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In several x-ray related areas there is a need for high-precision elements for x-ray generation
and focusing. An elegant way of realizing x-ray related elements with high precision and low
surface roughness is by the use of microfabrication; a combination of semiconductor
processing techniques and miniaturization. Photolithographic patterning of silicon followed
by deposition, etching, bonding and replication is used for batchwise fabrication of small
well-defined structures. This thesis describes microfabrication of a miniature x-ray source and
a refractive x-ray lens. A miniature x-ray source with diamond electrodes has been tested for
x-ray fluorescence. Another version of the source has been vacuum encapsulated and run at
atmospheric pressure. One-dimensionally focusing saw-tooth refractive x-ray lenses in
silicon, epoxy, and diamond have been fabricated and tested in a synchrotron set-up. Sub-
micron focal lines and gains of up to 40 were achieved. The conclusion of the thesis is that the
use of microfabrication for construction of x-ray related components can not only improve the
performance of existing components, but also open up for entirely new application areas.
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BACKGROUND
The work on the miniature x-ray source started as a cooperation between RADI Medical
Systems and Uppsala University. The aim was to construct an x-ray tube small enough to be
inserted into coronary arteries. Such a source would be useful for irradiation of the vessel wall
in conjunction with balloon dilation of stenosed coronary arteries. Later on, the industrial
potential was appreciably diminished, and the university part of the project was widened so as
to include various different applications. 

A small x-ray source has several potential applications within medicine. Contrary to
radioactive isotopes, it is possible to turn off and the range of its radiation can be tailored by
varying the acceleration voltage. This feature makes possible very localized irradiations of
e.g. tumours and other adverse states of excessive cell proliferation. Furthermore, a small
source can be of interest for portable and probe-mounted materials analysis equipment. 

The x-ray refractive lens project has been run at the Royal Institute of Technology in
Stockholm where it originated from work on a mammography system. Only the
microfabrication part of the work is presented in this thesis. This part started as an alternative
to lens machining by precision mechanics and its purpose was twofold: To show that the saw-
tooth geometry is adequate for simple attainment of sub-micron focusing, and to point out the
superiority of microfabrication for machining of high performance x-ray lenses. 

Thus, the work on both miniature x-ray source and refractive x-ray lens originated from a
(medical) need of micrometer and even nanometer precision x-ray related components.
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1. INTRODUCTION
This thesis describes microfabrication of two x-ray related components, a miniature x-ray
source and an x-ray refractive lens, Fig. 1.1. Most people have at least one immediate
association to x-rays; the x-ray image of a fracture taken at the hospital. Fewer know what
microfabrication is, and what it can be used for. Therefore, the purpose of this thesis is
twofold: Firstly, to introduce microfabrication and to present x-ray application areas, and
secondly to describe in more detail how the miniature source and the lens were fabricated by
the use of microfabrication methods. 

      
Figure 1.1: Schematics showing the miniature x-ray source (left) and the refractive x-ray lens
(right).

The most well-known applications of x-rays are medical ones. Imaging of tumours, vessels,
and fractures are obviously of great use for diagnostic purposes. The fact that x-rays are
absorbed to different extent in different tissues makes it possible to get images with contrast
enough to distinguish not only bone from soft tissues but also different kinds of soft tissue.
Therapeutically, x-rays induce cell death and can therefore be used for treatment of disease
states involving undesirable cell proliferation, including tumours as well as scars and
abnormal thickening of lumen walls of the body. A specific example is the undue scar
formation which often results after balloon dilation of a stenosed coronary artery, Fig. 1.2.
Suppression of scar formation by x-ray irradiation of the vessel wall prevents the artery from
being narrowed anew. Initially, the x-ray source project focused on designing a source for in
vivo irradiation of coronary arteries. For this application, the source has to give radiation of
sufficient energy to penetrate to and be absorbed in the vessel wall, and to give a high enough
dose rate. Obviously, it must also be small enough to be inserted into the arteries to be treated.
For a miniature source, the need for microfabrication methods is obvious.

Artery

Stenosis

Balloon

10% restenosis 30-60% restenosis

Radiation Placebo

Figure 1.2: Irradiation of the vessel wall after balloon dilation can be used as a means of
reducing the restenosis risk. This was the original application considered for the miniature x-
ray source [1].
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X-rays are also used in materials analysis. Two examples hereof are x-ray fluorescense (XRF)
for determination of the composition of solids, and x-ray diffraction (XRD) for establishment
of the three-dimensional structure of crystalline solids and proteins. In XRF, x-rays excite
atoms in a sample whereby its elemental composition can be recognized, Fig. 1.3. Use of a
miniature x-ray source in a portable XRF device has been considered [VII].

Within microfabrication and microelectronics, photolithography is the dominating method for
transfer of a pattern from a mask to a substrate. X-ray lithography is an alternative to
conventional optical lithography. The short wavelength and the large depth of focus of x-rays
are advantageous for patterning of thick photoresist layers (LIGA) and for high resolution
lithography. 

Figure 1.3: Elements in a sample can be identified by x-ray fluorescence (XRF). A miniature
x-ray source can be used for miniaturization of XRF equipment. 

The original purpose of the collecting x-ray lens was to increase the photon flux in a
mammography system, Fig. 1.4. However, a focusing x-ray lens would be useful wherever a
micro-beam is desirable, e.g. in x-ray microscopy, fluorescence, tomography and
crystallography. 

Figure 1.4: A digital mammography system in which x-ray photons are counted one by one in
edge-on silicon strip detectors. The collimated beam is scanned across the breast. A way to
improve the poor photon-economy of the system would be to increase the x-ray flux on the
detector by focusing the beam.
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2. MICROFABRICATION
This section contains a description of methods and materials used in the fabrication of the
miniature x-ray source and the refractive x-ray lens. To begin, microfabrication is presented
and some general effects of miniaturization are discussed. The traditional material of
microfabrication, single crystalline silicon, is described. Silicon wet etching, replication
techniques and various bonding and sealing methods are accounted for with reference to the
manufacture of source and lens. 

2.1 What is microfabrication?
Microfabrication involves batchwise material forming with micrometer precision. The
resulting parts or systems are not necessarily micron-sized themselves but have details in the
micrometer range. The original methods and tools of microfabrication stem from the
processing of single-crystalline silicon within microelectronics. They comprise high-
resolution masking, patterning, deposition, etching, and bonding in several consecutive steps
to achieve tightly packed electrical and mechanical structures. 

High precision machining can be obtained by traditional methods like cutting, drilling,
milling, and turning where tolerances in the order of 1 µm are obtained. However, these
techniques require serial fabrication. Generally, fine machined components involve a low cost
for start-up and small-volume prototype fabrication whereas scaling-up to thousands of
components is costly. The opposite is true for batch produced microfabricated products (cf.
microelectronic industry).

The acronym MEMS originally stood for “…Micro-ElectroMechanical systems, i.e.
microscopic mechanical elements, fabricated on silicon chips by techniques similar to those
used in integrated circuit manufacture, for use as sensors, actuators, and other devices” [2].
Microsystems technology is a similar but somewhat broader term. Today however, almost any
miniaturized device is referred to as a MEMS device. 

Microsystems may comprise microfabricated as well as fine machined details. As certain
processes are best performed by fine machining, hybrid building techniques consisting of
microfabrication and fine mechanics is often preferable.

Microfabricated devices often need to be packaged prior to operation. The aim of the package
is to protect certain structures from e.g. particles or humidity, and devices that operate in
vacuum need an evacuated package. To achieve a suitable package, two materials often have
to be joined. This is referred to as bonding and is a core issue in microfabrication [3].

Miniaturization can involve several advantages. Smaller sensors imply faster response and
higher sensitivity. Measurement in and manipulation of small volumes not previously
accessible can be made possible, for example in minimal invasive surgery. Other advantages
include volume and weight decrement desirable for automotive and space applications.
Certain components may profit from the possibility to use rare or refined materials not
affordable or even available in larger scale. Microfabrication offers a high level of integration
(cf. microelectronics), excellent reproducibility and systematic batchwise production at low-
cost.
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2.2 Microfabrication history
One of the oldest known masked and wet etched object is a decorated armor from the fifteenth
century. Engraving tools of that time were not hard enough, and acid-based etching with wax
as a mask material was developed. A hundred years later, decoration by etching was a
standard process in the production of arms and armor. The discovery of photosensitive mask
materials in 1822 greatly improved the precision of etching. Compared to carving the wax by
hand, lithography offered smaller tolerances and higher reproducibility. Printed circuit boards
were manufactured during world war two and etching of silicon appeared just a few years
later within semiconductor processing. Since then, the use of single-crystalline silicon and
methods for forming it have reached far beyond semiconductor applications [4].

The technology of microfabrication began to evolve from silicon and quartz processing within
electronics in the 1950s [5]. One of the first microfabricated sensors was a piezoresistive
pressure meter presented in 1962 [6]. During the last two decades, the relatively young family
of techniques designated by microfabrication has matured and been commercialised to a
significant extent. 

In 1959, Richard Feynman foresaw a new field of research; manipulation and control at the
nanometer scale. He discussed physical effects associated with miniaturization; viscosity
increase, rapid heat loss and decreased importance of weight. He also proposed methods like
plastic batch replication of nanostructures which is nowadays feasible, and small yet complex
machines like swallowable surgeons which have remained a vision.
 
Thanks to microelectronics, the abundant material silicon has been developed unlike any other
material. Large, pure and virtually defect-free single crystals can be inexpensively grown and
batch processed using reproducible standard methods. Surface techniques allowing high
precision patterning along with polishing, doping and coating have been developed.
Thousands of components at a time can be reproducibly fabricated by batch processing of
silicon wafers. Within microfabrication, bulk subtractive methods (i.e. different etching
techniques) and bonding have been further developed and allow for three-dimesional
structures to be formed [7]. Today, microfabrication is used within various application areas
such as medicine, biochemistry, and optoelectronics as well as in automotive and space
applications.
 
2.3 Scaling effects
Downscaling has physical consequenses in more than the obvious sense. When an object of
characteristic length is diminished by a factor a<1, its surface area will shrink like a2 and its
volume as a3. This means that miniaturization increases the importance of area and surface at
the expense of volume and bulk phenomena. Heating and cooling of a volume through its
surface will speed up, and frictional forces will gain importance as compared to gravity [8, 9].
Energy and length scales for comparison of feature sizes in microscopic and macroscopic
domains are displayed in Figure 2.1.
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Figure 2.1: Energy and (wave)length scales for comparison of feature sizes of
microfabricated structures in general and lens and miniature source in particular.

Assuming constant defect density and impurity concentration in a material, the possibility of a
defect free volume increases with decreasing volume. In a miniaturized element, the
probability of finding a material defect is lower than in larger structure. This is often pointed
out as an advantage yielding miniature silicon components with surprisingly good mechanical
and electrical properties. Generally, the dielectric strength depends not only on the material
properties but also on extensive variables like temperature, geometry and size. Dielectric
breakdown of electric insulators is known to be initiated predominately along defects in the
material, leading to better performance of thin specimens as compared to thicker ones [10,
11]. This is an advantage when miniaturizing an x-ray tube, where a good insulator is required
between the electrodes. 

Miniaturization of electron impact x-ray sources allows for potentially higher-brightness
sources because brightness is defined as proportional to the ratio of x-ray power to spot size
[12]. This is merely pointed out here as a general feature of miniaturization. The brightness of
the miniature x-ray source in this work remains to be investigated.

When designing optical or x-ray related components diffraction effects may need to be
considered. Diffraction can occur when radiation encounters structures of similar size as the
wavelength. In silicon x-ray refractive lenses for example, diffraction in the crystalline lens
material is conceivable.

2.4 Silicon
Silicon crystallizes in diamond structure, which consists of two face-centered cubic (fcc)
structures, one being displaced from the other by (¼ ¼ ¼), Fig. 2.3. The lattice constant
marked in the figure is a=5.43 Å [11]. The three most important planes for wet etching of
silicon are indicated. The bond length is 2.15 Å [13] and the bond strength is 2.34 eV for the
Si-Si covalent bond [13]. The semiconductor silicon with atomic number Z=14 stands beneath
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carbon in the periodic table of elements, indicating that the two have the same valence
electron configuration; s2 and p2.

100 110 111
Figure 2.3: The structure of crystalline silicon. The three major crystal planes appearing in
anisotropic wet etching are indicated. The bottom row shows the view when observing the
planes along their normals.

2.5 Anisotropic wet etching of silicon
Wet etching of silicon has been used for semiconductor processing since the early 1950s.
Direction independent etches consisting of hydrofluoric, nitric and acetic acid (HF, HNO3,
CH3COOH) are the oldest, whereas direction dependent wet etches are somewhat more recent
[14]. Microfabrication uses several means to etch single crystalline silicon. Etching proceeds
either by dissolving silicon in liquid (wet etching) or in a plasma, which is a reactive gas in
partly ionized form (dry etching). Based on the the result of the etching process, etches are
further categorized as being either isotropic (direction independent) or anisotropic (direction
dependent). Isotropic etchants dissolve silicon at a constant rate in all directions whereas
anisotropic etchants have etch rates with directional dependence, Fig. 2.4. Wet etched silicon
structures have been used in fabrication of both source and lens.

Figure 2.4: Hazard symbol of corrosive (etching) chemicals. Both materials appear to be
rather isotropically etched as indicated by the symmetric form of the etch pits.

For the etching of structures, a mask material is deposited on the substrate prior to etching in
order to prevent etching of selected areas. A mask is a passivation layer, i.e. a material that is
not or only slowly dissolved in the etch solution. Standard mask materials for some common
silicon wet etches are silicon dioxide (SiO2) which can be thermally grown from the silicon at
about 1000 °C in humid oxygen atmosphere, and silicon nitride (Si3N4) which can be
deposited onto silicon using low pressure chemical vapour deposistion (LPCVD) from silane
(SiH4) and ammonia (NH3) at 780°C.
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Single crystalline silicon can be anisotropically etched in several alkaline solutions including
the most commonly used potassium hydroxide (KOH), and furthermore KOH with isopropyl
alcohol (IPA), ethylene diamine pyrocatechol (EDP) and tetrametyl ammonium hydroxide
(TMAH). In KOH the relative etch rates v in different directions are 

v110 > v100 > v111,

with the etchrate in the <100> direction being about 300 times higher than the <111> rate.
This means that the etch will practically stop on {111} planes [14, 7]. The low etch rate of the
silicon {111} planes have been used for the microfabrication of both x-ray source and lens.
Pyramidal pits bounded by {111} planes were etched for cathode fabrication for the miniature
source. For the lenses, v-grooves with triangular cross-section were etched.

The chemical reaction for silicon etching in KOH can be summarized by

Si + 2 OH- + 2 H2O → SiO2(OH)2
2- + 2 H2,

i.e. silicon is oxidized and hydrogen is reduced. The chemical mechanisms of this process are
not yet fully understood. 

There is currently no complete theory explaining the large etch rate anisotropy of crystalline
silicon. An early theory was based on density differences of backbonds and dangling bonds
(unpaired electrons) on crystallographic planes [15]. A more recent explanation is based on
comparison of silicon wet etching with the reverse process; crystal growth [16]. According to
this theory, the anisotropy is explained by the degree of atomic smoothness of various
crystallographic planes. 

Standard silicon wet etching in KOH can be used to produce {100} planes with surface
roughness in the order of Rq=20 nm or better at an etch depth of 100 µm, whereas {111}
planes are even smoother [17]. Generally, surface roughness has been found to correlate with
the etch rate at different KOH concentrations and temperatures; the lower the etch rate, the
lower the surface roughness [15].

The roughening effect has in part been attributed to the release of hydrogen bubbles [18]. A
decrease in pH increases the roughness [19]. Since dissolved silicon decreases pH, the
resulting roughness is also dependent on the silicon concentration. More recent findings
indicate that deep etching pits originating from bulk stacking faults in the crystal contribute to
surface roughness [20].



2.6 Replication: Embossing and moulding
Replication in the form of moulding, embossing and printing are traditional techniques that
can be used for multiplication of microfabricated structures, Fig. 2.5. 

Figure 2.5: Embossing and moulding are two common replication techniques.

Moulding is a straightforward method for replication [21]. Key issues are the surface quality
of the master, a three-dimensional shape of the master that does not impede the release of the
replica, and matching interface chemistry between the master and the polymer. There are
many suitable methods for featuring the master, including wet etching of silicon,
electroplating of nickel from a silicon master, and the method designated by Litographie
Galvanoformung Abformung (LIGA). Even photoresist moulds can work for a limited number
of runs in low-pressure mould processes. 

In this work, epoxy lenses were moulded using a silicon master, Fig. 2.6. The high precision
and surface quality of the silicon master was directly transfered to the epoxy replica. By
injection moulding, a nickel master can be rapidly reproduced into thousands of high-
precision copies in a thermoplastic material [22, 23]. This is how compact discs are made. 

Figure 2.6: A refr
master. These are
Close-ups can be 
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properties: The low atomic number yields a low x-ray attenuation. (All elements with lower
atomic number suffer from machining difficulties.) Together with the high elastic modulus
and wet chemistry inertness the low attenuation enables the fabrication of x-ray lithography
masks and sub-micron thick diamond windows for x-ray tubes and detectors. Furthermore,
diamond is mechanically stable under intense x-ray fluxes and highly resistant to ion erosion,
desirable properties of a material for lithography, x-ray source construction and field emission
applications. The combination of high thermal conductivity and low thermal expansion yields
an excellent thermal shock resistance, important for synchrotron applications. 

The crystal structure of diamond is of the same type as silicon, but with a smaller lattice
constant of 3.57 Å [11]. The covalent bond length is also shorter, and the bond strength is
higher [13], Table 2.1. The extreme strength, hardness and inertness of diamond can be
attributed to the small size of the carbon atom and the crystal structure with covalent bonds in
all four tetrahedal directions. As compared to silicon, the small size of the carbon atom
involves a shorter distance between neighbouring atoms and thus a larger orbital overlap,
leading to a stronger covalent bond. 

Table 2.1: Selected crystal parameters and properties of silicon and diamond [13, 32].
Bond length
(Å)

Bond strength
(eV)

Atomic
radius1 (Å)

Young’s
modulus
(GPa)

Yield strength
(GPa)

Silicon 2.15 2.34 1.16 190 6.9
Diamond 1.54 3.58 0.77 1220 35

The synthetic diamond of this work is not single crystalline like the faceted stones of
jewellery. Rather, it is polycrystalline, comprising single micron-sized crystals in a continous
film grown on a silicon wafer. Several properties of polycrystalline diamond are similar to
those of single crystals, but the presence of grain boundaries changes some of the properties.
Intrinsic diamond is an insulator with a dielectric strength of 10 MV/cm [33]. During diamond
growth, the diamond can be made conductive by doping.

With the advent of the chemical vapour deposition (CVD) techniques [34], low-cost
reproducible diamond growth has become possible on large microstructured substrates. CVD
is a means of deposition atom by atom through chemical reactions from gaseous reactants.
Diamond CVD is often performed with hydrogen and hydrocarbon at reduced pressure. The
typical substrate is silicon at 600-1000°C. To provide the necessary activation energy for
production of the reactive species by precursor decomposition, a plasma, arc, flame, or hot
filament (HFCVD) is featured in the deposition chamber. The exact mechanism of diamond
formation is not yet entirely understood, but it is generally believed that the presence of
hydrocarbon radicals and atomic hydrogen is crucial. For fabrication of x-ray source
electrodes, HFCVD was used [II], Fig. 2.7. For the diamond lens manufacture, microwave
plasma assisted CVD (MWDCD) was employed [VI].

                                                          
1 The radius given here is the covalent radius, corresponding to one half of the single bond interatomic distance
in diatomic molecules of the element, i.e. in Si2H6 and C2H6.
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Figure 2.7: Close-up and overview showing the CVD chamber used for deposition of diamond
on wet etched silicon. 

More or less free-standing diamond microstructures can be fabricated by a replication process
consisting of three steps; microfabrication of a silicon mould, diamond deposition, and mould
removal by sacrificial etching of silicon. The replication process is outlined in Figure 2.8. The
silicon moulds are fabricated by standard lithographic patterning and subsequent silicon
etching. Diamond films are deposited on the silicon moulds by HFCVD. When applicable, a
solid boron source (B4C) can be attached to the filament to achieve boron doping of the
growing diamond film. After deposition the silicon master is sacrificially etched away by
isotropic wet etching. The remaining diamond replicas feature about the same surface
roughness as the silicon masters. 

          
         a b

Figure 2.8: a) Fabrication of diamond membranes with electron emitting pyramids from a
wet etched silicon master, b) electron microscope image of a diamond pyramid fabricated by
this process

Since pure diamond is a very good electrical insulator, construction of an all-diamond
miniature x-ray source may be feasible. Diamond can be dry etched in oxygen plasmas and
laser cut without remaining conductive graphite residuals. Combination of conducting
electrodes and insulator could be feasible either by bonding [35, 36] or by doping of selected
volumes. For high bremsstrahlung yield, a metal film should be incorporated as anode. 

3” Wafer Tungsten
filaments

Gas dispenser
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2.8 Joining
In the miniature x-ray source the cavity between the electrodes has to be evacuated in order
for electron emission and transport to work. Any gas molecules in the path of the electrons
lead to collisions, scattering and energy losses. Disruptive arcs between electrodes can result
if the vacuum is not good enough. Furthermore, the electrodes can be damaged by sputtering
from ionized residual gas in the interelectrode region. The quality of the required vacuum is
dependent on the electrode distance and the applied voltage. A better vacuum is required for
larger electrode distance and higher voltage.

When two different materials are joined at elevated temperature, problems related to
mismatch of their thermal expansions may arise. As the temperature is changed, thermal stress
can result and induce deformations, cracks and leaks. In order to reduce the influence of these
problems, it is desirable to choose materials with as similar thermal expansion coefficients as
possible over the present temperature range. Examples of thermally matched material pairs
are silicon and Hoya SD-2 glass (which was developed for this purpose) [37] as well as
tungsten and alumina. Furthermore, the sealing process should be conducted at as low
elevated temperature as possible.

Within microfabrication, several bonding methods other than gluing are frequently used.
Direct (or fusion) bonding is performed by contacting two mirror-polished surfaces without
any intermediate layer. The process usually involves surface preparation in order to clean and
make the surfaces reactive, contacting at room temperature and subsequent heat treatment (for
silicon at 600-1200°C). The initial bonding is mediated by hydrogen bonds and van-der-
Waals forces. During the subsequent heat treatment, these weaker bonds are replaced by
stronger covalent bonds. The result when fusion bonding two silicon wafers is either a pure
silicon interface or a thin silicon dioxide layer at the bond interface [38, 39]. Miniature
discharge lamps have been sealed using fusion bonding of quartz glass [40]. In principle, a
miniature x-ray source could be fabricated in a similar way but the problem of attaining low
enough pressure in the cavity requires special attention.

Electrostatic (or anodic of field assisted) bonding is based on joining a conducting material
(silicon) with an ion conductive insulator (alkali-containing glass). The bonding is mediated
by heating to 150-500°C and application of 200-1500 V over the wafers with the negative
electrode contacted to the glass. When the field is applied at sufficient temperature, the
positive ions in the glass (Na+) migrate to the negative electrode and a depletion layer forms
in the glass at the silicon interface. The voltage drop over the very thin depletion layer results
in a high electric field that pulls the wafers into close contact [37, 38]. This bonding method
has been sucessfully employed for low-pressure sealing of resonators at 10-4 mbar [41].
However, for an x-ray source requiring bonding of electrodes to a thick insulator this is not a
feasible method. 

In eutectic bonding, the melting point of an alloy is used to achieve a bond at a temperature
lower than the melting points of the individual materials. A common pair of materials is
silicon and gold. The two materials are contacted, heated and at 363°C they form a eutectic
melt. Since gold diffuses readily in silicon this pair is not compatible with microelectronics
because of potential contamination of active layers. Another common material combination is
lead and tin that forms a eutectic alloy already at 183°C. An advantage with the eutectic
bonding method, or any method which involves depostion of intermediate layers, is that
relatively rough surfaces can be bonded since the melt readily fills surface cavities [37, 38].
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Vacuum packaging is an essential part of the manufacturing process of vacuum
microelectronic devices, e.g. field emission displays. A common sealing method is by use of
glass frit [42]. This requires annealing at about 450°C, and methods of protecting the cathode
tips during annealing have been developed. After frit-sealing at atmospheric pressure, the
device can be evacuated by baking and gettering [43]. 
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3. X-RAYS
This section contains a brief introduction to x-rays. Different application areas are presented
for the miniature x-ray source and the refractive x-ray lens. Various methods of x-ray
production are accounted for, and x-ray interaction with matter and x-ray focusing is
described.

The spectral range denoted by x-rays varies slightly in the literature. Here, we will take it to
include photon energies of roughly 1 to 100 keV, corresponding to wavelengths of 12 to 0.12
Å. The x-ray range range is commonly further divided into soft and hard x-rays, based on the
radiation range in air. Soft x-rays have lower energies and require a reduced atmosphere to
avoid complete absorption, whereas hard x-rays are of higher energies, penetrate air more
readily and require high-Z materials for shielding. 

3.1 X-ray application areas
X-rays were discovered by Wilhelm Conrad Röntgen in 1895 and soon thereafter the new
kind of rays were used to match fractured bones and locate metallic objects in bodies [44].
Since then, x-rays have been important for both medical diagnosis and therapy. Today,
material composition is studied by x-ray fluorescence (XRF) and atomic, molecular and
crystalline structure by diffraction (XRD) as well as photoelectron (XPS), absorption (XAS)
and Auger electron spectroscopies (AES). Among newer x-ray applications are x-ray
lithography and microscopy. Examples of application areas are shown in Figure 3.1. The fact
that x-rays are energetic enough to penetrate, but yet also interact with, materials because
their energy is in the order of core electron energies and their wavelength is comparable to
atomic spacings opens up a wide range of applications [45]. Different applications require
different x-ray energies. In order to get contrast in x-ray transmission imaging, the energy
must be chosen so that the absorption varies within the imaged object (e.g. high absorption in
bone but low in soft tissue). Too low energy would give excessive absorption and too high
energy would result in too low absorption and hence low contrast. In x-ray diffraction, the
radiation wavelength should be in the order of atomic spacings. XRF and XPS require
radiation energies in the order of core electron binding energies and higher.

Figure 3.1: Examples of x-ray application areas. LIGA is a microfabrication process
involving lithography using thick photoresist. XRF, XPS and XRD refer to x-ray fluorescence,
photoelectron spectroscopy, and diffraction; common analysis methods in the study of
materials composition and structure. 
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3.2 X-ray generation
There are several ways to produce x-rays. The traditional x-ray source is an electron impact
source where accelerated electrons bombard a metal target. In the target, or anode, the
dominant part of the electron kinetic energy is dissipated as heat. A small part of the kinetic
energy is converted into two different types of x-ray radiation: Bremsstrahlung and
characteristic radiation. The bremsstrahlung stems from deceleration of electrons in the
electric field of atomic cores in the anode material. It gives a continuous spectrum extending
to the kinetic energy of the impinging electrons. In an anode thick enough to inhibit electron
penetration the unfiltered bremsstrahlung spectrum has a triangular shape according to 

)()( max EEkEi −⋅= ,

where i is the intensity, E is the energy and Emax is the kinetic energy of impinging electrons
[12]. The area under the spectrum represents the energy Etot=V⋅I⋅t⋅ς, where V is the electrode
voltage, I the current, t the aquisition time and ς the bremsstrahlung yield [12]

VZ ⋅⋅⋅≈ −9101.1ς .

Here, Z is the atomic number of the anode material. The yield increases with increasing
atomic number because it involves an increased strength of atomic Coulomb fields. When a
large total x-ray power is desired, tungsten (Z=74) is a commonly used anode material also
because it has high thermal conductivity and high melting temperature. The bremsstrahlung
intensity distribution is anisotropic and depends on the electron velocity v . For low electron
energies (v<<c), the direction of maximum bremsstrahlung intensity is perpendicular to the
electron velocity. For higher energies the direction of maximum intensity tilts forward. The
directional energy loss due to electron deceleration is
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where E is the electron energy, θ is the angle between the electron velocity and the direction
of the emitted radiation, t´ is the so called retarded time and v is the electron velocity [46].

Characteristic radiation results when core electrons of anode atoms are torn off by the
impinging electrons and the resulting core vacancy is filled by an outer shell electron, and the
excess energy is dispelled as a photon. Because the electron energy levels are characteristic of
each element, the energy of particular transitions will be characteristic of the anode material.
The characteristic lines are named according to principal quantum number of the vacancy
level n=1, 2, 3 being denoted by K, L, M, and α and β representing electron transitions with
∆n=1 and 2. The intensity dependence of a particular line at energy Ei emitted from an anode
is 

p
iEeVI )(~ − , (3.1)

where e is the electron charge and p≈1.6, decreasing at high voltages [12]. As indicated in Eq.
3.1 the energy of the impinging electron has to exceed the exitation energy of the core
electron Ei. The maximum yield of a particular characteristic line is obtained for electron
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kinetic energy of ~4Ei [47]. Characteristic radiation is intrinsically isotropic, but because of
absorption in the anode the emitted distribution may not be isotropic.

In an electron impact source, electrons can be produced in various ways. In a thermionic
electron source [48], a filament is heated above 2000°C to allow electrons to escape over the
surface potential barrier. The main advantage with this type of cathode is that it works also in
non-ultrahigh vacuum ambient. However, hot cathodes are prone to react with residual gases
and have limited lifetimes [49]. Compared to filaments, the advantages of using field
emitting cathodes include the possibility to obatin a higher electron density and a more
uniform electron energy distribution. Also, its emitting area is smaller, which is desirable for
microscopic and imaging applications. In addition, no power supply for filament heating is
required, which facilitates the construction of a miniature electron source, Fig. 3.2a. In
addition, cold cathodes have less severe cooling requirements than hot ones. Disadvantages
with field emitting electron sources include the requirement of high vacuum ambients and the
unstable nature of the emission current [49].

Apart from thermal and field emitting cathodes there are several other means of electron
generation. Among those are so-called explosive electron emission, emission from liquid
metal electron sources [50], and dispenser cathodes. 

Synchrotrons generate x-ray radiation by acceleration of charged particles in a circular orbit.
Bunches of i.e. electrons contained in a circular vacuum tube are accelerated by AC electric
fields and guided and focused by magnetic fields. In Figure 3.2b, the magnetic field is
perpendicular to the plane of the orbit, acceleration is radial and the radiation is emitted
tangentially to the orbit. The emitted radiation is pulsed and ranges over the electromagnetic
spectrum from IR to the hard x-ray region. Generally, synchrotrons generate highly
collimated, intense radiation with small source size. They feature very high brightness as
compared to other x-ray sources like electron impact and laser generated plasma x-ray sources
(see below). The refractive x-ray lenses described in section 5 were tested using a bending
magnet source at the European Synchrotron Radiation Facility (ESRF) in Grenoble. 
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process can be interpreted as a collision process where a photon exchanges energy and
momentum with an electron. An electron will be ejected together with a new photon of longer
wavelength. The relative importance of Compton scattering is largest for high-energy
photons.

Other scattering processes include Thompson scattering being coherent scattering of radiation
by nearly free electrons, and Rayleigh scattering being coherent scattering from tightly bound
electrons, the constructive interference of which constitutes diffraction [45]. The phenomenon
of pair production occurs only at higher energies than the present ones.

The attenuation of radiation in matter is related to the probability of photon interaction. The
attenuation constant µ is defined as

tot
A

M
N σρµ ⋅⋅= ,

where NA is Avogadro’s number, ρ is the density (kg/m3), M is the molar mass (kg/mole), and
σtot is the cross section for interaction per atom (m2). In the present x-ray range,
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where Z is the atomic number, σtot is given in barns (10-28 m2), and the photon energy E in
keV [53]. From Eq. 3.2 it can be seen that photoelectric absorption dominates at energies
below E≈3.5Z. Also, a low Z gives low attenuation. This fact is important for lens fabrication;
a material with low atomic number should be chosen in order to achieve high transmission.

3.4 X-ray optics
One of the first observations of x-ray refraction was reported in 1924 and revealed that the
index of refraction was smaller than unity, quite opposite to the more familiar case of visible
light [54]. In the x-ray range, the complex index of refraction can be written as n=1-δ+iβ,
where δ is the deviation from unity of the refractive part and β is the absorptive part. β stems
primarily from photoelectric absorption. In the x-ray range, β is rather large meaning strong
absorption. 

The deviation δ is caused by Thompson scattering. Firstly, since Re[n]<1, collecting lenses
for x-rays will be concave. Secondly, δ is very small, typically 10-6 for 20 keV (corresponding
to a wavelength of 0.6 Å). The minute δ gives very weak refraction according to Snell’s law
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where n2 is Re[n] for the matter on one side of a vacuum boundary and θ1 and θ2 are incident
and transmission angles measured from the interface. Since n2 is very close to unity, θ1 is
almost identical to θ2. According to the lens maker’s equation
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the minute denominator yields very long x-ray focal lenghts F even for small radii of
curvature, R. Considering 
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this will be unpractical due to the resulting large distances required from source to lens (s1)
and from lens to focus (s2). Appreciable refraction requires a combination of several
consecutive lenses (see section 5.1).

Because of the weak refraction and strong absorption of x-rays in matter, refractive lenses for
x-rays were long considered unfeasible, and alternative means of focusing were developed. In
broad outline, these can be regarded as based on either diffraction or total reflection. Various
kinds of lenses have been realized by microfabrication [55-59]. Beacuse of the shorter
wavelengths as compared to visible light, the requirements on low surface roughness and
material homogeneity are more severe for x-ray optics.

Diffraction is caused by constructive and destructive interference of scattered radiation from
arrays of surfaces or apertures, or, in the x-ray case, atoms. For constructive interference, the
radiation from these secondary sources needs to be in phase, i.e. the optical path lengths for
different sources should differ by integral multiples N of the wavelength λ. Thus, optical
elements based on diffraction are wavelength selective. The most common diffractive element
for x-rays is a crystal where successive planes with distance d act as secondary sources when
irradiated at an angle θ to the planes. Then, according to Braggs law, N⋅λ=2d⋅sinθ. Multilayer
components are artificial crystals for longer wavelengths; the layer spacing corresponds to d
in Bragg’s law. Gratings and zone plates are other examples of diffractive elements. 

Optical components based on total reflection rely on the incident angle θ1 in Eq. 3.3 being
smaller than a critical angle which would make θ2 zero. For such so-called grazing incidence
angles, the incident wave is totally externally reflected and no refracted wave is attained. This
feature is used in mirrors, multichannel plates and capillary optic elements mainly for lower
energies, which have the largest critical angles.
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4. MINIATURE X-RAY SOURCE
This section starts with a definition of field emission in order to explain the function of the
cathode in the miniature x-ray source. A simplified deduction of how the field emission
current depends on the applied voltage is included in Appendix A. However, the essence of
this work is not emission theory but rather the specific technical application of a field emitting
cathode in a small x-ray source. Next, application areas for miniature x-ray sources are
presented. Fabrication of x-ray source electrodes is described and vacuum encapsulation
techniques are discussed. 

4.1 Field emission
Conventional x-ray tubes usually have a thermal cathode that emits electrons. Voltages of tens
of kilovolts are applied between the cathode and an anode. The electrons are accelerated in
the electric field, and as they hit the anode, x-rays are produced. In the miniature x-ray source,
the thermal cathode has been replaced by a field emitting cathode, Fig. 4.1. This kind of
cathode is not heated but emits electrons under the action of a strong electric field. With a
field emitting instead of a thermal cathode, higher current densities a and more uniform
electron energy can be achieved. Also, less severe cooling requirements apply. A
disadvantage with field emitting cathodes is that high vacuum is required for their operation.

Figure 4.1: Schematic of the miniature x-ray source. The cathode emits electrons when a high
voltage is applied over the electrodes. The electrons are accelerated towards and into the
anode where x-rays are produced.

In order to obtain electron emission from a cathode at as low an applied voltage as possible,
the cathode can be given a pointed shape. The local electric field strength close to a sharp tip
increases with decreasing tip radius. This can be seen from the electric field strength E at the
surface of a small conducting sphere of radius r situated far away from a plane: E=V/r, where
V is the voltage applied between sphere and plane, Fig. 4.2. For a fixed voltage, a smaller r
gives a higher local field strength. The local electric field at a pointed cathode will be
enhanced in a similar fashion. This phenomenon is exploited in field emitting cathodes [60-
62].

Figure 4.2: Electric field between two electrodes. Left: Flat electrodes. Right: Flat anode and
pointed cathode. The local electric field strength increases close to a curved conductive
surface.
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Field emission [63] is defined as electron emission from the surface of a solid into another
phase under the action of a strong electric field (typically V/nm locally). Usually, the solid is
a conductor and the other phase is vacuum. The emission occurs by tunneling of electrons
through the surface potential barrier, which is deformed by the external electric field so that
unexcited electrons can “leak out” through it. For comparison, in thermionic emission and
photoemission electrons are excited to sufficient energy to overcome the intact surface
potential barrier, Fig. 4.3.  The surface potential barrier is the work function φ, which is the
solid-state analogue to the ionization potential of an atom or molecule. The work function is
the electron potential energy difference between the Fermi level εF and a field-free vacuum.
Field emission currents I generally follow the Fowler-Nordheim equation

V
B
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−

⋅= 2 , (4.1)

where V is the potential difference between cathode and anode and A and B are approximately
constants dependent on cathode material and geometry [63]. 

Figure 4.3: Three different mechanisms of electron emission. In this analogy, the water level
in the bucket represents the Fermi level of the cathode material. The work function is the
energy required to move water droplets (electrons) from the water surface to outside the
bucket. In photoemission, photons excite electrons at the Fermi level, giving them enough
kinetic energy to escape. In thermionic emission, electrons are thermally excited and boil off.
In field emission, a strong electric field thins the bucket wall barrier so that the electrons can
escape through it [64].

The phenomenon of field emisson from microstructured cathodes has been extensively
examined by several authors. In the late sixties and early seventies, silicon and molybdenum
cathodes [65, 61] were characterized and the term Spindt cathode was coined, meaning a
gated microstructured tip. Since then, field emission has been extensively investigated both
experimentally and theoretically [66, 67, 68]. A vast variety of materials in different forms
and shapes have been tested as field emitters, e.g. diamond [69], carbon nanotubes [70], and
even velvet [71] has been reported. The idea of large low-power field emission displays has
triggered a virtual boom of field emission cathodes during the last years. For display
applications, arrays of gated cathodes are operated at low acceleration voltage, individually
addressed to give bright pixels in a fluorecent film on the anode.

Although the Fowler-Nordheim equation was published in 1928, the use of it is still
somewhat inconsistent. The Fowler-Nordheim equation is approximative, furthermore the



- 27 -

theory behind it is not fully understood. The approximative constants A and B are often
differently defined [72, 73]. The notion of emission area is used both to denote the area of the
tip that is actually emitting electrons and as a measure of the total cathode chip area [74, 66,
67]. Different explanations for varying slopes in Fowler-Nordheim plots exist [75, 76]. Values
of various constants (slope, area, A, B) are often tabulated but not always thoroughly
discussed [66, 74]. This may be indicative of the use of a novel theory within applied
research, but maybe field emission should have passed this phase some time ago.
Standardization of the use of the Fowler-Nordheim equation would clearly improve
communication of characteristics of field emission devices and make the theory more
accessible for applied research. In order not to add to the confusion, discussion of field
emission characteristics have been kept to a minimum here.

Generally, field emission gives unstable currents. From examination of Eqs. A.5 and A.6 in
Appendix A it can be seen that the emission current is exponentially dependent on φ3/2, i.e. the
current has a strong exponential dependence on the chemical and morphological state of the
emitting area since these affect φ. This results in unstable currents in non-ultrahigh vacuum
ambients [49]. Additional instability is caused by cathode sputtering by ionized residual gas
molecules [49]. Stabilization of the emission current can be achieved by automatic feed-back
control of gate or anode voltage [49]. A gate can also be incorporated to achieve individual
control of voltage and current. For the sake of simplicity, no gate has been incorporated into
the miniature x-ray source at this stage.

4.2 Applications areas of small X-ray sources
A miniature x-ray source could find use in several fields of applications. The original
application in the miniature x-ray source project was a rather specific medical one, i.e.
radiation of the vessel wall in conjunction with balloon dilation of stenosed coronary arteries
[1]. Balloon dilation of stenosed coronary arteries is performed by inflation of a vascularly
inserted balloon at the top of a catheter. Radiation therapy with gamma or beta emitting
isotopes, e.g. iridium 192, is an established method of reducing the restenosis risk after
dilation. Using an electrically controllable miniature x-ray tube instead of a radioactive source
involves several advantages [77, 78]. Firstly, the energy of the radiation can be chosen to give
the desired millimeter range in tissue. This is not the case with typical isotope sources.
Iridium 192 gives gamma radiation with a mean energy of 375 keV which is high enough to
penetrate far beyond the target tissue. In fact, in-room personnel receive a radiation dose
during each treatment. Secondly, since an x-ray tube can be turned off, it will only radiate
when in place. This brings about the third allowance, the handling of an x-ray tube is
considerably easier, safer and cheaper than the handling of radioactive isotopes which require
the involvement of a radiation physicist. A miniature x-ray source operating at 20-30 kV and
10-20 µA would meet the dose rate and range requirements for stenosis scar treatment.
Design considerations for the coronary artery application have been presented toghether with
a report on the first sealed prototypes working at atmospheric pressure [IV]. 

The required acceleration voltage is dictated by the desired range in tissue. For tumour
therapy, a miniature x-ray source working at 30-40 kV could be advantageous for minimal
invasive surgery in order to deliver radiation precisely and directly to the tumour while
minimizing irradiation of surrounding healthy tissue. It could be used for treatment of the
inside of a tumour cavity following tumour removal. Potential indications are breast cancer,
colorectal cancer and brain tumours. Preferably, the source should be less than 1 mm and
placed at the end of a flexible cable. Similar sources for these applications have recently been
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presented [79]. A miniature source with a thermal cathode emitting x-rays at the end of a stiff,
3 mm diameter tube designed for brain tumor therapy was presented in 1996 [80].

Still another potential medical application is verification of organ positioning prior to tumour
irradiation with radiotherapy treatment machines. Before treatment, inner organs need to be
precisely located to ascertain that the entire target volume becomes irradiated. Verification
images often have insufficient contrast because the high energy gives low attenuation in all
types of tissue. Furthermore, isotope sources such as cobalt 60 give blurred pictures due to
their size (typically 1.5-2 cm diameter) since the theoretical spatial image resolution is
decreased with increasing x-ray emitting area [81]. Ideally, organ positioning should be
carried out with a radiation source operating at 40-70 kV, small enough to fit in a 2 by 3 cm2

cylinder, and with a focal spot of 1-2 mm diameter [82]. This is a higher acceleration voltage
and a larger source size than has been investigated in this work. However, the larger the
source, the more insulator material can be incorporated, and the higher voltage can be applied.
Therefore, it should be possible to obtain a higher-voltage, larger source with similar methods
as those described here.

Other applications of a miniature x-ray source include portable and probe-mounted equipment
for materials analysis and non-destructive testing. For instance, a small XRF device could be
used for geological investigation inside cavities like bored holes and for analysis of non-
transportable objects within forensics and archaeometry. As a part of spacecraft
instrumentation, when size, weight and power consumption should be kept to a minimum, a
miniature XRF spectrometer can be used to probe the mineralogy of planet surfaces, giving
valuable information on planet evolution. The fact that vacuum encapsulation of the source is
unnecessary in the absence of an atmosphere greatly simplifies source construction. Small x-
ray sources with specific properties useful for materials analysis have been suggested by
several inventors [83, 84]. Miniaturized instrumentation for XRF as well as for XRD are
under development in several fields [85, 86]. Furthermore, fairly small X-ray sources with
photoelectric and pyroelectric [87] cathodes for similar purposes have recently become
commercially available.

For imaging purposes, potential miniaturization of x-ray sources is an interesting issue.
Theoretically, the more the x-ray emitting area is reduced, the more is the image resolution
improved. Speculatively, miniature x-ray sources (as well as x-ray lenses) could also be used
for x-ray lithography within semiconductor or micromechanical processing. 

4.3 Dose rate simulation
In order to get an idea of the feasibility of using a miniature x-ray source for the
cardiovascular application, the delivered dose was calculated using MATLAB [88], and the
temperature distribution in the source was simulated using FEMLAB [89]. Simulation results
are presented in Paper IV.

In order for the radiation to penetrate several mm in tissue the energy must be in the order of
tens of keV. To give sufficient dose rate in the vessel wall (10 Gy in less than 20 min), the
source current should be in the order of tens of µA. Consider a miniature source operating at
V=20 kV and I=15 µA (P=300 mW). A bremsstrahlung power of 0.2% out of 300 mW, i. e.
0.66 mW, is generated in the anode. A source with a diameter of 1.8 mm is operated in a 3.5
mm diameter vessel. The anode radiation is filtered in the source encapsulation. A 10 mm
long lesion is treated by pulling the source along the vessel and letting it radiate for 10 s at
each of 10 stops. The dose delivered during these 100 s is calculated, Fig. 4.4. According to
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simulations of this kind, a dose of 10 Gy can readily be delivered at 2 mm distance during a
treatment time of less than 10 min. Simulation results are presented in papers IV and VI. The
main reason for the higher doses achieved in paper VI is that the tungsten anode of paper IV
is replaced by a gold anode. Gold has slightly higher bremsstrahlung yield, which gives a
large effect in the amount of high energy photons reaching the target tissue but a minor
absolute increase of the radiation intensity overall. 

Source path
Target tissue

X-ray source
Irradiated volume

~5 mm

5 mm

10 mm

Figure 4.4: Simulated tissue doses administered with a miniature x-ray source conducted
inside a vessel or lumen (left). The dose was calculated at two distances from the source
centre, 2 (dotted line) and 5 mm (solid line), at three different acceleration voltages, 10, 20
and 30 kV (right). The source is being held still to radiate for 10 s at 10 consecutive stops.
The plotted doses are obtained for a total treatment time of 100 s [IV].

When the aim is to build a source that will be operated inside living tissue, it is vitally
important that the source does not get too warm. The blood may nowhere be heated to a
temperature above 42°C. The warmest part of the tube will be the anode because this is where
the accelerated electrons deposit their kinetic energy. Only 0.2% of the electron kinetic energy
is converted into bremsstrahlung, the rest becomes heat. Several measures could be taken in
order to limit the tissue temperature. Firstly, the geometry and the materials could be chosen
and designed such as to dissipate the generated heat in volumes not in contact with the blood.
Secondly, the anode could be cooled by flushing physiological saline onto its base. Thirdly,
the potential could be switched so that each electrode intermittently works as the anode and
the heat is divided between the two electrodes. Temperature simulations indicate that heating
of the x-ray tube operating in tissue at 20 kV and 15 µA can be managed, most efficiently
with anode cooling using saline solution.

4.4 X-ray source design and fabrication 
Various x-ray source designs have been tested. The first source prototype had a tubular
geometry with tungsten electrodes that were vacuum brazed to an alumina tube [IV].
Subsequent work was focused on a diamond membrane based source [II, VI].

Field emitting cathodes in several different materials and with different geometries have been
fabricated and tested. Polycrystalline tungsten cathodes have been electrochemically etched
from 0.5 mm tungsten wire [I] and grinded from 1 mm rods [IV]. Single crystalline tungsten
cathodes have been grown by laser assisted CVD [III]. Silicon tip arrays were fabricated by
standard lithographic techniques and wet etching in HF:HNO3:HAc (1:3:8). Doped diamond
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film cathodes as well as replicated diamond tip cathodes were featured by HFCVD [I, II].
Commercially available silicon Spindt type cathodes and carbon fibres were also evaluated [I,
XII]. The diamond cathodes were found to give the most stable and reproducible currents in a
high voltage diode set-up. Since much higher acceleration voltage is needed in the x-ray
source than in flat panel displays, the optimal cathode designs and materials of the two
different applications will not necessarily coincide.

As for x-ray source anodes, grinded tungsten rods as well as silicon membranes have been
tested. A thin metal film on a diamond membrane is an advantageous anode design because it
allows for x-ray extraction through the anode.

4.5 X-ray source sealing
The miniature x-ray source has to be vacuum encapsulated in order for electron emission and
transport to work. Unfortunately, for small containers the larger surface-to-volume ratio
involves increased difficulties with vacuum encapsulation. The surface of any vacuum
container is responsible for common pressure-increasing phenomena including real and
virtual leaks, vapourization and outgassing. The ratio of seal length to volume also increases
on scale-down, so that even an extremely small leakage along the seal will give a significant
pressure increase in the cavity since the enclosed volume is so small.

Processes like pumping and gas movements are important to consider when designing a
process for vacuum encapsulation of a miniature source. The consequences of miniaturization
can be elucidated by two characteristic dimensionless quantities; the Reynold’s number
R=U⋅ρ⋅d/η and the Knudsen number Kn=λ/d. Here, U (m⋅s-1) is the gas velocity, ρ (kg⋅m-3) the
density, d (m) a characteristic dimension e.g. tube diameter, η (kg⋅s-1⋅m-1) the viscosity, and
λ=1/(π⋅n⋅d0

2⋅√2) is the mean free path, with n being the concentration of gas molecules (m-3)
and d0 the molecular diameter (m). R, describing the ratio of inertial to viscous force,
decreases with the characteristic dimension until it looses its relevance when n is so low that
η can no longer be defined. Turbulent flow is characterized by R>2200, which is rare in
miniaturization because of the small d. Viscous flow occurs at R<1200, where the gas behaves
lika a fluid. In this range, gas movements are conveyed by intermolecular collisions and the
gas can be pushed along tubes and sucked out. When Kn<0.01 the viscous flow is laminar
whereas Kn>1 characterizes so-called molecular flow. In the molecular region R is not
defined, and λ is so long in comparison to d that the flow is dominated by molecule-wall
collisions. The gas can not be pushed along a pipe. Gas molecules are virtually independent
and do not interact with each other. Miniaturization corresponds to decreasing R and
increasing Kn. Generally, this means that laminar flow becomes more common in
miniaturized tubes and molecular flow will begin earlier in a pump-down process. Also, the
laminar pump-down phase is slowed down by the increased surface-to-volume ratio because
gas velocity is zero at tube walls [90, 91].

Sealing by evaporation is a potential vacuum encapsulation technique. It can be made by low
pressure chemical vapour deposition (LPCVD) or evaporation. The geometrical difference
between a larger cavity and smaller cross-section of access channels is exploited. In LPCVD
of silicon nitride or polysilicon, the good step coverage of the processes makes deposition of a
thin layer fill the channels. Unfortunately, it also results in deposits in the cavity itself.
Because the deposition is made at elevated temperature the residual pressure in the sealed
cavity becomes lower than the process pressure. Sealing of a field emission diode structure
having a micrometer-deep cavity with 290 nm wide and 2 µm long access channels by 300
nm thick silicon deposited at 575°C and 0.15 torr has been reported to leave deposits inside
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the cavity [92]. On using evaporation instead, this method’s poorer step coverage makes it
easier to avoid deposits inside the cavity. On the other hand, a thicker layer is required to seal
off the channels. Using this method, sealing of a similar cavity was accomplished by
evaporation of 800 nm aluminum at 2⋅10-6 torr which gave no deposits in the cavity [92].
Successful sealing of a lateral triode component involving a  200 nm deep cavity has been
performed by closing of a 200 nm high channel by molybdenum evaporation at 10-7 torr. The
anode and cathode were formed in a polysilicon layer sandwiched between insulating nitride
and oxide layers, and a molybdenum gate was formed during evaporative sealing [93].
Sealing of an x-ray source poses different problems as compared to field emission diodes for
display applications. Beacause of the high acceleration voltage, a larger electrode distance is
required and therefore the cavity will have to be larger in at least one dimension. Also, care
must be taken to ensure that the cavity can be emptied through the pumping channels in a
reasonable time according to

t
V
C

epp
⋅−

⋅= 0 ,

which describes a cavity of volume V (m3) being evacuated through a channel with
conductance C (m3s-1) [94, 95]. After a certain time t (s), the cavity pressure has decreased
from the initial pressure p0 to p (torr).  The expression is valid for cases where flow within
pumping channels are limiting. It is important to remember that calculations like this are
merely estimates, and the real pump time may be substantially longer. Also, outgassing is
completely neglected. Generally, channels with larger cross-section require thicker deposits
for sealing. In an x-ray source, the deposited material can not be a conductor if not
extensively insulated from at least one of the electrodes.

As the voltage over two electrodes is gradually increased, electric breakdown will occur at
some characteristic field strength. The breakdown is caused by electrons or ions accelerating
in the electric field between the electrodes. When their kinetic energy is high enough,
ionization of gas molecules creates more electrons and ions which ultimately lead to a large
electrode current, a discharge. The magnitude of the breakdown voltage V will depend on the
gas species in the interelectrode gap, the gas pressure p and the electrode distance d. This
phenomenon is described by Paschen’s law: V=a⋅p⋅d/(b+ln(p⋅d)), where a and b are constants,
Fig. 4.5. At high p⋅d, the breakdown voltage increases because electrons travelling towards
the anode will undergo more frequent collisions with gas molecules, so a higher voltage is
needed to provide the electrons with the required ionization energy. The breakdown field
Ebreakdown=Vbreakdown/d is constant at about 10 kV/m in this part of the figure. The minimum
breakdown voltage occurs at about 8 µm at atmospheric pressure. At p⋅d below the minimum
breakdown voltage, the number of gas molecules between the electrodes decreases so that
ionization becomes unlikely. This is why at the left hand side of the Paschen curve, the
breakdown field increases to above its macroscopic value to 500 kV/m and above [96]. Other
factors, such as composition and surface roughness of electrodes, also influence the
breakdown.
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Figure 4.5: Paschen curve: Experimentally determined dc breakdown voltage as a function of
gas pressure p and electrode spacing d for flat electrodes in air [96].

Microfabricated electrostatic devices such as motors and gas sensors operate in the low-p⋅d
region of the Paschen curve, enabling air operation without sparking. Microstructures of a few
microns size can operate in air much like a larger structure in a reduced pressure environment.
The miniature x-ray source has p⋅d ~ 10-6 torr ⋅ 0.1 cm ~ 10-7, corresponding to operation at
the far left of the Paschen curve. [96, 97].

Considering the field strength values above, one might ask why a miniature x-ray source can
not be featured by the use of two flat electrodes at very short distance near atmospheric
pressure (say d=100 µm, V=30 kV, and p=1 torr). The answer is that an electrostatic gap
before breakdown is fundamentally different from a situation when a controlled current is
being sustained between two electrodes. Electrons hitting the anode will inevitably cause
secondary electron emission in the anode, so the gap will not be as devoid of reactive species
as a current-free gap prior to breakdown. Also, micro-discharges have been observed in flat
electrode gaps below the breakdown threshold [98]. These have been attributed to local
breakdowns due to irregularities of the electric field. The micro-discharges were also found
capable of vaporizing or sputtering electrode material. The maximum field strength at
atmospheric pressure has been found to exceed 109 V/m, corresponding to 600 V over a 0.6
µm gap [98].

Apart from evacuation issues, the actual operation of a miniature x-ray source will add a few
features that need to be considered. As the electrons hit the anode, secondary electrons will be
produced. Ideally, the insulating material should be protected from secondary electrons in
order to avoid its decomposition and potential gas release [99].

The materials of a vacuum sealed container should be carefully selected. Generally,
crystalline materials and metals are most impermeable while silicones, epoxies and most other
organic polymers should be avoided because of high permeability. Fused silica (silicon
dioxide) has relatively low permeability. For a miniature x-ray source, there are also other
material issues that need to be considered both in terms of the insulator and the electrodes
[IV].

Within the x-ray source project, tubular source prototypes were sealed one by one by vacuum
brazing two tungsten electrodes to an alumina tube, Fig. 4.6. For sealing, an electrode and a
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tube were assembled in a vacuum oven and one electrode was joined to the tube at a time. A
vacuum brazing foil in the form of a foil ring was fitted to the electrode base before sealing.
In later experiments, a getter foil was applied in the same way. Prior to sealing, all
components were baked at 500°C for 10 h. Subsequently, they were pressed together by the
use of a piezo actuator and the temperature was ramped up to 830°C for sealing. After sealing,
a getter activation period of 30 min at 750°C followed [IV].

Figure 4.6: A tubular source prototype [IV]. 
 
At the time of writing this text, work is being conducted on sealing of the diamond membrane
based x-ray source [II, VI], Fig. 3.2a. As opposed to the serial brazing of tubular prototypes, a
chip design suitable for batch sealing is used. Sealing is achieved by bonding an intermediate
insulator chip to two diamond-on-silicon electrodes. 
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5. SAW-TOOTH REFRACTIVE X-RAY LENS
This section begins with a short background to the young field of refractive x-ray focusing.
Next, the design of the saw-tooth refractive lens is presented and explained. The influence on
lens gain of material properties, surface roughness and lens bow is discussed. Finally,
microfabrication of lenses in silicon, epoxy and diamond is described.

5.1 Background
The first refractive x-ray lens was realized in 1996. The new idea was to combine a large
number of weakly refracting lenses in a row to achieve appreciable refraction and a practical
focal length. The lens consisted of an aluminum block with 30 circular holes of 300 µm
diameter drilled perpendicular to the optical axis, and it focused in one dimension [100]. The
performance of the lens was poor, but it proved that the principle worked. This so-called
compound refractive lens was refined during the following years. Focusing in two dimensions
was obtained by using perpendicularly drilled holes. Lenses were made in two parts to
facilitate manufacturing. The circular holes were replaced by parabolic ones, eliminating
spherical aberration [101]. Another more versatile lens design, the saw-tooth refractive lens,
was proposed in 2000 [102]. This lens consists of two halves with interlocking saw-tooth
profiles, which approximate a planar parabolic lens with submicron radius, Fig. 5.1. The lens
is chromatic and focuses one-dimensionally (line focus). Two sets of lenses with crossed axes
can be used for two-dimensional focusing (point focus). The lens has flat surfaces only which
facilitates fabrication. Another advantage is that its focal length is tunable by adjustment of
the gap between lens halves. The lens is more tolerant to surface errors than a single parabolic
lens would be due to the addition of uncorrelated deviations from each surface.

Figure 5.1: Geometry of the saw-tooth refractive lens.

In the lens, rays travelling far away from the center will pass through more surfaces (more
material) and hence be refracted to a greater extent than more central rays. The highest
transmission is obtained near the optical axis where fewest teeth are passed. The radius of
curvature of the parabola is R=yg⋅yt/L ∼≤1 µm, where 2⋅yg is the gap between lens halves, yt is
the tooth height and L is the lens length. The focal length is F=R/δ [102]. 

5.2 Proof of equivalence with a parabolic lens profile
The function of the saw-tooth lens has been extensively explained by its inventor [103].
Geometrically, showing that a tilted saw-tooth profile approximates a parabolic shape is
straightforward. The parabola results from a combination of two linear effects indicated in
Figure 5.2. Firstly, the path length in a tooth increases linearly with distance y from the central
x-axis. Secondly, the number of traversed teeth also increases linearly with y.
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Figure 5.2: Lens details for estimation of the parabolic profile.

With the notations of Figure 5.2, the path length in the first tooth is 

βtan
2

1
yx = ,

After the passage of the first tooth, the x-rays will pass through consecutive teeth up to tooth
number n which has zero path length contribution and is positioned with its lower tip at a
distance y from the central axis. The number of passed teeth will be

N
y
yn
g

⋅= , (5.1)

N being the total number of teeth. In order to obtain the total path length in the lens, the
lengths in teeth 1 through n are added. Now, because the path length in teeth decreases
linearly with decreasing y, the mean path length in the n first teeth will be
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Combining Eqs. 5.1 and 5.2 gives the total path length in the lens
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This is a parabola with radius
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and with typical values we get
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Clearly, a parabolic lens with submicron radius would be more difficult to machine than a
saw-tooth structure with 100 µm high teeth. 

In the calculation above it is assumed that the tilt of the lens is small enough to justify that the
x-ray passage of the teeth is considered to be parallel to the lens half itself. Furthermore, the
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discrete nature of n and N is disregarded. As a result of this discreteness, the actual projected
profile will consist of short line segments approximating a parabola. It can be shown that the
effect of the discrete nature of the lens is negligible [53, XVIII]. 

5.3 Intensity gain
The intensity gain is derived by integrating the transmission over a parabolic profile, see
Appendix B. The maximum gain for a gaussian beam is given by

σ⋅
⋅
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ssG , (5.5)

where s1 is the distance between source and lens, s2 is the distance between lens and focal
plane, d2 is the focal line width and σ is the numerical aperture defining the gaussian beam
width after the lens. Thus, the maximum gain is dependent on a geometrical factor and σ.

5.4 Intensity gain as a function of material properties
Lens performance will depend on material properties. As can be seen from Eq. 5.5, the gain is
proportional to σ, which is the only material dependent factor:

µ
δ

µ
σ ⋅== FR  ,

where µ  (m-1) is the attenuation in the lens material. Both δ (see section 3.4) and µ varies
with energy and material. This means that G is proportional to √(δ/µ), which is plotted as a
function of atomic number in Figure 5.3.
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Figure 5.3: √(δ/µ) as a function of atomic number of lens material.

From Figure 5.3, it can be concluded that the gain decreases rapidly with atomic number at
low energies whereas at higher energies material dependence is not so pronounced. Thus,
material choice is most critical at low energies. Silicon has Z=14, and is therefore comparable
to aluminum (Z=13) which was used in the first compound refractive lenses [100]. For high
gain, low-Z materials like carbon (Z=6) are preferable. Therefore, lenses in epoxy and
diamond have been fabricated and tested. Elements with Z<6 would yield even higher gain
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but are generally difficult to machine; boron is extremely hard and has a high melting point,
beryllium is toxic, and lithium reacts rapidly with air to form crumbling lithium carbonate.

5.5 Impact of lens surface roughness and bow
Although the saw-tooth geometry is more tolerant to surface roughness than the
corresponding single parabolic lens, lens roughness will cause scattering and therefore reduce
transmission. 

Assuming normally distributed uncorrelated surface irregularities with a standard deviation
Rq, the influence of surface roughness can be estimated. Radiation passing through n teeth
will experience 2n surfaces, giving a total standard deviation of σtot(y)= Rq⋅√(2n). The impact
of roughness can be expressed as the intensity ratio of a rough to a smooth-faced lens
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where ρ is the density (SI units). Equation 5.6 is approximate, and its derivation is beyond the
scope of this thesis [53]. It is a good approximation for low energies only (E in keV < 3.5⋅Z).
The sensitivity for surface roughness is seen to increase at low atomic numbers. Furthermore,
higher energies and shorter focal lengths put higher demands on lens surface smoothness.

Figure 5.4: Intensity reduction due to surface roughness for lenses of PVC, beryllium,
diamond, epoxy and silicon. For the plot, F=0.3 m and E=20 keV were used. Measured Rq

values have been indicated for comparison (PVC: □, conventionally machined Be: ∇, Si and
epoxy: o, diamond: x, preliminary embossed Be:•). This plot was made using tabulated µ
values [104]. 

The intensity reduction factor due to surface roughness [53] is plotted versus Rq in Figure 5.4.
As can be seen, the low-Z lenses are most affected by surface roughness. However, an Rq less
than 200 nm gives a roughness related intensity reduction less than 10%. For comparison, Rq
values of tens of nm are routinely obtained by microfabrication techniques.

Insufficient lens flatness will cause the projected lens profile to deviate from a parabola,
which will cause a perturbation of the wave front and hence aberrations. Positive and negative
bow is illustrated in Figure 5.5. Typically, a bow amplitude of 10 µm will reduce the focal
line intensity to less than half of its maximum value. This is for the whole lens, i.e. two lens
halves. If only one lens half is used, the focal line is displaced to an off-axis position.
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Theoretical bow treatment is beyond the scope of this thesis, and has been described
elsewhere [103]. 

Figure 5.5: Positive and negative bow and corresponding approximate projected profiles.
 
5.6 Microfabrication of saw-tooth lenses
Precise fabrication of lenses is essential to ensure good focusing performance and to avoid
aberrations and reduced transmission due to roughness and geometrical errors. Before this
work started, saw-tooth lenses had been fabricated using conventional machining. PVC lenses
had been engraved by a commercial vendor using standard methods for LP records, yielding
surface roughness Rq=0.5 µm. Beryllium lenses had been made by a commercial vendor using
diamond turning resulting in a surface roughness of Rq=0.4 µm and bow amplitudes about 70
µm. Both kinds of lenses performed poorly because of large roughness and bow.

Within the present work, silicon lenses were wet etched from single crystalline wafers. Epoxy
lenses were made by moulding from silicon masters. Diamond lenses were featured using
microwave plasma CVD (MWCVD) onto silicon masters. Beryllium saw-tooth test structures
were embossed using the diamond masters. 

Replicating of lenses in beryllium is tricky, since it is a hard and furthermore toxic material.
However, at elevated temperature beryllium’s hardness is substantially reduced and it
becomes plastically deformable [105]. Saw-tooth test structures were prepared by beryllium
embossing using a load of about 1 GPa.

5.7 Testing of saw-tooth lenses
Silicon, epoxy and diamond lenses were tested in a synchrotron set-up at beamline BM5 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble. In order to avoid alignment
problems using two lens halves, only one half was used. The lens was mounted 40 m from the
source. After alignment of the lens, the beam profile was measured by scanning a knife-edge
in the focal plane about 0.5 m after the lens while measuring the transmitted intensity with a
Si-PIN diode [V, XVIII]. 
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Figure 5.6: Derivative of knife-edge scan in the focal plane showing focal lines from a silicon
lens. The unfocused beam is included for comparison. 

Theoretical gains were calculated by the use of Eq. B.3 and expected focal line widths
according to d2=d1⋅s2/s1 (see Figure B.1). Derivatives of knife-edge scans in the focal plane
showed sub-micron focal line widths for both silicon and epoxy lenses. Silicon lenses
produced focal lines in excellent agreement with theory. Epoxy lenses provided gains of up to
40. Lower measured than expected gains can be explained by improper alignment of lenses
with the optical axis, and intensity reduction due to bow. The diamond lenses suffered from
large bow and voids within the saw-teeth. This reduced the gain and increased the focal line
width [VIII]. 

To summarize this section, microfabricated lenses worked appreciably better than
conventionally machined PVC and beryllium lenses. Silicon and epoxy lenses performed very
well. The conclusion is that saw-tooth x-ray lenses with excellent precision and surface finish
can be obtained relatively simply by microfabrication of silicon. Lenses in several low-Z
materials, e.g. epoxy and diamond, can be accurately replicated from silicon masters. 
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6. SUMMARY OF PAPERS
Paper I presents the concept of a miniature x-ray tube for cardiovascular irradiation.
Experiences from the testing of the first field emitting cathodes are accounted for. This work
served as efficient training in cathode handling and measurement of unstable field emission
currents.

The diamond membrane based x-ray source is introduced in Paper II. An investigation of the
spacial distribution of emitted bremsstrahlung is described.

Paper III accounts for fabrication and testing of single crystalline tungsten cathodes. The
cathodes was not primarily intended for the miniature x-ray source.

Paper IV describes design and realization of a fine machined tubular x-ray source prototype.
This source was too large for potential cardiovascular use, but it brought about a great deal of
experience. This work includes simulations of tissue dose and temperature distribution of the
tubular source.

The first tests of microfabricated saw-tooth lenses in silicon and epoxy are presented in Paper
V. Sub-micron focal line widths were obtained and the overall results were encouraging.

Paper VI accounts for material related fabrication details and results of the diamond
membrane based x-ray source and the diamond saw-tooth refractive lenses.

Paper VII presents the concept of a miniature XRF set-up incorporating the diamond
membrane based x-ray source. Initial measurement results are presented.

Microfabrication of saw-tooth refractive x-ray lenses in silicon, epoxy, and diamond is
described in Paper VIII. Initial results on embossing of saw-tooth test structures are included.
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7. CONCLUSIONS
Within this thesis work, new x-ray components have been realized using microfabrication
technologies. X-ray sources based on microstructures for field emission have been designed,
fabricated and tested. A low-power miniature x-ray fluorescence set-up has been
demonstrated. Saw-tooth refractive x-ray lenses have been demonstrated and proven superior
to conventionally machined lenses of the same design. These components may be refined into
separate operating units, or potentially combined into miniaturized x-ray systems. The
conclusion of the thesis is that the use of microfabrication technologies does not only enable
simplified batch processing, but can also significantly improve the performance of the
different x-ray components and open up entirely new application areas. 
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APPENDIX A
This part is included to explain the function of the cathode in the miniature x-ray source.
Since the essence of the work on the x-ray source is not emission theory, but rather the
specific technical application, only a simplified deduction of a basic form of the Fowler-
Nordheim equation will be given. The derivation of it is allowed to take up several pages only
because the author herself wants to be able to follow. The derivation essentially follows [62]
with the addition of some details to assist to understanding.

A.1 Simplified derivation of the Fowler-Nordheim equation
The field emission current density J from a conductor can be expressed by the use of two
independent functions; the supply function N(T,εx) and the transmission function D(E, εx, φ):

∫⋅= XXX dEDTNqJ εφεε ),,(),(  A/m2. (A.1)

Here, q is the elementary charge and N(T,εx) m-1s-1 decribes the number of electrons that have
a velocity component normal to the surface (in the x-direction) at temperature T. These
electrons hit the surface barrier and are transmitted with a probability D(E, εx,φ) dependent on
the x component of electron kinetic energy εx, work function barrier φ and external field E
[62]. The overall forms of the supply and transmission functions will now be deduced one at a
time, starting with the N(T,εx) which can be obtained from statistical mechanics.

The supply function N(T,εx)
In a metal, the weakly bound valence electrons can be regarded as free and they are called
conduction electrons. In the so-called free electron model they are treated as a perfect gas
(which means non-interacting particles and mean occupation number ni<<1) of
indistinguishable particles and obey Fermi-Dirac statistics. This means that the occupation
numbers ni of energy states Ei in the gas are restricted; at most one particle (e.g. electron) can
be in any state, i.e. ni=0, 1 for all i (corresponding to spin ±½h , this is the Pauli exclusion
principle). The mean occupation number of the state i for a system of particles is called the
distribution function ni=Σni⋅pi(ni), where pi(ni)=eβ(µ-εi)ni/Σ eβ(µ-εi)ni is the probability of finding
n particles in state number i. Since ni=0,1 for fermions ni=Σni⋅pi(ni)= (0⋅eβ(µ-εi)⋅0+1⋅eβ(µ-εi)⋅1)/
/(eβ(µ-εi)⋅0 + eβ(µ-εi)⋅1)= eβ(µ-εi)/(1+ eβ(µ-εi))=1/(1+eβ(εi-µ)), where β=1/kT and k is the Boltzmann
constant. This is the Fermi-Dirac distribution function [106].

When the energy levels of a system lie very close, the term density of states is commonly
introduced to represent the density of allowed energy states in a certain region of for example
particle momentum p. In this way, sums over allowed momentum states can be represented by
integrals which come in handy in various calculations. For a particle in an enclosure of unit
volume, the density of states with momentum p=hk with magnitude in the range p to p+dp is
(2/h3)⋅d3p, where h is the Planck constant and k is the particle wave number. The factor 2
arises because of the two possible spin orientations of electrons in the same energy state.
Beacuse p=mv the corresponding velocity density of states will be (2m3/h3)⋅d3v, where m is
the mass of the electron and h is the Planck constant. [107].

The number of electrons in a unit volume in the velocity range d3v=dvx dvy dvz is given by the
number of states in this range multiplied by the Fermi-Dirac distribution function [62]: 
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is the electron kinetic energy. For emission through the surface we are only interested in the
velocity component vx normal to the surface, while vy and vz can take on any values. The
number of electrons with velocities along the emission direction x in the range vx to vx+dvx is 
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Thus, N(vx)dvx depends on material and temperature but is independent of emission
mechanism. In the case of field emission, the temperature is relatively low. Therefore, the
behaviour of N(vx)dvx as T→0 is investigated

                  0),(0, →⇒→> xFX vTNTεε
    )(),(0, XFxFX vTNT εεεε −→⇒→< .

Therefore, at low temperatures
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xxFxx dv
h
mdvvN )(4)( 3

2

εεπ −⋅= . (A.2)

Since we are interested in the energy flow (not the momentum flow) the supply function we
need is vXN(vX)dvX. A change of variables from vX to εX is convenient; dεX = mvXdvX.

=−⋅= xxxFxxx dvv
h
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2
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h
m εεεεεπ )()(4 3 =−⋅=

As expected, the supply function is not affected by the external field E. In thermal cathodes
and photocathodes where extra energy in the form of heat and photons is supplied to the
electrons, the supply function will be modified.

The transmission function D(E,εx,φ)
The transmission function D(E,εx,φ) can be estimated from quantum mechanics by using the
electron wave function ψ(x) which represents the probability of finding the electron in a
volume element dx around the point x

2

2

)0(
)(

ψ
ψ LD ≅ ,

where L is the normal distance from the surface to a point outside the material where an
electron does not experience any force from the surface. Over distances small enough to make
the potential barrier V-εX seem constant, ψ(x) can be approximated by the solution ψC for a
potential step [109]
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so that [62]
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This equation is valid for a potential step and also in a small segment dx where V-εX is
approximately constant. Equation A.3 can be used to calculate ψ (L) iteratively. This
corresponds to approximating the potential barrier V-εX in Fig. A.1 by a stepped potential
barrier made up from horisontal lines with width dx. 
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Constant potential barrier φ + εF
(valid when no electric field is applied)

εF

φ

V-E
Resulting potential when
a constant electric field
is applied

φ + εF – Eqx– εx = V – εx
Resulting potential when an
electric field E is applied

(V – εx)1/2

0 L Distance from surface that
an electron has to reach in
order to be emitted,
L=(φ+εF-εx)/Eq≈φ/Eq

METAL VACUUM

Energy

x

Figure A.1: Electron potential energy at a metal surface in the presence of an external field.
Typical values are φ=4.5 eV and local field E=109 V/m which yield L≈45 Å. 

The integrand (V–εx)1/2 is, as seen in Figure A.1, almost triangular with height h=(φ+εF–εX)1/2

and base L = energy/force=(φ+εF–εX)/Eq. This leads to
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For εx≈εF the exponent can be simplified by Taylor expansion
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As can be seen from Eq. A.4, D will be limiting the emission current primarily at low external
field strengths E, which give small transmission functions [110].

An approximate Fowler-Nordheim equation
Having estimated both supply and transmission functions, we may at last express the field
emission current more specifically by inserting Eqs. A.2 and A.4 in Eq. A.1,

=⋅= ∫ xXX dEDTNqJ εφεε ),,(),(

x
Eq

m

xF de
h
mq

XF

εεεπ
φ

εεφ

∫







 −
+⋅

⋅−
⋅−⋅⋅=

2
)(3

1
2

3

2/3

2)(4 h .

The integration should go from εx=0 to εx=εF. Examining the integrand as a function of εx, the
factor (εF-εx) is a straight line and the exponential is very small at εx<0. Therefore we can
replace the lower limit with εx=-∞ [62]. Also, a constant can be introduced
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Prior to integration, it is convenient to change variables: εF-εx→∆, dεx→-d∆. This yields
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where 
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Equation A.6 is equivalent to the more common form I=A⋅V2⋅e-B/V, where V is the potential
difference between the field emitting cathode and a counter anode. Here, E is the local electric
field strength at the emitter, generally described by E=β⋅V, where β is the so-called field
enhancement factor dependent on i.e. cathode radius. Slightly different definitions of β are
used (dimensionless or with unit m-1). Typical plots of I as a function of V and corresponding
Fowler-Nordheim plots of ln(I/V2) versus 1/V are shown in papers I-IV and VII.

From Eqs. A.5 and A.7, it may be noted that φ=4.5 eV gives b≈1.7⋅1010 and a≈6.4⋅10-6, using
SI units. Thus, electric field strengths in the order of 109 V/m are needed to produce sensible
emission currents. However, smaller turn-on fields are commonly reported from experiments
due to the large local field enhancement at cathode tips and surface irregularities as compared
to the overall macroscopic field between electrodes [63]. A complete deduction of the Fowler-
Nordheim equation would be much more involved and include for example the image
potential of the electron which arises as soon as it leaves the solid. Please also note that
several approximations were used to formulate Eq. A.6.

Typical values for the diamond membrane based x-ray source [II] can be inserted in Eqs. A.5-
A.7. The macroscopic field giving 1 nA was in the order of 6⋅106 V/m [II]. Tips with local
field 100 times larger than the macroscopic field have been reported [75]. This implies that
the local field in [II] could be in the order of E=109 V/m. Using Eq. A.6, the current density at
E=109 V/m is J=265 nA/µm2 which gives a predicted surface area of I/J=0.0038 µm2 at
current 1 nA. This corresponds to a 60 by 60 nm2 square. For comparison, the tip radius of the
diamond cathode in [II] was a few hundred nm, which is at least comparable to the calculated
emission area. 
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APPENDIX B
This derivation is taken from [53]. It is included here to aid in the understanding of sections
5.2-5.7 on the saw-tooth refractive lens.

Derivation of gain for a saw-tooth lens
An important parameter for lens evaluation is intensity gain for a monochromatic beam. The
gain is defined as

0I
I

G focus= ,

where Ifocus is the intensity of the focal line and I0 is the intensity at the same location after
removal of the lens. The intensities are given by geometrical factors and attenuation according
to Lambert-Beers law giving
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where µ is the attenuation coefficient of the lens material, x(y) is the total path length as given
by Eq. 5.3, d2 is the focal line width and s1 and s2 are the distances from source to lens and
from lens to focal line, respectively. The notations are clarified in Figure B.1. The numerator
in Eq. B.1 is the solid angle captured by the lens reduced by an attenuation factor. The
denumerator is the smaller solid angle of the focal area attained without lens.

Figure B.1: Definition of parameters used for evaluation of lens gain. Source width is
designated by d1. 

Using Eqs. 5.3 and 5.4 to obtain x(y)=y2/2R and rearranging Eq. B.1 to be a geometric factor
times the attenuation part,
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By observing the integrand in Eq. B.2, it can be seen that when a parabolic lens is placed in a
rectangular intensity profile beam, attenuation in the lens material produces a gaussian
intensity profile centered at y=0 and standard deviation σ=√(R/µ) [108], which represents the
width of the gaussian beam. The limits of the integral are ±min(yt,yg), defining the aperture of
the lens.



- 51 -

Using the error function 
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Since the maximum of the error function is 1, the maximum gain is given by
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which is valid for a rectangular intensity distribution. For a gaussian intensity distribution
(e.g. BM5 at ESRF), 
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Thus,  the maximum gain is dependent on a geometrical factor and σ.
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C. Ribbing: Microfabrication of miniature x-ray source and x-ray refractive lens 
 
Page Reads Should read 
   
10, row 17 nanometer scale. nanometer scale [6a]. 

Reference missing: 
[6a]  R. P. Feynman, There’s plenty of room at 
the bottom, J. Microelectromech. Syst., vol. 1, 
no. 1, March 1992. 

11, row 6 like temperature, geometry and size. like geometry and size. 
22, row 10 undulating undulating magnetic field. 
28, row 25 [83, 84] [83, 84, 84a] 

Reference missing: 
[84a]  G. Z. Yue, Q: Qiu, B. Gao, Y. Cheng, J. 
Zhang, H. Shimoda, S. Chang, J. P. Lu, O. 
Zhou, Generation of continous and pulsed 
diagnostic imaging x-ray radiation using 
carbon-nanotub-based field-emission cathode, 
Appl. Phys. Lett., 81(2), 8 July 2002. 

30, row 25 until and 
34, row 15 Another more versatile Another versatile 
36, row 15  Sentences beginning with ”Both δ” and ”This 

means” should appear in the opposite order. 
39, figure legend focal lines the focal line 
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