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Abstract 

This thesis describes the development and characterization of a compact high-brightness 
liquid-metal-jet anode x-ray source. Initial calculations show that a source based on this 
concept could potentially lead to a >100-fold increase of the brightness compared to 
current state-of-the-art rotating-anode x-ray sources. This improvement is due to an 
increased thermal load capacity of the anode. 

A low-power proof-of-principle source has been built, and experiments show that the 
liquid-metal-jet anode can be operated at more than an order of magnitude higher power 
densities than modern solid-metal anodes. This brightness enhancement has been utilized 
to acquire in-line phase-contrast images of weakly absorbing objects with substantially 
shorter exposure times than previously reported. To be able to target different application 
areas different liquid-jet-anode materials have been tested. The Sn-jet anode could 
potentially be used in mammography examinations, whereas the Ga-jet could be utilized 
for, e.g., protein-structure determination with x-ray diffraction. 

Scaling to higher power and brightness levels is discussed and seems conceivable. A 
potential obstacle for further development of this source concept, the generation of a 
microscopic high-speed liquid-metal jet in vacuum, is investigated and is proven to be 
feasible. Dynamic-similarity experiments using water jets to simulate 30-µm, ~500-m/s tin 
and gallium jets show good coherence and directional stability of the jet. Other potential 
difficulties in the further source development, such as excessive debris emission and 
instabilities of the x-ray emission spot, are also investigated in some detail. 
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Chapter 1  

Introduction 

Almost instantly after their discovery in 1895 [1], x-rays found extensive use in science, 
industry, and medicine. This is still the case today, and that is due to some basic properties 
of x-rays, such as their ability to penetrate optically opaque objects and, thus, reveal 
otherwise hidden information about internal structures and material properties. Other 
important factors for the wide acceptance and exploitation of Röntgen’s discovery was the 
rather simple equipment required to both produce and detect this new kind of radiation. 
This made it possible to immediately set up a variety of different experiments, e.g., 
imaging of the human interior (cf. Fig. 1.1 below), as well as basic materials research. 

 

Figure 1.1. The first x-ray image (Mrs. Röntgen’s hand, 1895). 

In the early years, the development of x-ray imaging was mainly in the area of source 
improvements. In 1919 the line focus principle was discovered, and about a decade later, 
in 1929, the idea of having a rotating anode was realized. However, since then there have 
been no further breakthroughs in terms of source performance, but rather gradual 
improvements mostly due to refined engineering of the x-ray tube. With the advent of 
modern electronics in the 1960s, substantial progress in the field of image acquisition, and 
digital image processing and storage took place. Therefore, most modern applications are 
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limited by the source performance, which motivates further development and 
improvement of x-ray sources. 

This thesis is about a novel source concept where x-rays are emitted when a beam of 
energetic electrons interact with a liquid-metal-jet anode. This is a kind of electron-impact 
source, just like most modern x-ray tubes, but this particular source can reach higher 
brightness values than conventional compact sources. Brightness is the radiated power per 
unit source area and unit solid angle, and since this quantity cannot be increased, but at 
best conserved, in an optical system [2], the maximum obtainable brightness is given by 
the source brightness. 

Utilizing this new source concept, the brightness could possibly be increased by a factor of 
>100, which would lead to significantly improved imaging possibilities. However, this 
requires that a stable, fast, and coherent liquid-metal jet can be produced, which will be 
discussed in some detail in Chapter 2. A brief overview of some basic x-ray physics in 
given in Chapter 3, whereas modern electron-impact x-ray tubes are compared with this x-
ray source based on a liquid-metal-jet anode in Chapter 4. Finally, Chapter 5 is devoted to 
a description of some possible imaging techniques for acquisition of different types of 
object information. 
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Chapter 2  

Liquid Jets 

One of the most critical components in this new type of x-ray source is the high-speed 
liquid-metal jet. To be able to build a system that can produce such jets a solid 
understanding of the dynamics of the behavior of fast jets is required. This chapter will 
therefore briefly present some of the fundamental processes determining the 
characteristics of the breakup of a liquid jet. To start with, there will be a brief review of 
the development of the theoretical models describing jet-breakup behavior. Over the 
years, this has lead to an increased agreement with the actual experiments. However, due 
to the complexity of the more detailed and general models the results may be difficult to 
use in practice, which has lead to simpler rules and formulas based on experimental 
findings for specific types of jets. This approach utilizing more hands-on dimensionless 
flow parameters will also be discussed in this chapter. 

2.1  Physical Breakup Mechanisms of Liquid Jets 
Liquid jets are inherently unstable. The phenomenon of jet disintegration has been a 
subject of theoretical and experimental investigations since the early parts of the 1800s 
[3,4], and over the years it has been ranging in applications from fire hose nozzles to 
production of metal powder. There are several different physical mechanisms that affect 
the fashion of which jets break up into droplets. A few of these are discussed in the 
following subsections, but even though they are treated separately, a real jet is, to some 
extent, subject to all of these mechanisms simultaneously. 

2.1.1  Surface Tension 

In 1873, Plateau [5] found that the surface energy of a jet is not the lowest possible if the 
jet length exceeds its circumference. Instead, it could attain a lower and more stable 
energetic state if the jet was broken up into droplets. A few years later, Rayleigh [6] 
presented a mathematical analysis on the instability of jets, where he used a model of an 
infinite stationary cylinder, consisting of an inviscid incompressible liquid not subjected to 
gravitational forces. He also superimposed a spectrum of infinitesimal perturbations to the 
cylinder, but where the jet is only destroyed by the particular disturbance with the spatial 
frequency with the highest growth rate. By taking the z-axis along the axis of the jet, the 
radius, r, of the jet would at any time, t, be represented by 
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 = + cos  r a δ kz , (2.1) 

where a is the undisturbed radius of the jet, and δ is the amplitude of the disturbance 
responsible for the breakup. This amplitude is always small in comparison with a, and k = 
2π/λ, where λ is the wavelength of the disturbance. The surface tension forces act for a 
reduction of the surface energy, which in this case merely is a question of minimizing the 
surface area of the jet. Calculating the difference in surface area per unit length of the jet 
for the disturbed (S) and the undisturbed (S0) case results in 

 ( )− = −
2

2 2
0

π 1
2
δS S k a
a

. (2.2) 

Obviously, ka < 1 results in a decrease of surface area for the disturbed jet, which means 
that the jet is unstable with respect to the perturbations where λ > 2πa. Given this 
restriction of λ, Rayleigh further computed the growth rate of the disturbances 

 ( )
( ) ( )= −12 2

3
0

1
I γσq γ γ
I γρa

, (2.3) 

where γ = ka, σ and ρ are the surface tension and density of the jet liquid, respectively, and 
I0 and I1 are zero and first order modified Bessel functions of the first kind. By 
differentiation and maximization of Eq. 2.3, and assuming exponential growth of the jet 
perturbations, Rayleigh further developed the expression of the growth rate. The resulting 
formula was found to be 

 = 30.97 σq
ρd

, (2.4) 

and is based on the assumption that the amplitude of the disturbance grows exponentially 
with time and, thus, distance from the nozzle. In the above equation σ and ρ are the 
surface tension and density of the jet liquid, respectively, and d = 2a is the undisturbed 
diameter of the jet. By knowing the expression for the disturbance growth rate the formula 
for calculating the jet breakup length, L, is as follows: 

 ⎛ ⎞= ⎜ ⎟
⎝ ⎠

3

0
1.03 ln

2
ρddL v

δ σ
, (2.5) 

where v is the speed of the jet and δ0 is the initial amplitude of the disturbance. Eq. 2.5 is a 
result of a linearized analysis of the growth rate of infinitesimal perturbations of the jet, 
which is only valid if they are small in comparison with the jet radius. But, since a breakup 
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is defined as the disturbance growing to the size of the radius, this approach to find the 
breakup length is not strictly correct. However, for being an initial theoretical 
investigation, the errors introduced by the linear analysis are not of any major concern, 
especially not since δ will only become comparable to a close to the breakup point due to 
its exponential growth. 

2.1.2  Viscosity 

Weber [7] extended the theory in Section 2.1.1 to include viscous effects of the jet, as well 
as the interaction of the jet with an inviscid ambient atmosphere. The main contribution 
of Weber’s work to the understanding of jet disintegration was on how viscosity affects 
breakup. By adding viscosity to the stationary jet, the expression for the growth rate factor 
of Eq. 2.4 is modified into 

 
−

⎡ ⎤
= +⎢ ⎥
⎢ ⎥⎣ ⎦

13 3ρd µdq
σ σ

, (2.6) 

where µ is the dynamic viscosity, which is commonly referred to as the (coefficient of) 
viscosity. The breakup length of a viscous jet could be predicted by using Eq. 2.6 instead 
of Eq. 2.4 as the description of the growth rate, which results in 

 
⎡ ⎤⎛ ⎞= +⎢ ⎥⎜ ⎟

⎝ ⎠ ⎢ ⎥⎣ ⎦

3

0

3
ln

2
ρd µddL v

δ σ σ
. (2.7) 

By examining the above expression we see that the viscous effects will always work for 
increased stability of the jet. In the limit of infinite viscosity, the jet will never break up. 
The equations above are based on the assumption that the liquid under consideration is 
Newtonian, i.e., it has a viscosity that is dependent on temperature, but independent of the 
applied shear rate. Many common real liquids, such as water and molten metals, behave as 
Newtonian fluids over a wide range of conditions, and it is therefore not a very strict 
restraint for the jets of interest in this thesis. More information about the viscous behavior 
of fluids could be found in most standard textbooks on fluid mechanics, e.g., Refs. 8 and 
9. 

2.1.3  Atmospheric Interactions 

As the jet exits from the nozzle, the initial disturbances could be amplified by an ambient 
atmosphere, which leads to an increased disturbance growth rate. As these growth rate 
enhancements become significant, Eq. 2.7 will overestimate the breakup length for a 
viscous jet injected into a non-vacuum atmosphere. The interaction of the jet and the 
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atmosphere could be divided into two subcategories: aerodynamic pressure effects and 
effects due to the viscosity of the atmosphere. 

In the second part of his famous work from 1931, Weber [7] considered the effects of 
aerodynamic interaction on jet stability, however neglecting the viscosity of the 
atmosphere. Later, another approach to the problem, this time including the viscosity of 
the ambient fluid into the equation, was done by Sterling and Sleicher [10]. In their semi-
empirical investigation of the interaction of the atmosphere with the jet they found that 
Weber’s theory did not correctly predict the aerodynamic pressure effect on the breakup 
process. Based on experimental results they modified Weber’s expression for the growth 
rate factor q by inserting a scaling factor C to the last term (as seen in Eq. 2.8 below), 
responsible for atmosphere-related instabilities, i.e., 

 ( ) ( )
( )+ = − +

2 3
02 2 2

2 3 2
1

3
1

2 2
Aµγ ρ vγ K γσq q γ γ C
ρ K γρa ρa a

. (2.8) 

Here, ρA is the density of the atmosphere, K0(γ) and K1(γ) are the zero and first order 
modified Bessel functions of the second kind, γ is a function of the density of the 
atmosphere and the viscosity of the jet, and the value of C is 0.175. This theory predicts a 
maximum of the jet breakup length as the instabilities related to atmospheric interactions 
become more important for higher jet speeds. The longest breakup length occurs at the so 
called critical velocity, usually denoted vc, see also Sect. 2.2.6. 

These results are strictly valid only for jets where the velocity is constant over the entire 
cross-section of the jet, i.e., for uniform velocity profiles. Any other velocity profile will, 
after exit from the nozzle, redistribute to a uniform profile causing destabilization. This 
phenomenon is more extensively discussed in the next section. 

2.1.4  Velocity Profile Relaxation 

Many experimental investigations, e.g. [11-13], have failed to verify the formulas in the 
previous sections, since the effects of the radial flow velocity gradients have not been 
taken into account. These effects originate from the fact that for a flow of any viscous 
fluid (µ ≠ 0) in contact with a rigid body, e.g., the interior wall of a nozzle, a boundary 
layer will be created, where a smooth adjustment of the flow velocity to virtually zero on 
the boundary of the body takes place [8], cf. Fig. 2.1. This is also known as the no-slip 
condition. 
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Figure 2.1. The flow velocity decreases with the distance to the wall within the boundary layer. 
Adapted from [14]. 

The thickness of the boundary layer is a function of the downstream distance – the further 
downstream, the thicker the boundary layer. Consider a flow in a pipe of infinite length; at 
a certain point downstream, the entire cross-section of the flow will be made up of a 
boundary layer. From this point on there will be no change in the velocity profile, hence 
the flow is referred to as fully developed. Depending on whether the flow is laminar or 
turbulent the fully developed velocity profile will be different [15-17], see Fig. 2.2. 

a)

b)

 

Figure 2.2. Velocity distributions and flow profiles for a) laminar and b) turbulent flow. Adapted 
from [18]. 

As the flow reaches the nozzle exit, the constraint of the nozzle wall is removed and 
velocity profile relaxation occurs. In this process the velocity components of the jet relaxes 
into a uniform profile over the entire cross-section, by a mechanism of momentum 
transfer between transverse layers within the jet [17,19]. The effect of the relaxation 
depends on the extent to which the velocity profile differs from a uniform profile [10]. As 
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can be seen in Fig. 2.2, a fully developed turbulent flow has a flatter velocity distribution 
over the jet cross section than the laminar flow profile. This means that, from a velocity 
profile relaxation point-of-view, fully developed laminar jets are the most unstable upon 
exit from the nozzle, since the energy redistribution during profile relaxation can be quite 
violent [17]. 

2.1.5  Turbulence 

When the liquid elements of a jet are flowing in streams parallel to each other and the jet 
axis, the flow is said to be laminar. When the paths of the liquid particles cross each other 
in a more or less disorderly manner, the flow is turbulent. Despite the frequent occurrence 
and technical importance of turbulent flows, e.g., streams from fire hoses and fuel 
injection in car engines, there is little understanding of the correlation of jet-breakup 
behavior and turbulence. Due to the high level of complexity of turbulent flows it is very 
difficult to develop a mathematical theory for the breakup. Instead, much of the 
knowledge and the vast majority of existing equations describing turbulent jets stem from 
experimental observations and measurements of jet lengths, drop formation, and drop size 
distributions. 

Experiments have shown that the disturbance at the nozzle exit is considerably larger for 
fully turbulent jets than for laminar ones [20], thus resulting in a faster breakup. The radial 
velocity components cause large-amplitude disturbances of the jet at the nozzle exit, 
creating short wavelength surface waves, soon leading to surface film rupture and the 
subsequent disintegration of the jet [15]. In combination with atmospheric interactions, 
turbulent jets will burst into small droplets quickly and violently. It should, however, be 
noted that the atmosphere is not needed for breakup. Even in a vacuum environment a jet 
will break up, solely under the influence of its own turbulence [15,21]. 

2.2  Jet Characterization in Practice 
Often the level of complexity of a fluid mechanics problem is too high for it to be 
satisfactorily described mathematically, or the equations describing it cannot be solved. 
However, methods of using dimensionless flow parameters for describing a flow have 
been created, and the flows have been empirically categorized depending on their behavior 
in a certain parameter range. For a more detailed report of the practical use of 
dimensionless parameters in different flow situations, consult, e.g., Refs. 22-25. 

By definition, a dimensionless parameter is the ratio of two similar physical quantities. The 
analysis of a particular flow problem may be simplified by forming relevant dimensionless 
parameters, since the number of variables could be reduced [26-28]. Furthermore, these 
parameters are useful when defining the physical conditions that exist in a flow, and are 
also good indicators of which properties of a flow that are of importance. The first 
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technique of using dimensionless parameters to describe a flow system was developed in 
the early years of the 20th century, and is known as the Buckingham π method [29,30]. 

In the design process of, e.g., a vessel, an airplane, or a liquid jet, it is very important to 
know the flow pattern around the structure and the magnitude of the forces acting on the 
body (or nozzle). To save time and money, and reduce the risk of bad design decisions, a 
model could be built and used in a test series of possible flow situations. In order for the 
test program to generate any useful information, the theories of dynamical similarity 
[31,32] must be accurately utilized. In short, this means that matching the relevant 
dimensionless flow parameters for the model and the final full-scale product will ensure 
identical flow patterns from which conclusions regarding flow forces could be drawn (see 
Paper 3). 

Depending on the type of flow being modeled, different sets of dimensionless parameters 
are of importance. In the case of fast liquid-metal jets, which this examination is restricted 
to, only four independent parameters need attention: the Reynolds number, the Weber 
number, the atmospheric Weber number, and the Mach number. A fifth dimensionless 
parameter, the Ohnesorge number, is also discussed, despite it not being independent 
from all the others. 

2.2.1  Reynolds Number 

The ratio of the inertial forces and the viscous forces of the flow in the nozzle is called the 
Reynolds number, Re, and is defined as 

 Re = =inertial forces
viscous forces

ρvd
µ

, (2.9) 

where v is the average speed of the flow, ρ and µ are the density and viscosity of the liquid, 
respectively, and d is the internal diameter of the nozzle. Re is sometimes considered being 
a measure of the turbulence in a flow, but that is an over-simplification of the meaning of 
this parameter. Instead, Re should be thought of as an indicator of the probability of a 
flow being turbulent. The higher the Re, the more sensitive it is to disturbances that could 
initiate turbulence. Below a certain critical value of Re the flow will always be laminar, and 
for long pipes this value has been found to be about 2300 [15,33]. However, the onset of 
turbulence in nozzles have been reported to start anywhere in the span <1000 to >18000, 
see e.g. Refs. 11, 34 and Paper 3. 

2.2.2  Weber Number 

The Weber number, denoted by We or WeL, is a measure of the ratio of the inertial forces 
and the surface tension forces in a flow, and is defined as 
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 = =
2inertial forces

surface tension forcesL
ρv dWe
σ

, (2.10) 

where σ is the surface tension of the liquid of the jet, and the subscripted L is short for 
“liquid”; an elucidation that this parameter refers to the Weber number of the liquid jet, as 
opposed to that of the ambient atmosphere, see Sect. 2.2.3. Various definitions of WeL 
occur in different texts, and care should therefore be used when considering published 
values of this parameter. A couple of variants of WeL are the square root of Eq. 2.10, and 
the inverse of the same equation. 

2.2.3  Atmospheric Weber Number 

The influence of the surrounding atmosphere on the liquid jet is measured with the 
atmospheric Weber number, WeA. This parameter is related to WeL, but with the slight 
modification by a multiplication of the factor ρA/ρ, which generates the following 
expression: 

 =
2

A
A

ρ v dWe
σ

, (2.11) 

where the subscript A refers to the atmosphere, which means that ρA is the density of the 
atmosphere. It has been shown, both theoretically and experimentally, that the threshold 
value above which the atmosphere starts influencing the breakup of the jet is at WeA ~ 1-5 
[12,35-37]. 

2.2.4  Mach Number 

The ratio of the flow velocity to the speed of sound in the jet liquid is called the Mach 
number, and is defined as 

 = =flow velocity
speed of sound

vMa
c

. (2.12) 

Ma is an indicator of whether the flow is compressed or not, which is of importance, e.g., 
when calculating the speed of a jet. If the flow is compressed, an error to the 
incompressible flow theory will be introduced, resulting in an overestimation of the jet 
speed. Ma ≈ 0.25 - 0.3 is often used as the limit of the incompressible theory [38,39] (see 
Sect. 2.3.1), since this generates a ~1% error of the calculated jet speed [38]. 
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2.2.5  Ohnesorge Number 

The Ohnesorge number, Z, is not an independent parameter, but related to the Reynolds 
number and the Weber number and could also be written as 

 
Re

= = =viscous forces
surface tension forces

Lµ WeZ
σρd

, (2.13) 

and does therefore not provide any extra information once Re and WeL are known. This 
parameter is, however, an indicator of the importance of viscous forces in a flow. For Z 
<< 1 the flow could often be assumed to behave as an inviscid fluid (except at walls in 
contact with the flow, where boundary layers still will be formed and be responsible for 
the creation of velocity profiles, cf. Sect. 2.1.4). 

2.2.6  Stability Curve 

Over the years a large number of liquid-jet experiments have been conducted. After 
systematic analysis of the results graphical tools have been developed to be able to 
characterize the breakup behavior of the jet. Figure 2.3 shows one such aid – the stability 
curve. It was originally developed for jets ejected into an atmosphere and could be used to 
classify different breakup regimes by studying the breakup length as a function of jet speed 
[10,11,15,17,37,40-43]. 
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Figure 2.3. Qualitative jet stability curve showing the variation of breakup length as a function of jet 
speed. Adapted from [41]. 
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The initial part (ABC) of the stability curve, where the jet speed is not sufficiently high to 
create a jet, but only a train of drops, is referred to as the drip-flow regime. Once a jet is 
formed (point C), the breakup length increases proportionally with the jet speed up to 
about point D. In that region (CD) the effect of the ambient atmosphere is negligible and 
the breakup process of jets in this part of the curve is fairly well described by the analyses 
made by Rayleigh [6] and Weber [7], and is dominated by surface tension forces. In the 
literature it commonly referred to as Rayleigh breakup. 

The longest possible coherent jet (point E) is generated at the so-called critical jet speed, vc, 
after which any further speed increase results in shorter breakup lengths (until point F is 
reached). This part (DEF) is called the wind-induced breakup regime and the shape of the 
breakup curve slightly past point E is well described by the stability theories developed by 
Sterling and Sleicher [10]. Beyond point F (spray regime) the disturbances due to 
atmospheric interactions are very large, and many different results of the coherent length 
of the jet have been reported. So far, there is no unifying theory that accurately predicts 
the breakup length of jets in this regime. 

To further complicate the discussion, the onset of turbulence in the nozzle and velocity 
profile relaxation of the jet will also start influencing the breakup length at some stage in 
the stability curve. This does, however, depend very much on the specific experimental 
setup, and no general rules have been made to cover for that. 

2.3  Jet Velocity and Nozzle Design 
A nozzle is a converging duct. The primary purpose of a nozzle is to convert static 
pressure energy into kinetic flow energy, and with proper design the efficiency of this 
energy conversion could be as high as 99% [44]. As the flow propagates through the 
convergent nozzle it is continuously accelerated, and boundary layers are formed along the 
nozzle surfaces. If the Re of the flow at the nozzle exit is >104 the boundary layers will be 
very thin in comparison to the nozzle diameter, unless for very long nozzles where the 
boundary layer eventually will fill the entire cross section of the flow [44] (cf. Sect. 2.1.4, 
and Figs. 2.1 and 2.4). 

Assuming incompressible flow (ρ = const.) in the nozzle and that the pressure energy is 
perfectly transformed into kinetic energy in the nozzle, the equation for the conservation 
of the total pressure could be written as [44] 

 + = +
2 2
1 2

1 22 2
ρv ρvp p , (2.14) 

where p is the static pressure in the liquid, and the subscripts 1 and 2 refer to the different 
positions in Fig. 2.4 below. These presumptions are valid if the flow could be considered 
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frictionless, i.e., inviscid, which is a fair approximation for laminar flows with Re >> 1 and 
Z << 1. 
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Figure 2.4. Conversion of static pressure energy into kinetic flow energy in a nozzle. The thickness 
of the boundary layer increases as the flow propagates through the nozzle. Adapted from [44]. 

If we further assume that the flow velocity some distance upstream is virtually zero (v1 = 
0) and that the jet is injected into a vacuum (p2 = 0), which is the case for all the jets in 
Papers 1-6, the expression for the jet velocity simplifies to 

 = 1
2

2 pv
ρ

. (2.15) 

However, as is often the case, the real flow velocity does not equal the theoretical flow 
velocity, since the theory assumes the liquid to be ideal, i.e., inviscid, to prevent energy 
from being dissipated due to, e.g., flow friction, blockage of flow area by the boundary 
layer, and turbulence at the nozzle inlet. Therefore, a correction factor – the nozzle 
discharge coefficient, C – must be introduced, which corrects the calculation of the flow 
velocity for the losses mentioned above. This factor is defined as [45] 

 = actual mass-flow rate
theoretical mass-flow rate

C , (2.16) 

and is a function of the nozzle geometry, Reynolds number, and in the case of 
compressible flow, also the Mach number [45]. Since the mass rate of the flow is directly 
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proportional to the flow velocity, the expression for the flow speed at the nozzle exit in 
Eq. 2.15 modifies to 

 = 1
2

2 pv C
ρ

. (2.17) 

Numerical values for different nozzle shapes could, e.g., be found in Refs. 46-49. When 
striving for a discharge coefficient as close to unity as possible, there are some general 
guidelines to be followed. For instance, the contraction angle of the nozzle inlet in 
combination with streamlining of the interior of the nozzle is of major importance in 
order to prevent build-up of a thick boundary layer, create a more uniform velocity profile, 
and suppress the initiation of turbulence in the flow [17]. 

2.4  Liquid Jets in Vacuum 
The introduction of vacuum to the problem of generating a well-collimated jet has both 
pros and cons. One of the advantages is, of course, the negligible amplification of any 
disturbances due to atmospheric interactions (discussed in Sect. 2.1.3). On the other hand, 
a possible drawback is the introduction of the possibility of spontaneous bursting of the 
jet due to cavitation, which therefore is a subject in need of some further attention. 

2.4.1  Cavitation 

When the static pressure on a liquid body (at constant temperature) is reduced below a 
critical value (typically the vapor pressure) – either by static or dynamic means – 
spontaneous vaporization could occur, which is also referred to as cavitation. This should 
not be confused with boiling, which is vaporization of a liquid due to an increase of 
temperature at about constant pressure. The vaporization is initiated by the formation of a 
vapor void in the liquid body, a process usually referred to as nucleation. The nucleation 
phenomenon could also be divided into two different groups depending on the type of 
core that is responsible for the nucleation and growth of bubbles. Homogeneous 
nucleation is when thermal motions within the liquid form cores as microscopic voids, 
which could grow to macroscopic bubbles. This nucleation process generally occurs in 
very pure liquids in clean environments. However, in most ordinary engineering systems 
substantial amounts of small particles and other impurities are suspended in the liquid, 
which make excellent cores for bubble growth. The initiation of vaporization of the liquid 
in this manner is termed heterogeneous nucleation [50,51]. 

Consider, e.g., a water jet injected into vacuum (see Paper 3). As the pressure on the liquid 
suddenly drops the jet becomes superheated, i.e., the vapor pressure of the jet is higher 
than the vacuum pressure, see Fig. 2.5. Unless the water is very pure there will be 
numerous nucleation sites suitable for rapid bubble growth and rupture of the jet. More 



2.4. Liquid Jets in Vacuum 15 

information on the bubble growth dynamics and the potential bursting of a jet injected 
into vacuum can be found in Refs. 52-54. 
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Figure 2.5. Phase diagram of a water jet injected into vacuum. Adapted from [53]. 

Cavitation could also occur inside the nozzle if the static pressure is substantially reduced, 
e.g., at a sharp bend. This is an unwanted effect, since the violent nature of a cavitation 
could result in considerable consequences for the performance of the nozzle due to, at 
least, two reasons: i) cavitations will effectively destroy any well-ordered flow, and ii) 
cavitation could damage the nozzle walls. Cavitation and its effects on adjacent solid 
boundaries are dealt with in more detail in Refs. 51, 55, and 56. 

2.4.2  High-Speed Liquid-Metal Jets in Vacuum 

This thesis is focused on the feasibility of making a high-brightness hard-x-ray source 
based on a liquid-metal-jet anode. One of the fundamental requirements for success is 
therefore a coherent, directionally stable, microscopic, high-speed liquid-metal jet in 
vacuum, which will be a regenerative electron-beam target, see Sect. 4.2. Without going 
into too much detail about the engineering-related problems this section will be devoted to 
a brief discussion on the metal jet. 

As previously mentioned, injecting a jet into vacuum is connected with both advantages 
and disadvantages regarding the stability of the jet. The lack of atmosphere-related 
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instabilities (cf. Sects. 2.1.3 and 2.2.6) should be weighed against the risk of cavitation in 
the jet. However, in the case of using metal as jet liquid the cavitation probability is 
practically zero, since the vapor pressure of most metals are well below any standard 
laboratory vacuum (~10-5 mbar in Papers 1-6). As an example, liquid tin at 300°C (m.p. 
232°C) has a vapor pressure of ~10-19 mbar. Consequently, for a liquid-metal jet with such 
low vapor pressure the vacuum acts only beneficially from a coherence and stability point-
of-view. 

Directional stability has been shown not to be a major issue by experiments measuring the 
angular dispersion of a jet to about ±2 µrad for liquids with low vapor pressure [52,57,58]. 
There is no reason to believe that similar stabilities could not be achieved with liquid-metal 
jets provided that the liquid metal is satisfactorily pure and homogenous (cf. Paper 1). It is 
also important to have sufficient control over the heating process when preparing the 
liquid metal, since solidification close to the nozzle could seriously change the flow 
pattern, and, thus, also affect the jet performance. 

The small diameter of the jet (<100 µm) also has pros and cons. Fluid mechanically it is an 
advantage, since (with everything else kept constant) it reduces the risk of turbulence 
(Re ∝ d), cf. Sect. 2.2.1. On the other hand, it could make the engineering somewhat 
troublesome. For instance, shaping of the nozzle to optimize jet performance may be 
mechanically difficult, and the sensitivity to solid particles in the liquid becomes rather 
high. 

The requirement of a high-speed jet is probably one of the most difficult problems to 
solve. High speed requires a high driving pressure, and to make matters worse the high 
density of metals results in a need of even higher pressures compared to most other 
liquids. In order to create a ~500 m/s liquid-tin jet (further discussed in Sect. 4.2.2) about 
10,000 bar of backing pressure must be obtained (cf. Eq. 2.15). A more exotic solution to 
this problem might be to combine a large electric current with a strong magnetic field 
applied over the metal reservoir. This might generate a driving force large enough to 
accelerate the molten metal to the required speed [59]. Whichever the final solution will 
be, it is quite likely to be an engineering challenge. 
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Chapter 3  

Introductory X-Ray Physics 

X-rays are electromagnetic radiation, just like, e.g., radio waves, microwaves, gamma rays, 
and visible light. The main difference between these types of radiation is the wavelength, 
or frequency, of the waves. A small part of the electromagnetic spectrum is shown in Fig. 
3.1, and this thesis will only consider the part of the spectrum referred to as “hard x-rays”. 

Photon energy (keV)

Wavelength (nm)  

Figure 3.1. The electromagnetic spectrum from infrared (IR) to γ-rays. 

Hard x-rays can be used to reveal internal structures and material properties of a wide 
range of optically opaque objects, such as a suitcase at an airport, a welding joint, or the 
heart of a living person. It is also possible to perform diffraction experiments to determine 
the structure of a crystal or to study the folding of proteins. The wide range of applications 
of hard x-ray sources in science, industry, and medicine is largely due to this penetrating 
property of the radiation. This chapter will briefly discuss production of x-rays and their 
interaction with matter from a semi-classical point-of-view [60,61]. More in-depth 
information on this topic, as well as the classical and quantum mechanical approach, could 
be found in a large number of standard textbooks, e.g., Refs. 62-65.  

3.1  Electron-Matter Interaction 
When analyzing the electron-matter interaction, a distinction has to be made between thin 
and thick electron targets. A target is considered to be thin if the probability of more than 
one electron-matter interaction to occur during target passage is small. Conversely, an 
electron entering a thick target is likely to collide with many target atoms and deposit, 
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more or less, its entire kinetic energy to it. This discussion is restricted to thick targets 
only, since these theories apply to most standard x-ray tubes (cf. Section 4.1), as well as the 
liquid-metal-jet anode x-ray source (cf. Section 4.2 and Papers 1-6). 

3.1.1  Atomic Configuration 

An atom is made up of a nucleus consisting of protons and neutrons closely packed 
together at the center, and a cloud of orbiting electrons bound to the nucleus and arranged 
in different subshells. These shells are labeled K, L, M, and so forth counting from the 
center and out. The electrons in the innermost subshell are bound the strongest to the 
nucleus, and for each successive outward subshell the binding energies of the electrons are 
reduced. The K, and for the heavier elements even the L electrons, have binding energies 
in the x-ray range, which are only very weakly influenced by the surroundings of the atom. 
The much more loosely bound outer electrons are much more easily affected by the close 
environment and, thus, largely determine the chemical properties of the atom. 

3.1.2  Electron Attenuation and Backscattering 

As an electron approaches a solid boundary there is a certain probability that it will just 
elastically bounce off the surface and not contribute to the x-ray production. This 
probability increases with increasing atomic number and angle of incidence, as is shown in 
Fig. 3.2, whereas it is rather insensitive to the electron energy up to about 1 MeV [66]. 
After the electron has entered the target there is also a possibility of exiting after a number 
of scattering incidents, which would lead to only a fraction of the energy of the electron 
being used for production of heat and radiation. 
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Figure 3.2. Backscattering coefficient for 30 keV electrons as a function of a) angle of incidence, 
and b) atomic number of the target. Adapted from [67]. 

Of all the energy deposited in the target about 99% is converted into heat. The reason for 
this is that small-angle scattering of the incoming electron, which generates the vast 
majority of the heat and virtually no radiation, is by far the dominating electron-matter 
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interaction process. According to the classical theory, photons would be emitted every 
time the electron is deflected, but a quantum-mechanical treatment of the problem shows 
that the probability of that is very small for glancing deflections [68]. 

3.1.3  Continuous Bremsstrahlung 

As mentioned above, only rarely will an incident electron be deflected through a large 
angle. This deflection is due to the Coulomb force between the electron and the heavily 
charged atomic nucleus. The larger the scattering angle, the more kinetic energy is lost 
during the event, which means more energy is emitted in the form of an x-ray photon, the 
so-called bremsstrahlung (or braking radiation). The intensity of the bremsstrahlung from 
a thick target has been found, both theoretically and experimentally, to obey the following 
expression [68]: 

 ( ) ( )= −maxI hv CZ hv hv , (3.1) 

where C is a constant, Z is the atomic number of the target atom, hνmax is the energy of the 
incident electron, and hν is the energy of the emitted bremsstrahlung photon. Figure 3.3a 
shows this dependence for a few different electron acceleration voltages. The total 
conversion efficiency, η, of the kinetic energy of the incident electron into emitted 
bremsstrahlung could be found by integrating Eq. 3.1, which results in 

 =η KZV , (3.2) 

where K is a material constant, and V is the electron acceleration voltage in kilovolts. The 
theoretical value of K found by Kramers [60] is 9.2×10-7 kV-1. The experimentally found 
values are in good agreement with this, but with a slight dependence on Z. K ranges from 
1.5×10-6 for aluminum (Z = 13) down to 7.5×10-7 for Z ~ 60 [69]. 

One particular property of the bremsstrahlung worth pointing out is the non-lambertian 
angular distribution, which makes it possible to increase the brightness of the radiation 
quite dramatically by observing the x-ray source at an angle (further discussed in Sect. 
3.2.2). The angular and spectral distributions of the bremsstrahlung are shown in Fig. 3.3. 
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Figure 3.3. a) Bremsstrahlung spectra for different electron energies. Adapted from [70]. b) Angular 
distribution of bremsstrahlung radiation from interaction of 70-keV electrons with a tungsten target. 
Curve 1 shows unfiltered radiation, curve 2 is radiation filtered with 10 mm of aluminum, and curve 
3 describes the angular distribution according to the Lambert cosine law [71]. Adapted from [72]. 

3.1.4  Characteristic Line Emission and Auger Electrons 

If an incident electron of sufficient energy knocks out an electron from, e.g., the K- or L-
shell of the atom (given the Bohr atomic model), a vacancy is produced in the shell 
structure of the atom, as in Fig. 3.4a. That is a highly unstable state for an atom and the 
empty position is immediately (~10-11 s) filled by an electron from an outer shell. In this 
process, the energy difference between the two bound states is emitted in the form of a 
photon, see Fig. 3.4b. This photon is emitted in a random direction, and its energy, Eph, is 
characteristic to the element in question, and is calculated by using the following formula 

 ( )∞
⎛ ⎞

= − −⎜ ⎟⎜ ⎟
⎝ ⎠

2
2 2
1 1

ph K
f i

E hcR Z σ
n n

, (3.3) 

where h is Planck’s constant, c is the speed of light in vacuum, R∞ is the Rydberg constant, 
Z is the atomic number of the element, σK is a screening constant, n is the shell number, 
and the subscripts f and i stand for “final” and “initial”, respectively [73]. As the vacancy 
of the inner-shell electron is filled, a new hole is created in an outer shell, thus leading to 
another electron transition between an even more weakly bound electron and the new 
hole generating more characteristic radiation, but this time with a lower photon energy. 
This process repeats itself until all vacancies are filled, and the atom is stable again [74]. 
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Figure 3.4. a) An incident primary electron with a kinetic energy exceeding the binding energy of an 
electron in the K-shell knocks it out of its bound state (the previously bound electron is now 
referred to as the secondary electron). The surplus energy is divided between the two electrons, 
which are scattered in different directions. b) The vacancy in the K-shell is immediately filled by an 
electron from a higher-lying shell, with a subsequent emission of a characteristic photon. Adapted 
from [75]. 

Another process, known as the Auger process, is competing against the emission of line 
radiation. When an inner-shell vacancy is being filled, the atom also has the “option” of 
emitting another bound electron with the excess energy according to Fig. 3.5. This process 
is non-radiative, but the emitted electron could of course generate x-rays through 
interaction with another target atom. 
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Figure 3.5. In the Auger process a second electron is emitted as the first fills the vacancy of the 
inner shell. This process is non-radiative. Adapted from [75]. 
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Radiative decay as a hole in an inner shell is filled is proportional to Z4, whereas the 
likelihood of Auger emission of an electron is constant for all elements. This means that 
the probability of the emission of a characteristic photon, ω, is given by the ratio [76] 

 =
+

4

4
Zω

Z a
, (3.4) 

where a is a constant, e.g., for K-shell emission a = 1.12×106. Thus, for elements with low 
Z the Auger process is dominating, while the situation is the reversed for heavy, high-Z 
electron targets. 

3.2  X-Ray-Matter Interaction 
As x-rays penetrate matter some of the radiation is lost due to absorption and scattering. 
The dominating types of x-ray-matter interactions are the photoelectric absorption, 
coherent (Rayleigh) scattering, and incoherent (Compton) scattering. For higher photon 
energies (typically >1 MeV) other interaction possibilities also need to be considered, but 
they are outside the scope of this text. 

Consider a large number, N0, of x-ray photons of a specific energy as they start to 
penetrate a piece of matter. According to Lambert’s law, “equal parts of the same 
absorbing medium attenuate equal fractions of the radiation” [77], which could be 
expressed mathematically in the form of the law of attenuation [78]: 

 −= 0
attµ dN N e . (3.5) 

Here, N is the number photons still unattenuated a distance d into the material, and µatt is 
the linear attenuation coefficient, which is a parameter depending on the x-ray energy, the 
element number and the density of the matter. The linear attenuation coefficient could be 
divided into two terms: the linear absorption coefficient, and the linear scattering 
coefficient. A very brief physical explanation of these parameters is found in the following 
two subsections. 

3.2.1  Photoelectric Absorption 

The photoelectric absorption (also called photoelectric effect or photo-ionization) is when 
an incoming x-ray photon interacts with a bound electron in an inner shell and transfers all 
of its energy to the electron, see Fig. 3.6. The energy of the photon must be larger than the 
binding energy of the electron, and the remaining energy is converted into kinetic energy 
for the emitted electron. The probability of photoelectric absorption increases with 
element number, but decreases with increasing photon energy [77,79]. 
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Figure 3.6. An incident photon can knock a bound electron out if the energy of the photon, hv, is 
larger than the binding energy of the electron, Eb. The surplus energy is transformed into kinetic 
energy, E, for the emitted photoelectron. Adapted from [75]. 

3.2.2  Scattering 

The process of coherent (Rayleigh) scattering arise when the electric field of the incident 
x-ray photon interacts with a strongly bound electron, which is forced into vibration of the 
same frequency as the x-ray. These electrons will then emit dipole radiation with the same 
wavelength as the incoming radiation, i.e., without any loss of energy from the photon to 
the atom (Fig. 3.7a). The cross section for Rayleigh scattering is larger for lower x-ray 
energies and higher atomic numbers [80], see Fig. 3.8 below. 
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Figure 3.7. a) In coherent, or Rayleigh, scattering the incident radiation interacts with a tightly 
bound electron and is scattered without any transfer of energy to the atom (Eph = E’ph). b) In the 
incoherent Compton scattering process the incident x-ray interacts with a loosely bound electron, 
which results in ionization. The scattered photon has lower energy than the incident photon (Eph > 
E’ph). Adapted from [81]. 
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Incoherent (Compton) scattering, on the other hand, is a process where energy is 
transferred to the target atom. The scattering electron is only loosely bound to the atom 
and is upon collision with the x-ray photon knocked out of its orbit, leading to ionization 
of the atom, cf. Fig. 3.7b. Due to conservation of energy and momentum the scattered 
photon is then shifted towards a longer wavelength. The probability of Compton 
scattering is roughly the same for all x-ray energies and all materials [82], which could also 
be seen in Fig. 3.8. 
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Figure 3.8. The interaction cross section for some basic photon-matter interactions for carbon and 
lead in the energy range 5-300 keV. Subscript pa stands for photoelectric absorption, Rs for Rayleigh 
scattering, Cs for Compton scattering, and tot for the total cross section. Data generated by Ref. 83. 

3.3  Index of Refraction 
X-rays are, just like visible light, electromagnetic waves. As an x-ray interacts with matter a 
phase change occurs due to coherent scattering. The amount of phase shift is determined 
by the refractive index, n, of the matter, which could be written as [84,85] 

 = − +1n δ iβ , (3.6) 

where δ is the decrement of the real part of the refractive index responsible for the phase 
shift, and β is the imaginary term determining the absorption in the object. δ depends on 
both the radiation wavelength, λ, and the density, ρ, atomic number, Z, and atomic weight, 
A, of the object. For x-ray energies substantially larger than the K-absorption edge, δ 
could be written as [86] 

 =
2 2

2 2
08π

A

e

N Zρe λδ
Aε m c

, (3.7) 
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where e is the elementary charge, NA is Avogadro’s number, ε0 is the permittivity in 
vacuum, and me is the electron rest mass. This formula could be written in a more compact 
form by realizing that e2/4πε0mec2 is the expression for the classical electron radius, re, and 
that NAZρ/A is the electron density, ρe, in the object: 

 =
2

2π
e er λ ρδ . (3.8) 

These simple expressions are only valid for radiation energies well above all absorption 
edges of the object. For most biological samples it should be satisfactorily accurate for x-
rays above 10 keV, since the binding energies for K electrons in tissue and bone are 
typically in the range of a few hundred eV up to a few keV. The absorption term, β, may 
also be calculated if the linear absorption coefficient, µabs, is known [87]: 

 =
4π

absλµβ . (3.9) 

The numerical values of δ and β for breast tissue at x-rays energies commonly used for 
mammography (Eph ~ 15-20 keV) are on the order of 10-6 and 10-9, respectively, i.e., the 
phase-shifting term is about three orders of magnitude larger than the absorption term 
[88], see Fig. 3.9. This fact should open up for the possibility of observing phase-contrast 
effects when the absorption contrast is insufficient, which will be discussed further in Sect. 
5.2. 
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Figure 3.9. The real (delta) and imaginary (beta) parts of the refractive index as a function of 
photon energy for breast tissue. Adapted from [88]. 
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Chapter 4  

Electron-Impact X-Ray Sources 

The most widespread type of x-ray source is the one based on having electrons accelerated 
to considerable speeds (typically 30-65% of the speed of light for medical applications 
[89]) and then let them strike a solid metal target to produce x-rays, cf. Fig. 4.1. These are 
called electron-impact x-ray sources, and are extensively used in medicine, industry, and 
science. The reasons why they are so common are their small size (tabletop), relatively 
simple design (low cost), and good performance characteristics (generates useful images 
for a wide variety of applications). 
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X-ray beam

Cathode

Electron beam

 

Figure 4.1. Schematic overview of an electron-impact x-ray source. 

There are other, more or less exotic, types of sources that could have better performances 
for a specific application, e.g., synchrotron radiation sources, plasma-based x-ray sources, 
and discharge sources, but electron-impact x-ray sources are dominating the market for 
general purpose x-ray imaging [90]. Therefore, this chapter will provide brief background 
information about the performance and characteristics of electron-impact sources. 
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4.1  Conventional Electron-Impact Sources 
As previously mentioned, most of the kinetic energy of the electrons is converted into heat 
as the electrons strike a target, and, thus, the anode plate needs to be appropriately cooled 
and made of a high-melting-point material. The choice of anode material is done after an 
analysis of the atomic number, maximum permissible temperature, specific heat, thermal 
conductivity, and the density of different elements. This analysis shows that tungsten is, in 
general, the best choice [91], but for some applications, e.g., mammography, a 
molybdenum anode is preferable due to its better match of characteristic line emission for 
that specific application. 

Electron-impact x-ray sources can be divided into two main categories depending on the 
anode type: stationary-anode and rotating-anode tubes. Stationary-anode x-ray sources 
have, as the name implies, a non-moving anode, which makes the construction very 
reliable and robust. These are further discussed in Sect. 4.1.1. By letting the anode rotate it 
is possible to load a given target area with a larger electron-beam current and, thus, 
increase the x-ray flux by a factor of 5-10 [92]. The construction becomes more complex 
but for certain applications with high demands on the tube performance, such as 
computed tomography (CT), a rotating-anode x-ray source is preferred. More details about 
the rotating anode will be covered in Sect. 4.1.2. 

4.1.1  Stationary-Anode Tubes 

A typical stationary anode is a tungsten target embedded in a copper cooling block. The 
heat from the electron impact area is dissipated via conduction through the tungsten and 
copper to the surroundings. Additional heat removal could be attained by having a flow of 
water or oil passing close to the anode, but this is hardly ever used for diagnostics x-ray 
tubes. 

Stationary-anode x-ray tubes have many applications in hospital environments, e.g., 
radiography and fluoroscopy. Such x-ray examinations are always a trade-off between 
maximizing image contrast and resolution (to be able to make a reliable diagnosis), and 
limiting the patient dose (to minimize the risk of causing radiation injuries). An additional 
requirement is to keep the exposure time as short as possible to reduce image blurring due 
to motion of the patient and, also, for comfort reasons. 

X-ray sources for these applications have typical spot sizes between one and ten square 
millimeters, and operate at powers up to several kilowatts. The electron-beam impact spot 
on the anode is usually in the shape of a narrow rectangle. However, by observing the spot 
from an angle the x-rays will appear to originate from a square-shaped spot. This is called 
the line-focus principle and has two major benefits: the object “sees” a symmetrical x-ray 
source, which results in the same image resolution both vertically and horizontally, and the 
effective brightness of the source is substantially increased. 
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The x-ray source brightness is a measure of the photon flux per unit solid angle and could 
be expressed in the unit photons/(s×mm2×mrad2). The spectral brightness is another 
frequently occurring source parameter, which is commonly measured in 
photons/(s×mm2×mrad2×0.1%BW). These units could be somewhat difficult to envision 
and the following text will therefore discuss the electron-beam power density on target 
instead (unit: kW/mm2). This switch could be done since the x-ray photon flux is 
proportional to the incident electron-beam power on the anode. For radiographic 
examinations the maximum power load on the anode surface is 0.1-1 kW/mm2, whereas 
fluoroscopy, which requires continuous source operation, has a limit of ~0.03 kW/mm2 
[89]. 

Another type of stationary-anode tube is the microfocus source, which has a spot size of 
less than 100 µm and in some extreme cases even below 1 µm. These sources are run at 
much lower power (<50 W) and are typically used when studying non-living objects, e.g., 
examining the quality of solder joints or searching for cracks in machine parts. Even 
though these sources operate at such low effect, which yields quite long exposure times, 
they have a considerably higher power density limit at ~10 kW/mm2 and have found 
extensive use because of the very high image resolution that could be achieved due to their 
very small spot size (cf. Sect. 5.1). 

4.1.2  Rotating-Anode Tubes 

Already in 1896, the year after Roentgen’s discovery of x-rays, the American physicist 
R.W. Wood suggested that the e-beam power load capacity of an anode would increase if 
it could be rotated during the exposure [93]. However, the complexity of such an x-ray 
tube delayed the introduction of rotating-anode sources on the market until 1929 when 
Philips presented their Rotalix tube. 

The main advantage of the rotating anode is an increase of the area that is targeted by the 
incoming electron beam, which leads to an enhanced heat dissipation. The e-beam power 
load limit, Plim, could be expressed as [89] 
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where the parameters l, d, and R are defined in Fig. 4.2, κ is the thermal conductivity, ρ is 
the density, c is the specific heat capacity, f is the rotation frequency of the anode, t is the  
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exposure time, and k is a correction factor depending on anode thickness, thermal 
radiation, and heat diffusion in the radial direction. The temperature Tmax is the upper limit 
in the focal spot before initiation of arc discharges between cathode and anode, which will 
disturb or interrupt the ongoing exposure. Therefore, a safety margin, ∆Tsafety, is used to 
avoid that kind of problem. Tinitial is the temperature of the anode before the start of the 
exposure. 

 

Figure 4.2. Schematic view of a rotating anode and the utilization of the line-focus principle. 
Adapted from Paper 2. 

The power density capacity on target of a modern rotating anode is ~10 kW/mm2 (~100 
kW, ~1×10 mm2) for short electron-beam load times. As the exposure time is increased 
the maximum power load is reduced to avoid damaging the anode, see Fig. 4.3. Given a 
specific anode material composition the only way to increase this power load limit is to 
increase the rotation frequency and the radius of the disk [94]. But, since stable and fast 
rotation of large and heavy objects is difficult to obtain the performance of this type of 
source is practically limited by the engineering of the rotation mechanism. 
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Figure 4.3. Load ratings for a nominal focal spot size of 1.0 mm. Note how an increase exposure 
time reduces the electron-beam current, and thus also the power density, for a given acceleration 
voltage. Adapted from [95]. 

Operation parameters of state-of-the-art rotating-anode tubes are typically f = 150-180 Hz 
and R = 40-50 mm. In the early years the anode disk was made of pure tungsten, but 
nowadays it is usually a mix of rhenium, tungsten, and molybdenum (RTM) [89]. The 
reason for this change is improved elastic properties and, thus, substantially increased 
resistance to wear of the surface layer. For high-power applications, such as in computer 
tomographs, the RTM anode could be backed with a graphite base (cf. Fig. 4.4), which 
enables a considerable raise in heat storage capacity and thermal dissipation power. 

Tungsten-rhenium
Molybdenum

Graphite

 

Figure 4.4. RTM-graphite anode for computer tomographs. Adapted from [96]. 
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4.2  Liquid-Metal-Jet Anode X-Ray Source 
The limiting factor of conventional electron-impact x-ray tube performance is the 
electron-beam power-load capacity of the anode. Despite the efforts of further refinement 
of these x-ray sources it seems unlikely that any significant progress will be made with the 
use of solid metal anodes [94]. This has led to the advent of research on different types of 
liquid metal anodes, such as a stationary liquid metal bath [97], a flow of liquid metal 
across a surface [98], and streaming of liquid metal behind a thin window [99,100]. The 
major drawback of these sources is the low flow speed which limits the attainable heat 
load capacity, therefore making them less attractive for many purposes. However, that 
obstacle could be overcome by using a liquid-metal jet as anode, which is further described 
and discussed in Papers 1-6, and in the coming sections. 

4.2.1  Source Principles 

There are several possible advantages of using a liquid-metal jet as anode in an electron-
impact x-ray source setup, instead of a solid metallic plate or any of the above mentioned 
liquid metal anodes. The maximum allowed continuous electron-beam power density on 
the anode could be increased two to three orders of magnitude (see Appendix for some 
simple “back of the envelope” calculations). In short, this is due to: 

• The attainable speed of a liquid-metal jet is at least an order of magnitude higher 
than the speed of a rotating anode, see Paper 3 for details. 

• A liquid-metal-jet target is regenerative and could therefore be heated to the 
evaporation point, and possibly also into vaporization, cf. Paper 5 for a more 
elaborate discussion on this topic. 

• Due to the regenerative nature of the liquid-metal-jet target the maximum source 
brightness may also be attained in continuous operation, which is not the case for 
rotating anode sources, cf. Fig. 4.4. 

 

A schematic overview of the proof-of-principle experimental arrangement is shown in Fig. 
4.5. A jet is created by ejecting molten metal through a nozzle into an evacuated vacuum 
chamber, where it interacts with an electron beam, which is generated in a custom-made 
electron gun (for more extensive information, see Papers 1, 2, and 5). The breakup 
behavior of the jet, the x-ray source stability, the spectral distribution of the generated x-
ray photons, and the source intensity could all be monitored during an experiment. 
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Figure 4.5. Proof-of-principle setup of the liquid-metal-jet anode electron-impact hard-x-ray source 
system and source diagnostics equipment. Adapted from Paper 2. 

4.2.2  Performance Characteristics and Future Improvements 

Typical performance characteristics of the present system: 

• Metal jet: circular cross-section, down to ~20 µm diameter, 50-60 m/s max 
speed 

• Electron gun: 600 W continuous operation (50 kV acceleration voltage, 12 mA 
electron-beam current), ~10 µm FWHM minimum focus spot size 

 

A source spectrum from an experiment with a 30-µm diameter tin jet and a ~20 µm 
FWHM e-beam operated at 75 W is shown in Fig. 4.6. It has been corrected for detector 
efficiency, attenuation in filters, spot size, and measurement geometry to give the average 
spectral source brightness of the x-ray spot. The power density on the jet target is ~100 
kW/mm2 within the FWHM, which is about 10× higher than state-of-the-art commercial 
electron-impact x-ray sources. 
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Figure 4.6. Source spectrum for a 75 W e-beam interacting with a 30-µm tin jet. The two peaks are 
the Kα and Kβ lines at 25.3 and 28.5 keV, respectively. 

In principle, this could be increased at least one additional order of magnitude from 
today’s levels. For this to be realized the tin jet speed should be increased about a factor of 
ten to ~500 m/s (requires a driving pressure of 5,000-10,000 bar, see Paper 3). This 
improvement seems to be quite challenging from an engineering point-of-view, but there 
are no fundamental physical reasons that prevent it from being realized. 
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Chapter 5  

X-Ray Imaging 

Immediately after the discovery of x-rays in 1895 it found extensive use in society. The 
usefulness of being able to image the interior of a human body was instantly recognized 
and also practically utilized. Within a year, x-rays was a common diagnostic tool in medical 
practice both in Europe and in the US. X-ray imaging as a means of non-destructive 
testing of, e.g., machine parts and products in the industry was not introduced until about 
two decades later with the invention of the Coolidge tube [101]. This new type of x-ray 
source made it possible to generate acceleration voltages in excess of 100,000 volts, which 
is necessary to be able to penetrate thick metal objects. 

As an introduction to this chapter about x-ray imaging, let us start by considering a plane 
electromagnetic wave in the x-ray region that is propagating parallel to the z-axis [102]: 

 ( ) ( )
0, i ωt kzz t e− −=E E , (5.1) 

where E0 is the amplitude, ω is the angular frequency, and k is the wave number of the 
wave. At position z0 this wave strikes an object of thickness ∆z and complex refractive 
index n, which is given by (cf. Sect. 3.3) 

 1n δ iβ= − + . (5.2) 

The wave number, k, of the radiation wave may be written on the form 

 ( )1ωn ωk δ iβ
c c

= = − + , (5.3) 

where c is the phase velocity of electromagnetic radiation in vacuum. The electromagnetic 
wave can upon exit from the object be represented by the expression 

 ( ) ( )( )0
0

amplitude phase   normal
  decay  shiftpropagation

,   i t k z z k z ik zz t e e e− − +∆ − ∆ − ∆=E E ω β δ , (5.4) 
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where the first factor describes the wave if there had not been any object in its path, the 
second factor corresponds to the decay of wave amplitude due to radiation absorption in 
the object, and the third factor represents the modified phase shift due to the different 
refractive index of the object compared to the ambient medium. 

Different parts of the object absorb different amounts of x-rays, which results in 
substantially different values of the second term in Eq. 5.4 for different ray paths. This 
feature makes it possible to differentiate between, e.g., hard and soft tissue, and will be 
further discussed in Sect. 5.1. Another type of contrast mechanism utilizes the fact that the 
phase of the electromagnetic x-ray wave is changed when interacting with an object (the 
third term in Eq. 5.4). This could make it possible to detect and/or distinguish between 
almost non-absorbing objects. Different approaches of how to employ the phase shift in 
x-ray imaging are described in Sect. 5.2. 

5.1  Absorption-Contrast Imaging 
If we place a detector behind the object considered above, an image of the integrated 
absorption along each x-ray path will be recorded, cf. Fig. 5.1. The detector records the 
intensity, I, which is proportional to the square of the time-averaged value of the electric 
field, E. This results in the following expression: 

 02
0

k zI I e−= β , (5.5) 

where I0 is the intensity on the detector if the object was removed. This imaging technique 
yields clear and informative images when there are distinct absorption differences between 
different parts of the object. However, there are a few quality-degrading effects that need 
to be understood and, as far as possible, controlled in order to be able to acquire sharp 
absorption-contrast images. 

X-Ray Tube

Object

Detector

 

Figure 5.1. Schematic view of the absorption-contrast imaging technique. Adapted from [103]. 
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The x-rays generated in an electron-impact x-ray source will span a large energy range due 
to the continuous bremsstrahlung emission, cf. Sect. 3.1.3. The low-energy photons will 
have much lower transmission probabilities compared to the photons in the high-energy 
part of the spectrum. This leads to a couple of unwanted side effects: virtually all of the 
photons of lower energies will be absorbed in the object and, thus, not generate any image 
information but only result in an increase of the radiation dose, which is especially 
important to avoid when imaging, e.g., patients in a hospital. On the other hand, x-rays 
with too high energy will be absorbed to a very small extent and only increase the 
background signal on the detector and, consequently, lower the image contrast. The 
solution to this problem is energy filtering of the x-rays. Unfortunately, there are no really 
good x-ray filters, but, instead, a few millimeters of aluminum can be used to remove the 
low-energy photons. In the case of mammography it is customary to use a thin foil made 
of the same material as the anode as a filter to make the spectrum more monochromatic 
around the Kα and Kβ peaks. 

Another factor that reduces the imaging performance of the system is the size of the x-ray 
source. Since the radiation is emitted from an area, the projection of a point in the object 
will be spread over an area on the detector resulting in reduced spatial resolution, which is 
illustrated in Fig. 5.2. 

r

RR

r

do

Dps

do

Das

dsa) b)

    Penumbra
(edge gradient) 

Figure 5.2. a) A point source (ps) yields a sharp image of the object on the detector. The size of the 
image (Dps) is related to the object size (do) by the magnification factor, M=(r+R)/r. b) Using an area 
source (as) results in an image with blurred edges and, also, a slightly larger image size (Das > Dps). 
Adapted from [104]. 

As was previously described in Sect. 3.2.2, photons are scattered at interaction with matter, 
which in this case is the observed object. The scattered radiation will cover the entire 
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image area and will, since it does not contain any image information, just increase the 
background signal level and, thus, decrease the contrast in the image. The two most 
important parameters influencing the amount of scattered radiation in the x-ray image are 
the irradiated field size and the thickness of the object [105]. For x-ray examinations of 
different body parts the amount of scattered radiation can be as high as 90-95%, see Table 
5.1. A few common means of reducing the scattered radiation are compression of the 
object, increasing the distance from the object to the detector (which increases the 
exposure time), and the use of so-called radiation grids for absorption of x-rays striking 
the detector at too large angles (this also leads to increased exposure times) [106]. 

Table 5.1. Scattered radiation proportions (SRP) for x-ray examinations of different body 
parts [105]. 

Object V (keV) SRP (%) 
Cranium 70 45 

Lung 120 55 
Pelvis 80 80 

Pelvis (from the side) 80 90-95 
 

5.2  Phase-Contrast Imaging 
As an electromagnetic wave interacts with an object the wave front gets distorted due to 
different refractive indices at different positions along the wave front. Large refractive 
index differences yield more distinct phase-shifting effects, cf. Eq. 5.4. In some cases, even 
only slight changes of δ (the decrement of the real part of the refractive index, cf. Sect. 3.3) 
can be detected, which could make it possible to image weakly absorbing objects (having δ 
>> β, cf. Fig. 3.9) and also to differentiate between samples with quite similar refractive 
indices.  

It should be noted that no radiation absorption in the object is necessary in the phase-
contrast imaging process, and this is very important in medical applications where it is of 
interest to keep the patient radiation dose as low as possible. It is, however, not possible to 
completely eliminate photo-absorption and Compton-scattering effects, but it may be 
feasible to substantially reduce the patient dose by optimizing the choice of x-ray energies, 
as is suggested by Fig. 5.3. This is especially important in high-volume examinations of 
mostly healthy patients such as mammography [107,108]. Several research groups have 
looked into the possibilities of using a phase-contrast technique to diagnose, e.g., breast 
cancer, and these will be further discussed below. 
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Figure 5.3. The kinetic energy released in matter (KERMA) as a function of photon energy for 
breast tissue. Adapted from [88]. 

There are three different approaches to use the phase information to increase the image 
contrast: x-ray interferometry, diffraction-enhanced imaging, and in-line phase contrast. 
The physics of these methods will be briefly described in the following subsections, along 
with some of the benefits and drawbacks, and why this contrast mechanism is currently 
not used in, e.g., everyday diagnostics in hospitals. 

5.2.1  X-Ray Interferometry 

Information about optical properties and/or geometrical features of the object can be 
revealed by detecting the phase change of electromagnetic radiation in an interferometer 
[109]. This is just as true for x-rays as it is for optical wavelengths. The experimental 
arrangement of an x-ray interferometer is depicted in Fig. 5.4, which shows an x-ray beam 
from a synchrotron radiation source being monochromatized by Bragg diffraction [110] in 
a silicon crystal and divided into two separate coherent waves in the splitter crystal. These 
waves are reflected back towards each other in the mirror crystal after which a sample is 
placed in one of the beam paths. Finally, the waves overlap again at the analyzer crystal 
where they set up an interference pattern, which is recorded by the detector. This method 
has been used to detect density variation as small as 10-9 g/cm3 in biological samples [111], 
which is enough to be able to separate healthy tissue from cancer tumors in, e.g., breast, 
liver, and kidney. 
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Figure 5.4. Experimental setup for x-ray interferometry. Adapted from [111]. 

The radiation source for this type of phase-contrast imaging is virtually always a 
synchrotron. The main reason for that is their very high spectral brightness which typically 
ranges from ~1015 to ~1019 photons/(mm2×s×mrad2×0.1%BW) [112,113]. This number 
should be compared to the ~109 photons/(mm2×s×mrad2×0.1%BW) of the Sn-Kα peak 
of the liquid-metal-jet anode source (cf. Paper 4), and it becomes quite clear that x-ray 
interferometry using a compact electron-impact x-ray source would result in extremely 
long exposure times and is, thus, practically useless. 

5.2.2  Diffraction-Enhanced Imaging 

The experimental arrangement for diffraction-enhanced imaging (DEI) is simpler than the 
one for x-ray interferometry, as can be seen in Fig. 5.5a. DEI is most often used with 
monochromatic radiation, which is accomplished in a similar manner as in the 
interferometry case utilizing Bragg diffraction in a crystal. The radiation that strikes the 
object is essentially parallel and can interact with it in a few different ways: it may be 
absorbed, scattered (coherently or incoherently) into a large span of angles (see Fig. 5.6), 
or refracted with angles of the order of microradians [111]. The refraction angles are 
proportional to the gradient of the real part of the refractive index, and due to the very 
small deviations from unity of δ (cf. Sect. 3.3) the refraction angles are also very small. 
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Figure 5.5. a) Experimental arrangement for diffraction-enhanced imaging. b) An example of a 
rocking curve for the analyzer crystal. Adapted from [111]. 
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Behind the object is a so-called analyzer crystal, whose reflectivity depends on the incident 
angles of the x-rays. The reflectivity strongly depends on the angle of incidence (falls down 
to zero for angles of ±5-10 µrad off the peak reflection angle) and is called the rocking 
curve of the crystal, cf. Fig. 5.5b. If the analyzer is aligned for maximum reflection of the 
non-scattered transmitted radiation, the image on the detector will look like a standard 
radiograph, but with better contrast due to the rejection of the scattered x-rays. By slightly 
adjusting the tilting angle of the crystal to where the refracted photons are reflected the 
most leads to dramatically increased contrast of refractive index gradients. 

 

Figure 5.6. Probability functions for a) Rayleigh scattering and b) Compton scattering for three 
different photon energies interacting with a water target. Each curve is normalized to 100% for the 
most likely scattering angle. Adapted from [114]. 

By using this technique, the x-ray image will clearly show the boundaries between parts of 
the object with different refractive indices [111], cf. Fig. 5.7 below. DEI could also be used 
to separate absorption and phase-contrast effects by combining two images taken on 
either side of the rocking curve [111,115]. 

a) b)

 

Figure 5.7. a) Digital radiograph (standard absorption-contrast image) and b) diffraction-enhanced 
image of the same breast tissue sample [116]. The arrows indicate areas of interest for 
mammography specialists. 
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A number of studies have examined the visibility of features in x-ray images using DEI as 
a function of absorbed dose in the tissue. These investigations have mainly studied breast 
tissue in the search for tumors [108,116-118], but also cartilage [119], tendons and 
ligaments [120], and lungs [121]. Although most of these studies have been done at 
synchrotron facilities this is not necessary. Ingal et al. [108] have performed DEI 
experiments using an electron-impact source with an Ag anode (Kα line @ 22.2 keV) 
operated at an e-beam power density of ~15 kW/mm2. The required exposure time to 
record a high-quality DEI mammogram was about 20 min, but they argue that this could 
be reduced to 1-10 s with a better choice of commercially available x-ray sources and 
detectors. This statement makes it plausible that the exposure times using the metal-jet-
anode concept in Papers 1-6 could be reduced another order of magnitude due to the 
much higher power density capacity and, thus, be clinically acceptable. The potential 
improvement in making more accurate diagnoses and reducing patient dose by introducing 
DEI as a tool in the search of, e.g., breast cancer, certainly warrants further experimental 
studies in this field. 

5.2.3  In-Line Phase-Contrast Imaging 

The simplest way to image the phase information of an object is the in-line phase-contrast 
method. This imaging technique has many different names in the literature, e.g., in-line 
holography, out-line phase contrast, and phase-propagation imaging. Whereas the 
experimental arrangements in Sects. 5.2.1 and 5.2.2 require rather elaborate optics the only 
requirements here are a source with moderate spatial coherence, a sufficient flux to keep 
exposure times reasonable, and some distance between the object and the detector, cf. Fig. 
5.8.  

d

X-Rays
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Detector  

Figure 5.8. Experimental arrangement for in-line phase-contrast imaging. Adapted from [111]. 

The theory of in-line phase-contrast imaging could be described fairly well in a few simple 
steps. More in-depth information on this subject could be found in, e.g., Refs. 121-126. 
The total x-ray phase change relative to vacuum, φ, as a function of the transverse 
coordinates (x, y) in the object is found in the third term in Eq. 5.4: 

 ( ) ( ), ∆ ,φ x y k zδ x y= , (5.6) 
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if the thickness of the object is ∆z. The absorption in the object can in a similar manner be 
expressed as (cf. Eq. 5.5) 

 ( ) ( ), 2 ∆ ,µ x y k zβ x y= . (5.7) 

Given Eqs. 5.6 and 5.7, an incident plane wave e-i(ωt-kz) may immediately after interaction 
with the object (located at position z0) be described by the following wave function 

 ( ) ( )( ) ( ) ( )0 ∆ , , /2, i ωt k z z iφ x y µ x yf x y e e− − + −= ⋅ . (5.8) 

By placing a detector immediately behind the object it should be noted that no phase 
information will be recorded in the image, since the image intensity, I, is given by 

 ( ) ( )−= =2 ,, µ x yI f x y e . (5.9) 

An interesting special case of in-line phase-contrast imaging is when the object is thin 
and/or only weakly interacting with the radiation, as is the case for the image of the latex 
spheres in Paper 4. The transmission function, q(x,y) , which is the second factor in Eq. 
5.8, can after Taylor expansion be written as 

 ( ) ( ) ( ) ( ) ( )−= + −, , /2, 1 , , / 2iφ x y µ x yq x y e iφ x y µ x y , (5.10) 

which could be even further simplified by neglecting the absorption: 

 ( ) ( )+, 1 ,q x y iφ x y . (5.11) 

Under the assumption of negligible absorption, an expression for the intensity in a plane 
behind the object can be represented in Fourier space [124,125]: 

 ( ) ( ) ( )+, , 2Φ , sinzI u v δ u v u v χ , (5.12) 

where it is important not to confuse the Dirac delta function, δ(u,v), with the decrement of 
the real part of the refractive index, δ, cf. Eqs. 3.6-3.8. Ф is the Fourier transform of φ, the 
variables u and v denote the transverse spatial frequencies in Fourier space, and χ = 
πλz(u2+v2). By working in the so-called near-field region where χ is much smaller than π/2 
Eq. 5.12 may be slightly modified by using sin χ ≈ χ resulting in: 

 ( ) ( ) ( ) ( )2 2, , 2π Φ ,zI u v δ u v λz u v u v+ + . (5.13) 
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Taking the inverse Fourier transform of Eq. 5.13 yields an expression for the pure phase-
contrast intensity a distance z behind the object: 

 ( ) ( )⊥= − ∇2, 1 ,
2πz
λzI x y φ x y , (5.14) 

where 2
⊥∇  is the two-dimensional Laplacian acting on φ(x, y). Combining this formula 

with Eqs. 3.8 and 5.6 results in the following expression: 

 ( ) ( )( )2, 1 ,e
z e

λzrI x y ρ x y dz
k ⊥= − ∇ ∫ , (5.15) 

where re is the classical electron radius, and ρe is the electron density in the object. This 
Laplacian will turn up on the detector as an edge-enhancement in the form of a sharp 
black and white fringe, as in Fig. 5.9 below. It should also be noted that the location of 
this fringe is independent of the wavelength of the radiation. Hence, unlike the phase-
contrast mechanisms described in the two previous sections, there is not a very strict 
limitation to the spectral bandwidth of the x-ray source for in-line phase-contrast imaging. 

 

Figure 5.9. In-line phase-contrast image of objects with insignificant absorption. On the left there is 
a cable tie of nylon with a thickness of 0.75 mm. Note the dark and bright fringes at sharp edges. On 
the right side there is a feather with some 100-µm diameter polystyrene spheres attached to it. 

Spatial coherence, on the other hand, is of much more importance. In short, each point in 
the x-ray emitting area generates a diffraction pattern of the object at slightly different 
locations on the detector. The overall intensity distribution is found by adding the 
individual images, which results in more blurring with increasing source size. A more 
elaborate discussion on spatial coherence considerations and implications could be found 
in several articles, e.g., Refs. 124-126. 

The main reason this imaging technique has not yet found any place in clinical 
examinations is the very long exposure times needed (several minutes) with conventional 
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electron-impact sources. To meet the requirement of spatial coherence the source size 
must be quite small, which by necessity results in rather lengthy exposures [123-125] due 
to the low power-load capacity of conventional sources, and the long propagation distance 
between object and detector that is needed. The future may prove that further 
development of the liquid-metal-jet anode source may be a way to make it practically 
feasible to implement phase-contrast imaging into standard x-ray diagnostics. 
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Appendix 

This appendix will, by using a very simple physical model of the interaction between the 
electron beam and the liquid-tin jet, show that the attainable electron-beam power density 
is 100-1000 times higher than for rotating anode x-ray sources. 

By assuming a cylindrical liquid-tin jet with diameter d, which is struck by an electron 
beam of the same diameter d, the required power to fully evaporate the targeted volume 
segment may be calculated. In combination with the interaction area between the tin jet 
and the electron beam, the electron-beam power density is given. This is only an 
approximate calculation to indicate the potential of the heat load capacity of this type of 
anode. Considerable refinement of this model is needed to generate a more accurate result. 

Liquid-tin jet parameters: 

• Speed, v: 500 m/s 
• Jet temperature, Tjet: 300°C 
• Density @ Tjet, ρ: 7.0×103 kg/m3 
• Boiling temperature @ pvacuum ~10-4 mbar, Tboil: ~1000°C 
• Specific heat capacity, cp: 230 J/(kg K) 
• Heat of vaporization, Evap: 2.45×106 J/kg 

 

By combining Eqs. 3 and 4 in Paper 2, the following expression for the electron-beam 
power density required for complete evaporation of the intersection volume of the tin jet 
and the electron beam may be calculated (cf. Fig. 2 in Paper 2): 

 ( )p boil jet vap
P ρv c T T E
A

⎡ ⎤= − +⎣ ⎦ , (A.1) 

which results in 9 MW/mm2, which is about three orders of magnitude more than for 
rotating-anode sources (cf. Sect. 4.1.2). 
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Summary of Papers 

This thesis is based on the six papers listed below. They are all directed towards the 
development of a compact high-brightness hard-x-ray source based on a liquid-metal-jet 
anode. The author has been main responsible for Papers 3, 5, and 6. In the other papers 
the author has been actively involved in the planning, preparation, and performing of the 
experiments, however not in the design of the electron gun or the details of the imaging 
calculations. 

Paper 1 

This paper introduces a new liquid-metal-jet anode concept for electron-impact sources. 
Initial calculations show that this could potentially increase the attainable brightness in 
compact x-ray tubes by more than a factor 100. The x-ray source is demonstrated in a low-
power, proof-of-principle experiment verifying the basic concept. 

Paper 2 

In this paper there is a more extensive demonstration of the liquid-metal-jet anode 
concept and the low-power system. An anode-material figure-of-merit depending on 
thermal properties and x-ray conversion efficiency is developed, and the system details are 
described. High-power scaling and source limitations are also discussed. 

Paper 3 

This paper investigates the fluid mechanics of microscopic high-speed liquid-metal-jets in 
vacuum by dynamic-similarity experiments using water. It is shown that the vacuum 
environment prevents wind-induced breakups, but instead the possibility of jet breakup 
due to cavitation must be considered. It is concluded that a 30-µm diameter, 500-m/s 
liquid-tin jet in vacuum should be possible to generate, and that cavitation is not of any 
concern for metal jets. 

Paper 4 

In this paper the high-brightness liquid-tin-jet x-ray source is used for high-resolution 
phase-contrast imaging of weakly absorbing objects, and it is showed that this contrast 
mechanism also could increase the observable resolution. The jet-anode concept is 
operated at an electron-beam power density about an order of magnitude higher than 
state-of-the-art solid metal anodes. 
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Paper 5 

This paper investigates the feasibility of scaling the power and power density to levels 
close to the fundamental limit set by the cathode. Potential obstacles to this improvement 
such as instabilities of the x-ray spot and the debris emission are discussed. The impact of 
varying the speed and size of the metal-jet target is also briefly examined. 

Paper 6 

In this paper a 9-keV source based on a liquid-gallium jet is demonstrated. An improved e-
beam focusing lens makes it possible to attain ~10-µm spots at high power-density levels. 
A brightness spectrum is recorded and future source improvements along with possible 
applications such as crystallography and microscopy are discussed. 
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