energy radiation. Therefore, lower energy partially 

reduces image information whilst increasing the radiation dose to the sample, which is not preferred in 

medical applications. Higher energy x-rays have higher transmission and softer less scattering which 

otherwise reduces the image contrast because it increases the background signal on the detectors. Using 

filters is one of the solutions in this case to remove the scattering rays’ effects. 

6.4 Phase contrast imaging 

The refractive index of the material plays a key role in phase contrast imaging for biological and non-

biological samples. This is because the wave front propagating in a different medium will suffer 

distortion due to the different refractive indices within the mediums. That will result in a phase shift of 

the wave (second term in equation 6.6) dependent on the real part of the refractive indices δ, while 

absorption scales with imaginary part β. For low absorption objects, every small change in δ can result 

in a phase shift ϕ and possible imaging recording. Figure 6-2 represents the real and imaginary values 

of refractive indices for breast tissue for different photon energies [163]. Where δ is three orders greater 

than β for tissue and decreases less than β when photon energy increases as illustrated in Figure 6-2. 

 



154 
 

 

Figure 6-2 Shows the real and imaginary values of the refractive indices for breast tissue as a function of x-

ray photon energies. Taken from [163]. 

 

The much greater value of refractive indices of δ than β means a variation of the phase shift ϕ of the 

propagating wavelengths is much larger than changes in the intensity. Favourable phase contrast 

imaging must have a sufficient degree of lateral coherence in illuminating radiation as given by [163]:  

𝑙 = 𝜆𝑑1/𝑟                                                                           6.8 

Where d1 is the source to the object distance, λ the radiation wavelength and r is the source size. Thus, 

phase contrast optimisation can be obtained more easily for low energy x-ray radiation, large d1 and 

small spot size source [164]. Additionally, the needs for monochromaticity or temporal coherence is 

not strict and performing phase contrast images with polychromatic radiation (e.g., an electron impact 

laboratory source) is possible [165]. The absorption of the radiation in the sample under investigation 

is very important in recording phase contrast images especially in hospitals where it required to keep 

the dose as low as possible. Lewis studied the effect of the KERMA dose (photon energy released the 

matter) as a function of x-ray energies [163]. He shows a significantly lower dose is delivered the breast 

when using 60 keV x-ray instead of using 20 keV (Figure 6-3). 

  

 

Figure 6-3 Shows the energy deposed in breast tissue KERMA as a function of x-ray photon energy for breast 

tissue in μGray for the intensity of 106 photons mm-2. Taken from [163] 
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6.5 Imaging Techniques  

There are various probing methods capable of exploiting phase information as a source of image 

contrast. 

6.5.1  X-ray interferometry Technique  

Bone and Hart demonstrated the first practical x-ray interferometer in 1965 [166]. The geometry of the 

Laue Laue Laue (LLL) design, (Figure 6-4), uses transmission, via a diffractive crystal to split the beam 

into two coherent beams. Then these two x-ray beams pass through the subsequent crystals, reflected 

back to the same crossing point and the object is placed in the path of one beam. The interference pattern 

will occur when the two beams coherently interfere at a common crossing point and fine fringes will 

appear at this point. Because of the large crossing angle of the beams, these fringes are too small to be 

detected. So that placing third crystal will make both beams parallel, whether they are in phase or not 

and a constructive interference occurs on the detector.   

 

 

Figure 6-4 X-ray interferometer shows four Laue crystals that split a beam into two coherent beams and 

reassemble them. The sample is placed in one of the beams paths to measure the phase shifts.                            

Taken from [166]. 

 

 

6.5.2  Diffraction enhanced imaging (DEI) technique 

This technique can provide detailed images of the gradient of refractive indices, and was first 

demonstrated in St. Petersburg by Fitzgerald, M [167]. Figure 6-5 shows the set-up where the two 

parallel crystals (Monochromator) produce a monochromatic beam emerging from them towards the 

sample located between monochromator and analyser. The beam incident on the sample will be 

scattered or diffracted with small angle depending on the refractive index of the sample. Then this beam 

will be reflected by the analyser when the Bragg diffraction condition is achieved. Only a very small 
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window of x-ray beam will be reflected. The scattered beams with different angles from the Bragg angle 

will be rejected so that a resulting image with enhanced contrast can be recorded on the detector. Thus, 

the contrast-enhanced resulting from small variation of diffracted angles emerges from the sample. This 

technique requires an intense monochromatic x-ray beam with suitable exposure time (longer exposure 

time). 

 

Figure 6-5 Diffraction enhanced imaging (DEI) setup, enhanced contrast images are achieved by variation 

of x-ray beam angle due to the refractive index of the sample material and the x-ray beam reflected by an 

analyser when satisfying the Bragg conditions. Taken from [167]. 

 

6.5.3 In-line phase contrasts imaging  

When the source, sample and detector are placed on one line without analyser so that the beam incident 

on the sample will emerge at various angles and reach the detector, this is called the phase sensitive 

technique (Figure 6-6). Placing the sample immediately in front of the detector will produce an 

absorption image. Moving the detector “far” away from the sample will allow the diffracted x-ray beam 

to interfere at a long distance. This is called the Fraunhofer or far field diffraction regime [167].  

 

 

 

Figure 6-6 Setup for the in-line phase contrast imaging technique. d is the distance between sample and 

detector, which is sufficiently far from the sample so that the wavefront distortions can be more easily 

detected. Taken from[167]. 
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This interference pattern may has contain rich phase information and may require computational 

analyses to reveal the sample features. Near-field (Fresnel) imaging can be achieved by placing the 

detector in the intermediate distance between the sample and the source. The interference fringes can 

be seen clearly on the sample edges features. Moving the sample positions in between the detector and 

source can enhance the images, but that depends on the sample features, composition and beam energy 

used. This technique was first investigated by Bone U. and Hart M.[168]. Phase contrast images can be 

enhanced by using low or zero absorption samples so that the phase shift is given according to a 

Laplacian equation given by φ or ∇2φ. However, measuring this value become more difficult for these 

samples because the x-ray may have experienced a multiple scattering events through the sample with 

large angles that cannot be captured by the detector [165]. For the best interference, a source with small 

source size and high spatial coherence is required. These are available at synchrotron facilities, but this 

interference can also be obtained using the laboratory microfocus x-ray source or a betatron source from 

a laser wakefield accelerator, also a monochromatic source is not required but spatial coherence is 

necessary [169] and [165]. 

 Our microfocus x-ray source (MKI) was tested for this type of imaging. It is good to mention that the 

ability to use a polychromatic source is very important since they are available for clinical applications. 

The only drawback is that the permissible dose should not be exceeded. Another benefit of using a 

laboratory electron impact source is the large divergence that can provide inherent magnification, thus, 

increasing spatial resolution. Two experiments were performed at the Imperial College London using 

the MKI x-ray source, first for absorption and phase contrast imaging and second for the technique used 

for sensitive phase contrast imaging. 

 

6.6 Phase contrast enhancement  

In addition to the large lateral coherence length requirement, to record the phase contrast image 

information an object to detector distance d2 is required. This distance will allow the small angular 

deflections of the x-ray beam passing through the object with different materials to be “amplified” and 

superimposed on the intensities due to scattering and photoelectric effects. In addition, the object to 

detector distance d2 in air will provide a scatter reduction medium for the geometrical experiment set 

up (improvement of signal to noise ratio SNR)[170]. The image edge enhancement is the visible 

appearance of the phase contrast of different refractive indices for different materials. By adjusting the 

lateral coherence length, a large edge effect enhancement can be produced, but that could lead to a 

change in the overall image appearance and damage the images radiological performance [171]. In 

addition, it is significant to note that edge enhancement produced by image processing is very different 

from that produced by using phase contrast image information because it will lead to increases in the 
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high spatial frequency components of the image quantum noise. Therefore, phase contrast image 

enhancement depends on the physical process that will not change the level of quantum noise [164]. 

6.7 Factors influencing the design of the experiment set up  

There are different parameters affecting on the image formation. These are detailed here: 

6.7.1 Lateral Coherence 

From the lateral coherence length in equation 6.8, the phase contrast generated depends on the source 

to object distance d1 and on the focal spot size r, but for an optimal phase contrast image to be produced 

it is hard to make a theoretical prediction of the values of the best distances d1 using the polychromatic 

source. Thus, experimental work should be performed. 

6.7.2 Phase-contrast detection  

Recording a phase contrast image requires that the object to detector distance d2 is known and be large 

enough to record the small angle changes that occur when the x-ray beam passes through the objects 

internal structures. Having a small d2 will produce absorption images only and a phase contrast will not 

be observable. Making d2 very large will cause image degradation because of spreading of the phase 

contrast over a large area of the detector. Detailed theoretical calculation for optimised angular 

deflections for the monochromatic x-ray beam is given by [172] and [173]. Another study by Wilkins 

shows that phase contrast increases by increasing d2 initially, stating a theoretical method for 

polychromatic x-ray beam imaging. 

 

6.7.3 Geometrical blurring  

Estimation for the geometrical “un-sharpness”, Sg, for simple geometry, is given by [164]: 

𝑆𝑔 = 𝑟𝑑2/𝑑1                                                                    6.9 

where r is the source size, so that when the object to detector distance d2 increases, that will lead to 

image blurring and degradation, whether the information of the phase contrast is recorded or not. 

Therefore, by keeping the ratio of d1/ d2 and thus, image magnification and blurring constant, higher 

contrast resolution can be achieved.   

 

6.7.4 X-ray scattering and thickness effects  

The presence of the anti-scatter grid, ( carefully fabricated series of sections of radiopaque material           

( grid strips) alternating with a sections of radiolucent material (interspace material),  between the object 
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and detector in the conventional absorption contrast set-up can improve the scatter-to-primary ratio           

(reducing the amount of scatter radiation reaching the detector), but that could double the exposure time 

required as a result of reducing the beam intensity [174]. The grid is designed to allow transmission of 

straight line radiation from the source to detector and scattered radiation is absorbed in the grid material 

[164]. In phase contrast geometry using an air gap at distance d2 between object-detector can replace 

the grid, providing this distance should be large enough to provide the scatter reduction and reduce the 

dose deposited on the object. More details can be found in published papers for phase contrast images 

for thin and low scattering objects [165,175] and [172]. Kore and Birch reported that for a uniform 

“thick” object (6 cm Perspex placed before or after the object) the scattering events taking place within 

has no effects on lateral coherence. Thus, the presence of the additional scattering material has no 

significant effect on the magnitude of the phase contrast recorded [164]. 

 

6.7.5 X-ray beam hardening  

Placing a thin metal plate between the object and a polychromatic x-ray source to reduce the amount of 

the low energy x-ray, so that only the high-energy (hard x-ray) will pass through the object, i.e. the 

beam is “hardened”.  In order to keep the same phase contrast unchanged for large geometry setup 

distances d1 and d2, where the x-ray beam hardening occurs in the lower photon energy due to the air 

absorption, the half value layer (HVL) of the incident beam should be matched with conventional 

geometry (absorption set-up). This could be achieved by reducing the beam energy by using filters. This 

has been achieved by using spectral simulation software and compared with experimental 

measurements for both geometrical set-ups [176]. 

 

6.8  Experiment 1 / Absorption phase contrast images with laboratory 

source (MKI) by propagation based method 

The MKI x-ray source device was used for imaging partially thin biological samples (Golden fish, 3 cm 

length) and 2 cm length Spider (we identify as Pholcus phalangioides type) are shown in figure 6.7. The 

source was characterised (section 4.2) and a new setup introduced for this experiment with suitable 

parameters as shown in Figure 6-7. The x-ray target used was aluminium and the magnification factor 

was set at 2.6. 

  

6.8.1 Methodology  

The experimental setup is shown in Figure 6-7. The x-ray source to sample/object holder distance was 

set to 130 cm where the object to CCD detector was set to 77 cm. An aluminium filter (100 nm 
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thickness) was situated in the beam path to block the visible light from the electron gun cathode filament 

from reaching the detector. It blocks all wavelengths up to 5.9 nm. The object holder has a flexible 

movement control on the vertical and horizontal positions of the object. The CCD detector position 

could be adjusted horizontally along the optical axis in the range of ±250 mm. A gate valve was placed 

before the CCD detector to isolate it from the rest of the system to provide a clean environment between 

shots. 

 

6.8.2 Results / Image processing by using contrast enhancement techniques 

Image enhancement consists of contrast and intensity manipulation, edge sharpening, filtering and noise 

reduction. Contrast enhancement of the image is used to improve perception or interpretability 

information of the image and to make various features more easily for human viewers.  

Image resolution is the ability to image two separate objects and visually distinguish one from the other 

[177]. Spatial resolution refers to the ability to image small objects that have high subject contrast. A 

generally used scale for resolution of two points objects, proposed by Lord Rayleigh (1887-1905) and 

 

Figure 6-7 a) Shows the phase contrast image setup experiment. Parameters are; 130 cm source-object 

distance, 207cm source-CDD detector, 77 cm object-CDD, 10 kV accelerating voltages (polychromatic x-ray 

source), 0.573 kV grid voltage, 10A magnetic lens current, source size ≈ 45 um, 10-5 mbar vacuum pressure 

and several images were taken for a range of exposure times 60-400s.  b)The biological samples used are 3 cm 

length Goldfish and c) 2 cm spider we identify as (Pholcus phalangioides) type are shown with a metre scale 

at the top right and bottom left of the image. 
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called Rayleigh Criterion, is that the objects are only just resolved if the centre of one diffraction pattern 

coincides with the first minimum of the other [10]. Hence, the angular separation of the objects, two 

point objects are just resolved, according to Rayleigh’s criterion. These can be seen in the absorption 

phase contrast images (fig 6.10 and 6.13) where a small selection box put across spider leg (two dark 

hair and leg body) showing the resolution profile of the low-intensity areas (≈10 um widths) around the 

background.  

Three techniques (Imadjust, Histeq and Adapthisteq) for contrast image enhancement were used to 

process recorded images [178]. There are many contrast enhancement methods proposed in the 

literature [179]. The first method was used is the (Imadjust) technique, which is the basic tool for 

intensity transformation of grey scale images. Tens of images were recorded and processed using an 

open source Matlab code [180]. The first set of images is averaged to produce an image which we called 

the (Original) image shown in Figure 6-8. The first technique used was image intensity transformations 

of gray-scale, using an (Imadjust) function tool: 

𝑔 = 𝑖𝑚𝑎𝑑𝑗𝑢𝑠𝑡( 𝑓, [𝑙𝑜𝑤𝑖𝑛 ℎ𝑖𝑔ℎ𝑖𝑛], [𝑙𝑜𝑤𝑜𝑢𝑡 ℎ𝑖𝑔ℎ𝑜𝑢𝑡], 𝑔𝑎𝑚𝑚𝑎 ) 

This function maps the intensity values in image f to new values in image g so that the values between 

lowin and highin map to values between lowout and highout. All other values above highin and below lowin 

will be clipped; so that all values below lowin map to lowout, and those values above highin map to highout 

results in the default values between [0 1]. Where gamma is a parameter used for mapping intensity 

values for f image to create g image by weighting the values towards higher (brighter) output when its 

value less than 1 and lower (darker) when greater than 1. When gamma is omitted from the function, it 

defaults to 1 (linear mapping) [181]. The newly mapped intensity values for the (Imadjust) image is 

shown in Figure 6-8, in which 1% of the data at low and high intensities of input data is saturated, 

increasing the absorption contrast of the image. 

The second technique used for contrast enhancement was histogram equalisation (Histeq). It is a very 

popular technique for enhancing image contrast by remapping the image grey scale levels based on 

probability distribution of the input grey levels. This technique flattens and stretches the dynamic range 

of the image’s histogram, resulting in overall contrast enhancement [178]. In this method the 

conventional histogram equalisation enhancement technique, the image is treated globally, leading to 

better views of the structure in the x-ray images. The resulted image (Histeq) is shown in Figure 6-9. It 

highlighting the borders and edges but reduces local details of the smooth and small features. This 

technique is commonly used for image enhancement because of simplicity, is not computationally 

intensive and provides comparatively better performance on almost all types of images. 

The third technique used was contrast-limited adaptive histogram equalisation (Adapthisteq). Unlike 

Histeq, it operates on small data regions (tiles) rather than the entire image. Each tile's contrast is 

enhanced to redistribute the pixel values so that the histogram of each output region approximately 
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matches the specified histogram (uniform distribution by default). Adaptive histogram equalisation 

helps to enhance the contrast locally in order to avoid amplifying noise which might be present in the 

image especially in homogenous areas [178]. The resulted image (Adapthisteq) is shown in Figure 6-9. 

This method emphasizes local contrast, instead of overall contrast and bringing out more detail.  

 

 

 

 

Figure 6-8 Contrast enhancement technique for a set of images of a spider (2 cm length Spider, we identify as 

Pholcus phalangioides type) with source setup parameters: 166 uA target current, 300s exposure time, 10 kV 

accelerating voltage (polychromatic x-ray source), 0.49 kV grid voltage, 10.9A lens current and 6 A H.T 

current. Original image processed to produce enhanced Imadjust image.  

 

Figure 6-9 Contrast enhancement technique for a set of images of spider sample spider ( 2 cm length Spider, 

we identify as Pholcus phalangioides type) with source setup parameters: 166 uA target current, 300 s 

exposure time, 10 kV accelerating voltage (polychromatic x-ray source),, 0.49 kV grid voltage, 10.9 A lens 

current and 6 A H.T current. Histeq image processed to produce enhanced Adapthisteq image. 
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Figure 6-10 Shows the absorption phase contrast profile of small selection box around spider leg                              

(Pholcus phalangioides type) where leg body and two hair low-intensity areas observed covering few pixels, 

resolving approximately 10 µm width distance. 
 

The same image processing techniques were repeated for the 10 images of the fish sample. These images 

are shown in Figure 6-11 and Figure 6-12 below.   
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Figure 6-11  Contrast enhancement techniques for a set of images of the fish sample 3 cm length. Setup 

parameters: 186 uA target current, 460s exposure time, 10 kV accelerating voltage (polychromatic x-ray 

source), 0.49 kV Grid Voltage, 10.9 A Lens Current, 6 A H.T current. Original image processed to produce 

enhanced Imadjust image. 

 

 

 

 
Figure 6-12  Contrast enhancement techniques for a set of images of the fish sample (3 cm length). Setup 

parameters: 186 uA target current, 460s exposure time, 10 kV accelerating voltage (polychromatic-ray source), 

0.49 kV grid voltage, 10.9 A lens current, 6 A H.T current. Histeq. image processed to produce enhanced 

Adapthisteq image. 
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Figure 6-13 Shows the absorption phase contrast intensity profile of small selection box around fish skeletons 

where low-intensity areas observed covering a few hundreds of pixels (400 µm) of fish Ribs                                              

(the minimum Rib width ̴ 20 µm) over background.  

 
 

6.9 Experiment 2 / Phase contrast x-ray image sensing techniques (PCXI) 

using the sand paper analyser.   

The propagation–based phase contrast x-ray imaging (PCXI) technique is a powerful tool in biomedical 

research used with synchrotron and laboratory sources to reveal the structure of the samples with high 

resolution by utilising and increasing the distance between sample and detector [182] and [183]. Sharp 

edges can be created by a single shot of PCXI and recorded by a CCD camera [184] and [185]. Using 

a crystal analyser can enhance the sensitivity of the PCXI technique [175]. Also by using the Talbot-

Laue Interferometry [186] and [187], more improvements can be achieved with laboratory sources. In 

this experiment, we perform quantitative measurements with one shot (exposure) using the MKI x-ray 

continuous source and a pulsed x-ray laser plasma source driven by the Astra Gemini Laser at RAL. 

These studies require a uniform illumination and an adequate sample attenuation [188] and [189]. 
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6.9.1 Methodology   

 The experiment setup dimensions are shown in the drawing in Figure 6-14. The simple phase contrast 

imaging technique PCXI is based on analysis of sample –induced distortions of the near field speckle 

pattern, where the speckle patterns recorded are generated by a random object with small structures, 

such as a piece of sandpaper. A sand paper grit refers to the size of the abrasive materials on the paper 

which is chosen to be off grain structure size range (15-23 µm) in figure 6.19. There are various 

standards that exist for ascertaining sandpaper grit size, but common standards include the Coated 

Abrasive Manufacturers Institute (CAMI) and the Federation of European Producers of Abrasives 

(FEPA). It can be found in the marked by referring to the code PEPA as P800, P1200 or P1000 while 

(CAMI) classifies them as 400, 500, 600, with average diameter sizes range from 15.3 to 23 

micrometres as shown in figure 6-17. These sandpaper grain sizes are chosen to be as small as possible 

while remaining larger than the CCD pixel size, to have a specified pattern on the detector measured in 

pixel size to maintain the pattern visibility without obscuring sample features [190,191]. 

The reference pattern was created by placing a sheet of sandpaper in the x-ray beam with a propagation-

based imaging method. The reference pattern is distorted by placing the sample in the x-ray beam line. 

Then, by performing a correlation analysis comparing a single sandpaper reference pattern image only 

and the sample with sandpaper image, a sensitive differential phase contrast images can be produced. 

The simplicity of the setup, flux retention and single sample image per reconstruction suggests that this 

method can be used with both synchrotron and laboratory sources [192,193]. While conventional 

absorption based x-ray imaging allows visualisation of electron density of biological structures, phase 

contrast imaging also enables the soft tissue to be seen.  

 

 

 

Figure 6-14  Shows the drawing of the experimental setup dimensions for PCXI technique. 
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With the propagation distance of the wave from sample to a detector, the phase gradient distorts the 

reference pattern. Then the phase change (φ) can be integrated for each point of the wave leaving the 

sample plane surface and found by calculating the transverse shifts of the reference S (x, y).  

 

 

Therefore, these shifts are resolved into horizontal and vertical directions, so that the wave deviation 

angle can be given:  

𝑡𝑎𝑛𝜃𝑥 =   𝑆𝑥/𝑧     ,   𝑡𝑎𝑛𝜃𝑦 =   𝑆𝑦/𝑧                                         6.10  

As shown in Figure 6-15, both θx and θy are the change in the x-ray beam angle along x and y directions 

causing a transverse shift in both directions S (Sx, Sy) for propagation distances of (z).  

The magnitude of shift position S (x, y) can be calculated at each pixel of the sample image by 

comparison with the reference image. Then for each pixel (x, y) of the image, the shifts S (x, y) required 

for the closest correlation between the reference image and the image of the sample in x-ray beam line 

centred at the pixel (x, y) using a small integration window is found. The Image1 in Figure 6-15 shows 

the position of the sandpaper reference pattern or pixel reference image. While the Image2 is the new 

shift (S) position recorded by introducing a sample into the x-ray beam line. The cross-correlation 

between the two images is taken and then for each cross-correlation, a Fourier function is performed 

for computational speed and normalisation [194]. By recording these shifts (Sx, Sy) for each pixel in the 

sample and reference images, a two differential phase contrast images can be produced. Using a plastic 

PMMA shape sample with an approximately 10 mm diameter and two hundred micrometre thickness 

(Figure 6-16), these shifts are recorded for each pixel and could be converted to angles (θx, θy). 

 

Figure 6-15 The propagation method setup dawning (top). The bottom schematic of the phase shifts in both 

directions S (x, y). Image1 is the reference pattern image only and Image 2 is the shifted pattern by S (x, y) 

position. 
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Figure 6-16 Experimental set-ups and sample (PMMA) 1 cm length was used (shown inset).  

 

  

 

Figure 6-17 Optical microscope view for the sandpaper from the above surface, shown approximately 15.3-

23 µm grain sizes. 

 

For an x-ray beam with wavelength λ and wave number κ, the incident rays will deflect by θx and θy 

angles given by: 

                                         𝜃𝑥 =
 1

𝜅

𝜕𝜑

𝜕𝑥
 ,                     𝜃𝑦 =

 1

𝜅

𝜕𝜑

𝜕𝑦
                                                     6.11  



169 
 

For a single material the phase shift can be given φ = -κδT = (2πδ/λ) T (x, y), where δ is the refractive 

index and T is the sample projected thickness. Linking equation 6.10 and 6.11, the thickness gradient 

can be written [195]: 

𝜕𝑇

𝜕𝑥
=

1

𝛿
tan−1 

𝑆𝑥

𝑧
     and   

𝜕𝑇

𝜕𝑦
=

1

𝛿
tan−1 𝑆𝑦

𝑧
                                               6.12 

 

The thickness gradient can then be integrated to produce a thickness map T (x, y) using the Fourier 

derivative theorem:  

                                                            𝐹[ 𝜕𝑇/𝜕𝑥 ] = 𝑖𝑘𝑥 𝐹(𝑇)                                                   6.13 

where F is the Fourier transform.  

                𝐹[ 𝑇(𝑥, 𝑦)] =   1/2𝜋 ∫ ∫ 𝑇(𝑥, 𝑦)
∞

−∞

∞

−∞
𝑒−𝑖(𝑘𝑥+𝑘𝑦 ) 𝑑𝑥 𝑑𝑦                            6.14 

in (kx, ky) Fourier Coordinates. The projected sample thickness T can be determined by using ∂T/∂x and 

∂T/∂y, [196] and [197]: 

              𝑇 =  𝐹−1 [
𝐹(

𝜕𝑇

𝜕𝑥
+𝑖 

𝜕𝑇

𝜕𝑦
)

𝑖𝑘𝑥 − 𝑘𝑦 
 ]                                                                6.15 

To avoid a numerical singularity, the Fourier coordinates should be set to zeros (kx = 0, ky = 0), so that 

T is equal to zero in the area outside of the sample image. Substituting equation 6.13 in 6.15 will verify 

this case.  

The reconstruction equation above can be written in terms of the reconstructed phase map φ (x, y) as 

this is the quantity of interest when the material density is varied [198]: 

𝜑(𝑥, 𝑦) =
𝛿

2𝛽
ln (𝐹−1   {

𝐹(𝐼(𝑥,𝑦) 𝐼𝑂(𝑥,𝑦)⁄

1+[
𝜆𝑧𝛿

4𝜋𝛽
](𝑢2+𝑣2)

})                                             6.16 

where u, v are the complex conjugate coordinates of the x, y-axis. The values of δ decrement from unity 

for the x-ray refractive index n of the material and absorption coefficient β is related by: 

                 𝑛 = 1 − 𝛿 + 𝑖𝛽                                                        6.17 

 and   

                       𝜇 =
4𝜋𝛽

𝜆
                                                                   6.18 

where μ is the linear attenuation coefficient of the material. The ratio of (δ/β) can be found when the 

chemical composition of the material sample is unknown.   
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6.9.2 Image processing  

A Digital Image Correlation algorithm (DIC) code can be used to calculate the phase shift in the 

wavefront after the propagating through a sample material. The position of a speckle subset of a few 

pixels is tracked from one image to the next using a cross-correlation criterion. The phase retrieval 

algorithm takes information about the intensity of a wave and applies constraints such as the refractive 

index and position of the sample to reconstruct an image of the wave phase at the exit surface of the 

sample. Sets of images must be taken with and without the sample in the x-ray beam line for processing. 

6.9.3 Image Corrections (flat and dark field images) 

Before applying the cross-correlation code to the both images (with and without the sample), some 

image corrections should be taken. The background signal was recorded when the no sample or object 

in the x-ray beam line. This is not a uniform intensity distribution due to the non-uniform detector 

response or inhomogeneities of the x-ray beam. Thus, it is important to do normalisation of the image 

using the image without the sample/object and that is called a flat field correction. The dark field image 

(dark signal) should be subtracted from the image before processing. This is called dark image 

correction so that the corrected images can be given by: 

𝐼𝑐 =
𝐼(𝑥,𝑦)

𝐼𝑂(𝑥,𝑦)
=

𝑆𝑜(𝑥,𝑦)−𝑆𝑑(𝑥,𝑦)

𝑆𝑓(𝑥,𝑦)−𝑆𝑑(𝑥,𝑦)
                                                              6.19  

where Sd (x, y) is the dark signal, So (x, y) is the signal when the object in the beam line and Sf (x, y) is 

for the flat field signal. A set of images taken of the flat field and dark field is averaged before correcting 

and processing images.  The images will be processed for every pixel by averaging grey values for each 

pixel of the flat and dark field images. 

6.9.4  Image padding 

Image padding is a method to extend the dimension of the opposite ends of an images by padding rows 

and columns to avoid crosstalk between opposing ends. This was applied to the flat corrected projection 

image Ic (x, y) before applying the phase retrieval algorithm. This will extend the image to a larger size 

before applying the reconstruction equation 6.16. As a result, the original pixel numbers (norginal ) are 

padded to the new (npadded) pixel width:   

                                     𝑛𝑝𝑎𝑑𝑑𝑒𝑑  =  𝑒𝑥𝑝
[(𝑙𝑛2) ∗  𝑐𝑒𝑖𝑙[𝑙𝑜𝑔2(𝑛𝑜𝑟𝑔𝑖𝑛𝑎𝑙+𝑛𝑒𝑥𝑡)]]

                                           6.20     

where  

 𝑛𝑒𝑥𝑡 = 2 ∗  𝑐𝑒𝑖𝑙 [
3𝜆𝑧

(Δx)2]                                                                 6.21        
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6.10 Results / speckle-based imaging experiment  

Two x-ray sources have been used to verify the speckle base imaging technique; a continuous and a 

pulsed source.   

6.10.1 The Laboratory X-ray Source MKI  

For the continuous source, the experimental setup is shown in Figure 6-16. The Matlab code was used 

to calculate the phase shift displacements (dx,dy) in both x and y directions in Figure 6-18 for one set 

of images; i.e. (two images were taken, one with and the second without a sample in beam line). The 

PMMA sample object dimensions (10 mm diameter and ≈ 300 um thickness) was used with a 

continuous spectrum with 10keV maximum energy x-ray from an aluminium target. The effective 

energy of the polychromatic spectrum was calculated by the weighted sum method and found to be 

equal to 6 keV, with an approximately 150 µm source size. The measured beam intensity was ≈ 103 

photons /s from section 4.5. Using the method described in section 6.9.1, the projected thickness 

gradient map for a small red line (80 pixels) as shown in Figure 6-18 was calculated and the profile is 

drawn in Figure 6-19. 

 

 

 

 

Figure 6-18  (a) Refraction image shifts along the x (displacements) and (b) refraction image shifts along y 

caused by (PMMA) sample of 1 cm length introduced in the x-ray beam line with maximum energy 10 keV 

(polychromatic x-ray source) using an aluminium target. 
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For the propagation method, the experimental setup parameters were a magnification factor = 1.6, the 

sample to detector distance = 820 mm and a sandpaper with 15-25 µm features size. Five images were 

recorded with the sample in the beam line (Current Image) and without (Ref. Image) with the same 

exposure time.  

 

 

The near field speckle pattern structure is recorded in  

 

Figure 6-20 6-20. The profile pattern for points A and B show speckle size at the CCD detector of 3 

pixels (≈22 µm) with a magnification factor of 1.6, the “visibility” calculated for the image speckle 

profile using:  

 

                                                 V=(IA- IB ) / (IA+ IB) = 7.7% 
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Figure 6-19 Reconstructed projected thickness gradient profile for the small red line across the sample edge 

shown in figure 6.18(a). 
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Figure 6-20 Enlarged view of near field speckle pattern structure for sand paper.  

 

 

The experimental thickness obtained T = 300 µm ± 20% for the PMMA sample and the phase shifts 

and thickness gradient can be calculated; 

 

𝑑𝑇

𝑑𝑥
=

1

𝛿
 tan−1(

𝑑𝑥

𝑍
)   =   

1

1.186 × 10−6  tan−1(
0.438 .10−6

0.82
)  = 0.45 

 

 

We followed the quantitative methods described by [195,199], in which the effective energy was 

inferred utilising the grating-based quantitative polychromatic x-ray phase imaging to obtain a clear 

phase contrast. The analysis parameter for the PMMA sample used is the refractive index                               

δ =1.186 × 10-6, theoretical thickness T = 300 µm and the calculated effective energy E = 6 keV. 
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Using these parameters above, the image phase shifts can be retrieved using ImageJ software plugin 

ANKAphase 2.1 version developed by [198]. Retrieved images are shown in Figure 6-21 for the phase 

contrast retrieval where the three layers of the sample are clearly visible, and the transmission flat field 

image corrected from dark field current noise. 

 

The three dimensions’ tools in the Image J software were used to view the image as an interactive 

surface plot for the phase retrieval image of PMMA 300 µm thickness each of three layers. This can be 

seen in Figure 6-22 and Figure 6-23 where the three layers can be easily recognised. 

 

 

 

 

Figure 6-21 Left; phase retrieval image processed with the effective energy of 6 keV, distance to detector 820 mm, 

detector pixel size 13.5µm, and the material ratio of coefficients, δ /β = 24.409 for three layers of PMMA material 

300 µm thickness, making approximately total thickness 900 µm. Right, the transmission flat field of the image 

corrected from dark field current.  
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Figure 6-22  (a) Phase shift profile (steps) for the red line in the (b) 3D Viewer interactive surface plot for 

phase retrieval image of PMMA 300 µm thickness for each layer (three layers).  

 

 

 

 

 

Figure 6-23 Interactive surface plot viewer for phase retrieval image where the three different layers of PMMA 

are easily recognised. 
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6.11 Laser Plasma X-Ray source (Astra Gemini Laser at RAL) experiment. 

 For the pulsed source experiment, the setup is shown in Figure 6-24. Following the previous 

experiment, the same propagation method for single exposure quantitative phase contrast imaging was 

used.  

 

 

Figure 6-24 Shows the experiment setup at the Astra Gemini laser at the Central Laser Facility. Gas cell length 

3-42 mm, laser plus energy 5.6 ± 0.3J, 47 fs, Laser light blocked by ≈ 26 µm Kapton tape, electron beam 

deflected by 0.9 T permanent magnet (12 cm long) followed by 1.0 T (30 cm long) and recorded by detector 

(lanex screen) and 240 µm thickness PMMA target material situated at approximately 242 cm. 

 

6.11.1 Methodology and results 

A high-intensity laser (plus energy 5.6 ± 0.3J, 47 fs duration) was focused into the entrance aperture of 

a helium single stage gas cell, creating a plasma wave mimicking the mechanisms of electron 

acceleration and radiation generation that take place in a large conventional accelerator but on a 

millimetre scale [34]. The cell length varied between 3- 42 mm. The plasma density generated was 

characterised by using a 50 fs probe beam timed to arrive as the wakefield drive laser exited the plasma, 

these experiments were performed with a plasma density of ≈ 2.6 x 1018 cm3. 

The plasma waves generate a large electron acceleration field (100- 500 GV/m) in the range                     

100 to 1000 times stronger than conventional acceleration accelerator fields [200,201]. While the 

electron is accelerated it also undergoes transverse, or betatron oscillations inside the plasma wave due 

to the transverse electromagnetic fields in the bubble. These betatron oscillations make the electrons 
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emit bright x-rays.   In a laser wakefield acceleration (LWFA), the higher the energy of the electron 

beam the smaller the source size of the x-rays.  This x-ray generation mechanism is similar to that in a 

permanent magnet undulator. The x-rays emerge from a tiny micrometre sized source with a peak 

brightness of order (1.8 × 1023 photons/s/mm2/mrad2/0.1%BW) similar to that from conventional 

synchrotrons [202].  

The accelerated electron beam was deflected by permanent magnets 12 cm long with 0.9 T, followed 

by 30 cm long with 1.0 T, separating them according to their energies. The electron beam spectrum was 

recorded by a digital camera which imaged a Lanex screens [ 202].  

After deflecting the electron beam using a permanent magnet as shown in Figure 6-24, the emerging x-

ray betatron spectrum, few micrometres size with typical critical energy (15-35 keV) [201], was incident 

on the sample situated at a distance approximately 2421 mm from the detector plane, consisting of a 

poly (methyl methacrylate, PMMA), shape with about 240 µm thickness which create a spatially 

varying phase shifts. To protect the target from the transmitted laser light from the wakefield accelerator 

a ≈ 26 µm thick Kapton tape, which acts as a plasma mirror and reflects the laser pulse away from the 

X-ray targets was placed at ≈10 cm from the exit of the gas cell. In addition a ≈25 µm aluminium sheet 

was used to shield the x-ray targets on the laser beam axis. 

The detector used was Andor indirect detection camera, active pixels 2084 × 2048, pixels size               

13.5 × 13.5µm, chip area 27.6 × 26.7 mm, back-Illuminated. The phase shifts (dx and dy) were 

calculated using the Matlab code as shown in Figure 6-25 in both directions. A small line was introduced 

along the edge of the image to determine the image profile as shown in Figure 6-26. 

 

                           Dx Shifts                                                               Dy Shifts  

Figure 6-25  Transmission Images, (a) Refraction image shifts along the x (displacements), (b) Refraction 

image shifts along y, caused by introducing (PMMA) sample in the x-ray beam line.  
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The setup parameters used were; magnification factor = 2.17, sample to detector distance Z = 2421mm, 

a sample PMMA with refractive index δ = 1.186 × 10-6, detector pixel size = 13.5 µm, and the ratio 

between two parameters δ/β = 2899. The integrated x-ray radiation phase shift ( φ ) can be calculated 

by determining the distortion shifts ( Sx,y) caused by introducing the sample into the x-ray beam path, 

where these shifts are in the horizontal Sx and vertical Sy directions [204]. Then from the experimental 

set-up dimensions for the propagation method, these shifts can be given by: 

𝑡𝑎𝑛 𝜃𝑥 = 𝑆𝑥/𝑍    𝑎𝑛𝑑  𝑡𝑎𝑛 𝜃𝑦 = 𝑆𝑦/𝑍 

These are the x-ray angle changes in the x and y directions that produce the observed shifts (Sx,y). Using 

this data and the wave number with the estimated effective energy Effect = 30 keV [199], for the x-ray 

spectrum. The phase shifts (φ) can be determined by: 

 

 𝜃𝑥 = 1/𝑘  𝜕𝜑/𝜕𝑥   𝑎𝑛𝑑    𝜃𝑦 = 1/𝑘   𝜕𝜑/𝜕𝑦 

Then, the sample thickness gradient can be retrieved (Paganin, 2006) by: 

 

𝑑𝑇

𝑑𝑥
=

1

𝛿
 𝑡𝑎𝑛−1(

𝑑𝑥

𝑍
)   =   

1

1.186 .10^−6
 𝑡𝑎𝑛−1(

0.214 .10−6

1.483
)  = 0.121 

 

 

Figure 6-26 Reconstructed projected thickness gradients for the small red line on sample edge figure 6.21. 
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In addition, by integration [188,197,205] the projected sample thickness is calculated T = 71 ±10 µm. 

The reason that this value has a large difference from the theoretical value (240 µm) is the non-uniform 

edge of the sample used. Figure 6-28 shows the phase retrieval images processed using Image J software 

[198]. The profile for the small red line plotted on the edge of the PMMA sample was used to reveal 

the phase change between two mediums. Figure 6-28 shows the three-dimensional viewer interactive 

surface plot for phase retrieval image. Figure 6-29 shows the sharp phase changes in the profile for a 

small mm red line introduced in the image due to the small source size used and the CCD detector pixel 

size in addition to the geometry set up dimensions used. In comparison with the laboratory x-ray source 

MKI, the phase change profiles obtained is highly visible and encourage us to do more work to develop 

this sensitive technique using a grid or by using a different reconstruction algorithm method.  

 

 

 

 

 

Figure 6-27 Right, the phase retrieval image processed with the calculated effective energy of 30 keV. Sample 

distance to detector 2600mm, pixel size 13.5 um, and the ratio of δ/β = 24.409 coefficients for one layer of 

PMMA material with approximately thickness 240um. The left image is a transmission, flat field image 

corrected from dark field current. 
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Figure 6-28 Three-dimensional viewers interactive surface plot for phase retrieval image, the profile for the 

red line.   
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Figure 6-29 Phase shift profile for the red line across the PMMA edge in figure 6.23. 
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6.12 Conclusion  

In this chapter, we demonstrate x-ray imaging methods utilising the MKI electron beam and laser driven 

betatron radiation sources. Imaging techniques were investigated and experiments performed for phase 

contrast x-ray imaging technique PCXI. Physical and biological sample were used. Two types of x-ray 

sources were used, MKI and a Laser Plasma x-ray source (Astra Gemini Laser at RAL). The first 

experiment was used the absorption phase contrast method for biological samples, and images were 

processed using numerical enhancement Matlab code tools. The second experiment investigated phase 

contrast x-ray image (PCXI), a new sensing technique using the sand paper analyser. Reference images 

were created by the random sand paper features. Images were collected and a digital image correlation 

algorithm (DIC) code was used to calculate the phase shift in the wavefront after propagating through 

the sample material. A phase retrieval algorithm was used to produce the phase contrast images. As a 

result, we successfully verified this imaging technique using two different sources. The projected 

sample thickness measured was 300 µm 20 and phase shift of 0.45 using MKI laboratory x-ray source, 

while a phase shifts of 0.121 measured for laser plasma x-ray source and a large error calculated for the 

projected sample thickness due to the non-uniform edge of the sample used. Possible development can 

be made in future as this technique still under research in different research groups around the world 

[192,204] and [206]. 

7 Conclusion and future work 

This thesis has presented experimental data on the characterization of electron impact x-ray sources, 

the design of a new electromagnetic lens, targets and the developments of the third generation MKIII 

microfocus x-ray source. The application of these sources in addition to the laser plasma x-ray source 

(Astra Gemini laser at RAL) in a phase contrast imaging and new phase contrast techniques has been 

investigated.   

7.1 Electron impact sources  

In this thesis, a characterization of the MKI source was obtained. Calculated data for heating effects of 

the electron beam incident on the targets (aluminium and carbon) has shown the experimental validity 

of the present targets, while for the other suggested targets, the electron beam power loading should not 

be exceeded (Section 4.14, Table 4-2) to avoid approaching the material melting point. The performance 

of the device was experimentally studied by variation of the spacing distance between cathode and 

Wehnelt (grid). These studies showed that this distance has a major effect on the total current incident 

on the target and as a consequence on the x-ray intensity generated (Section 4.2.1). The two cathode 

operating modes, the temperature limited mode and the charged limited mode (Section 2.3), have been 
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experimentally studied and shown an acceptable agreement with experiment measurements          

(Section4.2.2, Figure 4-5). 

Mica and KAP crystal spectrometers were used to characterise the MKI source spectrum emitted from 

both aluminium and carbon targets. The intensity spectra were recorded for each target and analysed. 

K-shell emission lines are superimposed on the continuum spectrum as expected from the literature. 

Image plates were used as a detector to record these peaks, readout by scanners using a He-Ne laser. 

Calibration was obtained and intensities were recorded (Section 4.3). Spectral resolution and spectral 

resolving power were determined for each peak (Figure 4-14). The intensity spectrum was calibrated 

and converted to photons units. The integrated intensities measured for different electron beam power 

was in the range 103-104 photon/s (Figure 4-21). 

Experimental measurements of intensities and source sizes were performed using Si PIN diode and 

CCD camera detectors (section 4.5). Using the Si PIN diode detector. The experiment set-up was 

operated in the laboratory air environment with the x-ray beam passing through a silicon nitride Si3N4 

window (low attenuation window) separating the high vacuum tube from the laboratory environment. 

The attenuation coefficients of the x-ray beam along its path to detector were calculated for different 

mediums and the total photons per the second incident on the detector were recorded for different 

electron beam powers (Figure 4-21). Spot sizes measurements were obtained experimentally by the 

knife edge technique and using the low energy direct detection x-ray CCD camera detector in a vacuum.  

Two methods were used to analyse the data, the line spread function LSF and line of best-fit LBF. The 

comparison of these two methods was shown in Figure 4-21. These measurements were taken according 

to the system design and set up parameters (acceleration voltage 10 kV, grid voltage 0.540 kV, cathode 

current 2.73 A, vacuum pressure 7.5 × 10-5 mbar and exposure time 10s). The minimum x-ray beam 

spot size diameter recorded was 26.1 × 47.9 µm2 (Figure 4-26). Smaller x-ray beams can be obtained 

but that will be at a lower electron beam current because of the electron beam broadening due to the 

space charge effects (section 5.12). In addition, smaller x-ray beams are expected to be possible using 

zone plate optics [108]. 

Simulation for the MKI electromagnetic lens was performed using the Field Precision TriComp. 5.0 

program package (Section 4.7). The maximum field strength was found to be 0.1 Tesla (Figure 4-27), 

which is agreed with experimental measurement recorded (0.145 Tesla). Furthermore, a Monte Carlo 

software package Casino was used to simulate the x-ray intensity generated from the solid targets 

(aluminium and carbon) are shown in Figure 4-28. Backscattered electrons were simulated              

(Figure 4-30). The set-up parameter to run the simulation was not the same as the actual MKI device 

set up because of the limited input options available in the software package used so that the results was 

considered approximate.  
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A new electron gun (EG) was tested and commissioned using a phosphor screen type (P22, ZnS: Ag) 

coated on the 0.030-inch-thick conductive glass. More details can be found in                                        

(Section 5.14, Figure 5-13). The incident electron beam generated a blue light on the phosphor screen 

surface. The EG can operate and generate higher current (1µA- 3.3 mA) than MKI (50-250 uA), with 

longer working distance (100-1000 mm) for beam energies of (1-30 keV). 

A new focusing magnetic lens was designed for the new x-ray device (MKIII), (Figure 5-43), following 

the design procedures in [43]. A magnetic material was chosen to produce high magnetic field strengths. 

The lens was first designed in SolidWork, then the expected electromagnetic field was computed using 

the Field Precision software package [131]. Different designs were suggested and modelled until the 

best optimisation parameters (geometrical pole shapes, B fields, and lens dimensions) were determined 

(Section 5.2.5). The block of soft iron material was machined at the Imperial College workshop. The 

coils were designed and made in the College for the deflection lens and focusing magnetic lens. The 

power supply was built for the deflecting lenses. Heat transfer in the coil was calculated (Section 5.9), 

and the chiller cooling water setting was set at (2 oC) temperature and a cooling water flow rate at (1900 

L/h) was used to remove the heat from the coil lenses. These results were found to have respectable 

agreements with the experimental measurements (Section 5.17) because it keeps the coil temperature 

below the 20 oC. 

According to the lens design data, the minimum electron beam size likely to be achieved is in the range 

200-350 µm for the coil lens excitation of 356 A.N and the focal length between 10-50 mm               

(Figure 5-35). Different parameters (lens excitation I.N., electron beam energies 10-30 keV, emission 

surface diameters) were modelled and focal lengths and spot sizes were recorded for the optimisation 

listed in Table 5-4.  

It shows that a minimum spot size of 50 µm was associated with a focal length of 9.7 mm which could 

be achieved when the emission surface is reduced to 5 mm diameter as shown in Figure 5-38. These 

were when the setting parameters were fixed at 26 keV electron beam energy, 0.5 mA current, and 360-

390 ampere-turns coil lens excitation. As a result of these calculations, we expect to obtain much smaller 

electron beam spot sizes (less than 10 µm) than on MKI device because we have a 2 mm diameter 

emission surface. This will be tested in the near future. Following the calculation of the heat generated 

at the surface of the targets in section 4.1, a new target was designed and machined in the Imperial 

College workshop (Figure 5-7). This also will be tested in future work. 

An electron beam deflection lens (Section 5.16) and focusing magnet (Section 5.17) were 

experimentally tested. For the deflection lens, two measurements were recorded, the strengths of the 

magnetic field (B in mT) and the lens coil temperatures (T in oC) as shown in (Figure 5-44). It shows 

that the maximum B measured in the centre of the deflecting lens was 26.6 mT at 7 A supplied coil 

current. Comparisons between theoretical (simulation) data and experimental measurements of B field 
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generated by the lens was obtained (Figure 5-45). This figure shows a large theoretical increase in the 

B field for the same coil current used the discrepancy is because of the assumption that a pure soft iron 

material for the lens was used, while experimentally there is no 100% pure material. To increase the 

material purity (low carbon composition), heat treatment (section 5.16.1), should be accomplished 

before using the lens [160]. This should be done in future when required. 

For the focusing lens, an experiment was performed and measurement for the lens coil temperatures (in 

and out water circulating Tin, Tout in oC), also lens excitation (I.N., A-turns) was recorded (Figure 5-47). 

It showed that the maximum temperature did not exceed 24 oC, which agrees with the calculation in 

section 5.9. In addition, the B field was also recorded and the maximum magnetic field strength 

measured was 512 mT at the centre of the aperture. This value of B is larger than the theoretical value 

predicted for focusing and obtaining a small electron beam diameter with a focal length geometrically 

suitable to the chamber dimensions. As a result, experimental controlling and optimisation of the 

electron beam can be achieved easily. Comparisons between inner and outer pole magnetic field 

strengths were also obtained (Figure 5-49), in which the maximum B measured for the outer pole was 

167 mT, also, the magnetic field B was recorded along the lens optical axis (16 mm distance from inner 

to outer pole) as shown in Figure 5-50. This is a distance over which the electron beam will interact 

with the magnetic fields.  

We conclude that successful design and testing of the focusing lens is completed. Future work will 

involve setting up both deflection and focusing lenses in the system, running the electron gun and 

following the instructions for optimising the parameters. These will require a system characterisation 

and modification required to use it in different applications. 

7.2  X-ray imaging   

We demonstrate that the microfocus polychromatic electron impact source MKI can be used to produce 

absorption phase contrast images of biological samples, and also studied quantitative method of phase 

contrast x-ray image sensing techniques (PCXI), using a sand paper analyser, [192,207]. Source size 

measurements were obtained in (Section 0) and geometrical setup performed (Figure 6-7). Tens of 

images were recorded and enhancement processes using Image J and Matlab code were achieved. The 

image resolution obtained was 10 µm for (spider) and 20 µm for (fish) samples used is shown in figures 

(Figure 6-10 & Figure 6-13). 

A PCXI experiment was performed with the propagation method and the reference pattern generated 

with a piece of sandpaper with feature sizes 15-23 µm (Figure 6-16). Two images were acquired and 

correlation analysis performed [193] to produce sensitive differential phase contrast images [194]. 

Phase shifts displacements were calculated for each pixel in the images (Figure 6-18) and the effective 

energy for the polychromatic source calculated by the weighted sum method was (6 keV). The material 
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refractive index in this experiment is known (δ =1.186 × 10-6) so that the phase shift and material 

thickness gradient could be found (0.45, 300 ±20µm), (Section 6.10), [204]. These results obtained have 

an acceptable agreement with the actual material PMMA thickness. The phase contrast retrieval images 

processed are shown in Figure 6-21.  

The simplicity of this method suggested that this can be used in both laboratory and synchrotron sources. 

The experiment was also performed with a laser plasma betatron x-ray source (Astra Gemini laser at 

RAL) and the results are shown in Section 6.11. The phase shift displacement images calculated 

presented are presented in Figure 6-25 and the phase contrast retrieval images processed are also shown 

in Figure 6-26.  Future developments could be made to this imaging technique, by using two crystals, 

the first one to obtain a quasi-monochromatic and collimated x-ray beam, and the second crystal 

analyser used as an angular filter by reflecting the Bragg angle beam components [208].  

In addition, MKI and the third generation MKIII microfocus x-ray devices are intended to be used for 

various applications including the study of physical and biological interactions at the atomic and 

molecular scales. These sources can be coupled with a silica mirror or multilayer monochromator and 

zone plates.  That will allow the possibility of x-ray spectromicroscopy [209]. Furthermore, these 

sources with interchangeable targets can potentially provide a superior spatial resolution (a few 

hundreds of nanometres of x-ray beam spot diameters can be achieved) and the control of the dose 

delivered to the irradiated cells [210,211] and [39]. 
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Appendix A 

The Electron gun and electromagnetic lens was 

drawn in AutoCAD and then a structured mesh 

constructed by the MESH program Code. Finite 

element magnetostatic analysis was carried out using 

the program PERMAG Code. A comprehensive 

view of the mesh code can be viewed below. 

 

MESH INPUT FILE  (8GUN.MIN) 

* Electron Gun MESH created for current 

electron gun setup 

* ----------------------------------------GLOBAL 

XMesh 

-50.000    -10.000    2.000 

-10.000    -1.000    1.000 

-1.000    0.000    0.100 

0.000    0.250    0.005 

0.250    1.200    0.010 

1.200    25.000    0.100 

25.000    130.000    1.000 

130.000    170.000    2.000 

End 

YMesh 

0.000    0.500    0.005 

0.500    5.000    0.050 

5.000    25.000    0.500 

25.000    70.000    2.000 

End 

Presmooth 20 

Smooth 20 

*  Graphics: Partial 

END 

* ----------------------------------------    

61 

* Vacuum 

REGION FILL 1 

L  -50.000    0.000    170.000    0.000 

L  170.000    0.000    170.000    70.000 

L  170.000    70.000    -50.000    70.000 

L  -50.000    70.000    -50.000    0.000 

End 

* ---------------------------------------- 

 

* Cathode 

REGION FILL 2 

L  0.000    0.000    0.200    0.000 

L  0.200    0.000    0.200    0.075 

L  0.200    0.075    0.000    0.275 

L 0.000    0.275    0.000    0.000 

End 

* ---------------------------------------- 

 

 

 

 

* Cathode Emission Surface 

REGION 3 

L  0.200    0.000    0.200    0.075 

L  0.200    0.075    0.000    0.275 

End 

* ---------------------------------------- 

* Anode 

REGION FILL 4 

XShift  7.2 

YShift  0.75 

L  0.000    0.000    0.600    0.000 

L  0.600    0.000    3.200    2.900 

L  3.200    2.900    6.400    2.900 

L  6.400    2.900    6.400    4.400 

L  6.400    4.400    1.800    4.400 

L  1.800    4.400    0.000    0.000 

End 

* ---------------------------------------- 

* Target 

REGION FILL 5 

L  100.000    0.000    110.000    

0.000 

L  110.000    0.000    110.000    

10.000 

L  110.000    10.000    100.000    

10.000 

L  100.000    10.000    100.000    

0.000 

End 

* ---------------------------------------- 

 

* Grid 

REGION FILL 6 

YShift  0.375 

L  0.000    0.000    0.220    0.000 

L  0.220    0.000    1.400    2.300 

L  1.400    2.300    1.400    2.700 

A  1.400    2.700    0.700    3.400    

0.700 

2.700 

L  0.700    3.400    0.000    3.400 

L  0.000    3.400    0.000    0.000 

End 

* ----------------------------------------* 
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* ----------------------------------------* 

Chamber Wall 

REGION FILL 7 

L  -30.000    52.000    150.000    

52.000 

L  150.000    52.000    150.000    

54.000 

L  150.000    54.000    -30.000    

54.000 

L  -30.000    54.000    -30.000    

52.000 

End 

* ----------------------------------------

ENDFILE 

TRAK INPUT FILE  (8GUN.TIN) 

* Trak input file for current gun set-

up 

* ----------------------------------------

FIELDS 

EFILE =   8gun.eou 

DUNIT =   1000.0 

END 

* ----------------------------------------

PARTICLES SCEMIT 

RestMass =   0.0 

Charge =  -1.0 

NPart =    50 

DTheta =  5.0E-13 

Markreg =  3 

DEMIT(3) =  0.05 

JLimit(3) =  113200 

NCycle =  40 

TMax =    1.0E-4 

66 

NTrackMax =  50000 

END 

* ----------------------------------------

DIAGNOSTICS 

RegList 

PartList    Cylin 

PartDist 

PartFile    8gun 

END 

ENDFILE 
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Appendix B 

Focusing Magnetic Lens Drawing 
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Appendix C 

Two images were acquired and correlation analysis performed to produce sensitive differential phase 

contrast images. Phase shifts displacements were calculated for each pixel in the images and the 

effective energy for the polychromatic source was calculated by the weighted sum method was (6 keV). 

The phase contrast retrieval images processed sing code below: 

%%****************************************************** 

%% Matlab cod to calculate wave phase gradients: 

%% 

% *************************************************** 

% %************************************************* 

%{ 

 close all; 

Ir= imread('Ref.tif'); 

Ic= imread('Cur.tif'); 

Ir_o= wiener2(Ir,[5 5]);%wiener 2-D adaptive noise-removal filtering. 

figure,imshow(Ir_o),title('Ir_f');%Display reference image  after filtering. 

 Ic_o = wiener2(Ic,[5 5]); 

  figure, imshow(Ic_o),title('Ic_f');%Display the current image  after filtering. 

%} 

%% 

%% This part to find the deltx'xpeak' and delty'ypeak',by chose [3 X 3] window 

% around each pixl for both reference and current images then call the normxcorr2 function 

% to find the deltx and delty. 

%% 

%{ 

rad = 3; 

R_image = padarray(Ir_o,[rad rad],'replicate'); 

C_image = padarray(Ic_o,[rad rad],'replicate'); 

[m,n]=size(R_image); 

  

 tic;% start stopwatch timer. 

  

for i=rad+1:m-rad 

    for j=rad+1:m-rad 

        p1 = R_image(i-rad:i+rad, j-rad:j+rad); 

        p2 = C_image(i-rad:i+rad, j-rad:j+rad); 

    

        c = normxcorr2(p2,p1); 

        [yind, xind] = find(c==max(c(:))); 

        deltx(i,j)=xind(1)-2*rad-1; 

        delty(i,j)=yind(1)-2*rad-1; 

    end 

end 

toc; %Read elapsed time from stopwatch. 

%} 

%% 

%% this part to integrate the phase gradients : 

%% 

%{ 

close all; 

[Ly, Lx] = size(deltx(1:end-1, 1:end-1)); 
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x = 1:Lx; 

y = 1:Ly; 

[xg, yg] = meshgrid(x,y); 

  

dTdx = deltx(1:end-1, 1:end-1); 

dTdy = delty(1:end-1, 1:end-1); 

  

[kx, ky, FdTdx] = fft2axis(x,y,dTdx); 

[kx, ky, FdTdy] = fft2axis(x,y,dTdy); 

  

[kxg, kyg] = meshgrid(kx,ky); 

  

k2 = (kxg.^2 + kyg.^2 + 1e-10); 

  

k2 = fftshift(k2); 

kxg = fftshift(kxg); 

kyg = fftshift(kyg); 

  

T = real(ifft2((1./(1*1i*k2)).*( kxg.*fftshift(FdTdx) + kyg.*fftshift(FdTdy) )));  

figure; 

subplot; 

imagesc(deltx);colormap(gray);title('deltx');axis equal; 

figure; 

subplot; 

imagesc(delty);colormap(gray);title('delty');axis equal; 

figure; 

subplot; 

imagesc(T);colormap(gray);title('T');axis equal; 

imad_T=imadjust(T);%imadjust used to correct nonuniform illumination in an image 

 %to make it easy to identify individual 

figure, imshow(imad_T),title('imad_T'); 

%} 

 

%%************************************ 

%% Fast Fourier Transform function  

%%************************************ 
function [kx, ky, Fz] = fft2axis(x, y, z) 

  

Nx = length(x); 

kxmax = 1/(x(2) - x(1));  

Ny = length(y); 

kymax = 1/(y(2) - y(1)); 

  

kx = ([0:Nx/2 (-Nx/2+1):-1] + 0.00)*2*pi/Nx * kxmax; 

ky = ([0:Ny/2 (-Ny/2+1):-1] + 0.00)*2*pi/Ny * kymax; 

Fz = fft2(z); 

kx = fftshift(kx);                

ky = fftshift(ky); 

Fz = fftshift(Fz); 

End 

 

%%************************************************* 

%% Matlab cod for Image Enhancement Techniques. 

%%************************************************* 

%% Contrast Enhancement Techniques. 
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% % 1) imadjust increases the contrast of the image by mapping the values of the input intensity 

image  

% % to new values such that, by default, 1% of the data is saturated at low and high intensities 

of 

% % the input data. 

% ------------------------------------------------------------------- 

% % 2)histeq performs histogram equalization. It enhances the contrast of images by 

transforming the 

% % values in an intensity image so that the histogram of the output image approximately 

matches a 

% % specified histogram (uniform distribution by default). 

% -------------------------------------------------------------------  

% % 3)Adapthisteq performs contrast-limited adaptive histogram equalization. Unlike histeq, 

% % it operates on small data regions (tiles) rather than the entire image.  

% % Each tile's contrast is enhanced so that the histogram of each output region approximately 

% % matches the specified histogram (uniform distribution by default). The contrast 

enhancement  

% % can be limited in order to avoid amplifying the noise which might be present in the image. 

%-------------------------------------------------------------------- 

%{% 

close all 

% Read the image. 

im_cur=imread('spider .166uA, 420s.sand.tif'); 

im_cur_W =wiener2(im_cur,[5 5]); 

%Display the image  after filtering. 

figure; 

imshow(im_cur_W),title('The image after filtering'); 

theta= im_cur_W/10;  

figure; 

imshow(theta); 

im_imadjust = imadjust(im_cur_W); 

 % Write the image  

 imwrite(im_imadjust,'spider .166uA, 420s.sand.tif'); 

 im_histeq = histeq(im_cur_W); 

 imwrite(im_histeq,'spider .166uA, 420s.sand.tif'); 

im_adapthisteq = adapthisteq(im_cur_W); 

 imwrite(im_adapthisteq,'spider .166uA, 420s.sand.tif'); 

imshow(im_cur); 

title('Original');  

figure, imshow(im_imadjust); 

title('Imadjust'); 

figure, imshow(im_histeq); 

title('Histeq'); 

figure, imshow(im_adapthisteq); 

title('Adapthisteq'); 

%} 
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Appendix D  
 

 

Typical chemical analysis and magnetic properties are given below for soft iron material after 

heat treatments [160]. 
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