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Abstract

11
Polycapillary X-Ray Optics for Liquid-Metal-Jet
X-Ray Tubes

Malcolm Lindqvist

Investigating and mapping fundamental processes in na-
ture is a driving force for breakthroughs in research and
technology. Doing so, requires knowledge of the smallest
scales of the world. One way of performing measurements
on these scales is through intense x-ray sources, which
have improved greatly over the last decades. By combing
these sources with state of the art optics, even higher flux
densities can be reached, allowing for faster measurements
and ground-breaking discoveries.

This study aims to explore the performance of poly-
capillary optics, when aligned to one of the most intense
x-ray micro sources in the world, the liquid-metal-jet
D2+. Knife edge scans were performed together with a
photon-counting medipix x-ray camera to quantify focus
properties such as, flux, flux density, transmission, gain
and beam width. Measurements were conducted with a
20 pum source spot that was compared to a simulated 200
pm source spot, both at 260 W electron beam power. The
data from vertical and horizontal scans were combined to
reconstruct the 2D functionality of the polycapillary optic.

The flux density were almost four times higher with
the 20 pm spot compared to the simulated 200 ym spot.
This result correlated with the condition for total exter-
nal reflection and the local divergence. The conclusion is
that the small source spot of the liquid-metal-jet source
improves the efficiency of the polycapillary optic.

The efficiency could still be improved, if the devia-
tion in the pointing accuracy could be minimized. Fur-
thermore, the combination of liquid-metal-jet x-ray source
and the polycapillary optic, achieved extremely high flux
densities, around: 2.4e13 ggﬁiﬁf . This was specially com-
pared to an x-ray source used for confocal micro XRF,
where the flux was almost nine times higher with the
liquid-metal-jet x-ray source. This allows for faster mea-
surements within confocal micro XRF and other tech-
niques demanding very high flux densities, but with low
demands on beam divergence and spectral purity.
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Sammanfattning

Att undersoka och kartlagga naturens fundamentala mekanismer ar grundlag-
gande for genombrott inom forskning och teknik. For att astadkomma detta
behovs information pa de allra minsta skalor, vilket kan erhéllas med en inten-
siv rontgenstrale. Genom att kombinera rontgenstralen med toppmodern optik
kan &nnu hogre flodestathet uppnas. Detta mojliggor snabbare méatningar och
darav dnnu battre mojligheter till banbrytande upptackter.

Detta projekt d&mnar att utforska prestandan som kan uppnas genom att
kombinera den mest intensiva rontgenkéllan i vérlden, liquid-metal-jet D2+,
med toppmodern polykapillaroptik. Detta gjordes genom att konstruera en
knivskannuppstéllning som anviandes tillsammans med en medipixkamera. En
programvara skapades for att kontrollera knivbladet och medipixkameran, dér
programmet gav visuell aterkoppling under métningar. Programvaran extra-
herade datan fran medipixkameran och sparade datan i en logisk struktur.

Dérefter designades algoritmer for att kvantifiera parametrar i fokus sa som
flode, flodestédthet, transmission, stralens bredd samt det pixel-visa beteendet
for polykapillaroptiken. Métningarna utférdes med en 20 pm kélla som sedan
jamfoérdes mot en storre simulerad 200 pm kélla. Knivskannmétningar i ver-
tikalt och horisontellt led kombinerades for att astadkomma den 2D prestandan
av polykapilldroptiken.

Generellt sitt erholls en signifikant forbattring: uppemot fyra gdnger hogre
flodestathet gentemot simuleringen. Detta korrelerade med relationen for den
kritiska vinkeln och den lokala divergensen. Slutsatsen &r att polykapillarop-
tiken fungerar battre mot en mindre kélla och att det kan potentiellt bli &nnu
béttre om kapilldrernas pekningsnoggrannhet forbattras.

Kombinationen med liquid-metal-jet kdllan och polykapilldroptiken gener-
erade extremt hog flodestathet, runt: 2.4el3 M Métningarna med samma
polykapilaroptik jamfordes mot ytterligare en kalla som anvéands inom kon-
fokalmikro XRF. Resultaten visade pa uppemot nio ganger hogre flode med
liquid-metal-jet kombinationen.
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Chapter 1

Introduction

The discovery of x-rays for medical imaging by W. C. Rontgen in 1895 led to a new
era in science [1]. Since then, the technique of using x-rays to penetrate matter
has revolutionized life science and technology [2]. Today the market continuously
demands embedded systems that can generate brighter x-ray beams, where bright-
ness is the flux per unit solid angle, where flux is the amount of photons per second.
This allows for faster measurements with countless possibilities, especially for ap-
plications within x-ray diffraction, small angle x-ray scattering (SAXS) and x-ray
fluorescence (XRF).

Currently, the best way to provide a beam with high brightness, requires a
large impractical facility such as a synchrotron, with high costs of production and
operation. However, there are sources that are less demanding to build and operate,
but with lower brightness. These types of sources have previously been using an
electron beam to impact on a solid rotating anode for x-ray generation. Over the
years, substantial improvements have been made to the rotating anode and today
there is marginal room for improvement.

In the last decade, a new concept has been developed, utilizing a liquid-metal-jet
anode as target, instead of the solid rotating anode. This started at the Biomedical
and X-ray Physics group at KTH, which later was commercialized by Excillum AB
[3]. Since the anode is already molten it is possible to increase the electron beam
power per unit area on the anode. This yields a source that delivers significantly
higher brightness compared to any other micro focus x-ray source on the market,
while still having room for improvement [4]. Furthermore, research has shown that
tweaking the output of the beam can increase performance significantly.

This thesis investigates how state of the art x-ray optics, namely polycapillary
optics, can improve the performance of the beam when aligned to a micro focus
x-ray source. Previously this has been executed for larger x-ray spots [5], but small
spots could potentially be even better, opening a new market for micro focus x-ray
sources. Optimal performance is met when the x-ray source and the polycapillary
optic are matched both in terms of design and alignment. Automated evaluation
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and alignment schemes will be implemented using a medipix photon-counting cam-
era in combination with a knife edge scan. This is done together with Excillum’s
x-ray source and the result could potentially be a door opener for customers within
x-ray diffraction, SAXS and XRF.



Chapter 2

X-Ray Interaction with Matter

X-rays are electromagnetic waves with shorter wavelengths than visible light. Smaller
wavelengths carries more energy per photon, which affect the interaction processes
within a specific material. This chapter serves to provide a brief overview of the
different interaction processes, appearing for the energy levels of interest. The en-
ergies of interest are the ones generated from the liquid-metal-jet, which currently
can achieve energies in the upper boundary of soft x-rays to roughly the end of
hard x-rays, see Fig. 2.1. Furthermore, principles for how x-rays can be focused via
optics (reflection) will be given when using a liquid-metal-jet and also the processes
that appears within the detectors designed for this energy span.

Wayvelength
1.2 ym 124.0 nm 12.4 nm 12nm 1240pm 124pm 1.2 pm

[rrrrr T T [T T |||||||| T [rrrrr 1 | AL | AL ]

Hard x-rays

Ultraviolet
Visible § #light
Soft x-rays

Gamma rays

l 1 llllllll 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII | IIIIIIII 1 IIIIIIII

1eV 10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV
Photon energy

Figure 2.1: The electromagnetic spectrum from infrared (IR) to gamma rays.

2.1 Attenuation of X-Rays

When x-rays penetrate matter, the intensity is lost through absorption and scat-
tering. It is these processes that are, utilized within medical computed tomography
(CT), making medical imaging possible. In order to construct an image, the in-
coming penetrating x-rays need to have the right amount of energy. If too low

3
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the entire electromagnetic (e-m) wave would be absorbed, with no radiation left
to be measured at the detector. However, with enough energy the e-m wave is
attenuated, though still measurable, thus making it possible to determine internal
structures causing the attenuation. The attenuation of the incoming x-rays can be
related to Beer-Lambert’s law (law of attenuation) [6]

I(.’L‘) = Ioe_’””, (21)

where z is the distance that the x-ray travelled within a certain material, Iy is
the initial incoming intensity and p is the attenuation coefficient for a specific
material given monoenergetic radiation (radiation of same energy). The attenuation
coefficient is found by measuring the penetration length, [, i.e. how deep an e-m
wave can travel for a specific energy and material, [ = 1. The underlying reason
for this attenuation within the energy scope of this context, is due to the following
interactions: photoelectric effect (photoelectric absorption), incoherent (Compton)
and coherent (Rayleigh) scattering. These are further described in subsection 2.1.1,
2.1.2 [2].

2.1.1 Photoelectric Effect

Photoelectric absorption, or the photoelectric effect appears when the incident x-
ray photon is fully absorbed within the atom. As a result, all the energy of the
incident x-ray photon is transferred to an electron, releasing it from the atomic
core, see Fig. 2.2. This interaction dominates for hard x-rays of lower energies, and
electrons are usually released from the inner shells of the atom. This happens when
the energy of the incoming x-ray photon is larger than the binding energy of the
electron and the surplus of energy is transferred as kinetic energy to the electron
[7]. The excited atom is de-excited by two alternative processes, x-ray fluorescence
or Auger emission. X-ray fluorescence occurs when one electron from a higher shell
fills the vacancy, causing an x-ray to be emitted that is characteristic for the atom.
The second process, Auger emission, causes a second electron to be ejected from the
atom. This occurs when one electron from a higher shell fills the vacancy and the
energy generated in the transition is larger than the binding energy of the bound
electron.

St . Eej = Ephoton — Ey,

Ephotonv%v—’/ e

Figure 2.2: An incident photon with energy Epnoton, €jects an electron from the
inner shell K, with binding energy Ey,. The rest of the energy is transferred to the
electron, F,-, thus in total showing net effect of the photoelectric effect.
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2.1.2 Incoherent and Coherent Scattering

Incoherent scattering, or Compton scattering, is a process where an incoming pho-
ton interacts with an electron. During the process the photon changes its direction
and transfer some of its energy to the scattered electron, resulting in the net-effect
of an inelastic process, see Fig. 2.3. The photon is scattered in a direction related
to the amount of energy that is transferred to the electron [6]. For the energy range
considered within this context, Compton scattering shows very little dependence on
the energy of the incoming photon and atomic number. Photon counting detectors
must handle the loss of the prior incoming photon since the secondary photon still
can be measured within the detector.

Unlike incoherent scattering, coherent scattering is elastic and referred to as
Rayleigh scattering for energies lower than electron binding energies. The process
occurs when a strongly bound electron interacts with the electric field of an incom-
ing x-ray photon. The elastic process implies that the electron moves just enough
to conserve momentum at impact [8]. During the interaction the electron starts to
oscillate with the same frequency as the incoming photon. The oscillating electron
will then function in the same way as an antenna, thus emitting dipole radiation
with the same frequency as the incoming x-ray photon see Fig. 2.3. Coherent scat-
tering is stronger for lower x-ray energies and higher atomic numbers [2]. Other
interesting properties such as Rayleigh scattering, explaining the blue color of the
sky is well described in e.g. [9].

LN . LN
N - .- N S .-
. Ki . .

e Lo’ e Lo’
e - <o -

(a) Incoherent scattering (b) Coherent scattering

Figure 2.3: (a) In Incoherent (Compton) scattering the incident photon, Ei,, inter-
acts with a loosely bound electron and ionises the atom. (b) In coherent (Rayleigh)
scattering the incident photon, Ej,, interacts with electrons in an elastic manner,
hence no energy loss of the outgoing photon (Ei, = Eout)-
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2.1.3 Refractive Index

In order to understand the functioning of optical elements, it is important to know
the fundamental properties of the refractive index. A relatively simple model is
to treat the scattering electrons of the refracting atoms as oscillators. This model
is not perfect, but as long as the frequency of the x-ray photon is larger than
the corresponding electron resonance frequency, the model works well i.e. for
Wphoton -3 Welectron- 1he frequency of each atomic electron depends on its displace-
ment within the atomic "shells". From the photoelectric effect in section, 2.1.1,
each shell has specific resonance frequency wes (or absorption frequency, where s
denotes the orbital shell), meaning the model works well for energies above absorp-
tion edges. Treating each scattering electron as an oscillator gives the following
equation of motion

E:ot = Fexternal - Fdamping - Frestoringa (22)

where the resulting force on the system of motion can be described via an external
force responsible for the oscillation, a damping force resulting from the fact that an
accelerating charge particle emits radiation, hence loss of energy and last a restoring
force resulting from treating the atomic electrons as oscillators. By treating the
incoming x-ray photon responsible for this oscillation as a plane wave and then
solving the system for this force yields

dx?

d )
mcﬁ + mcfy% + mcwfa: = qE(rv t) = quncidcnteil(wPhomntik'r), (23)

where m, is the electron mas, -y is the damping factor, resulting from the energy loss
during the acceleration of the charged electron, g is the electron charge, E(r,t) the
electric field amplitude of the incident plane wave with respect to vector position r
and time ¢ [10], k is the wave vector in the direction of the wave and the magnitude
of wave vector k = |k| is the wave number k, where the wave number k is the number
of wavelengths per unit distance k = 27” Solving this inhomogeneous differential
equation for the displacement x(t) and using the fact that the oscillation leads to
a polarization, the following relation holds,

Pes
Xo= ———=
e €0E(’I“,t)’

Xos being the dielectric susceptibility i.e. a measure of how polarized a material
is when exposed to an x-ray photon, P, being the polarization of the oscillating
electron, which is related to the displacement, ®(t), as Pes = —Nesqx(t), where nes
is the electron charge density for a certain shell, s and ¢y electric permittivity in
vacuum. The usual notation for the complex refractive index is obtained by taking
the ratio between the phase velocity of the x-ray photon in vacuum (c¢) and in the
medium of propagation, vy,. However, by separating the real and the imaginary
parts of the dielectric susceptibility, X, the following relation holds,

n=- = T+ Xog 1 — bus + i s, (2.5)

m

(2.4)
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where 005 and Ses are much less than unity for x-rays [11]. In equation 2.3 the elec-

tric field of the incident plane wave can be expressed as, E(r,t) = Eincidcme’i(wphomnt*k"“),
which can be transformed into terms of the refractive index, n given the relation
between the phase velocity and wave vector, v = “2%2tet = < [12]. This means that

a refracted x-ray photon in one dimension can be expressed as,

w n
—ilw t_ Yphoton™
E(Z, t) == -l?incidente (Wpnoton € ), (26)
inserting refractive index into equation 2.6 gives
_ Wphoton#Pes . Wphoton # _ .
E(Za t) = Eincidente < e’ < a 563)6 (Wphotont) . (27)

From equation 2.7 the effects of a refracted x-ray photon can be understood, where
des gives a phase shift to the incident x-ray photon and the complex part, Bes
attenuates the wave, which can be further understood in Fig. 2.4.

Figure 2.4: Incident plane x-ray photon first propagating in vacuum (n=1) with
direction, IAcin until incident on a denser medium with refractive index, n = 1—3J+i0.
The refracted wave propagates in direction of Eout and the electric field can be
described by equation 2.7.

In reality different atoms contribute to the refractive index, hence to include all
effects the contributions of all electrons add up to the dielectric susceptibility, Xeq.
Therefore, a more general notation of the refractive index is [11]

q q
n=1-3 bes+i) fes=1-0+ip. (2.8)

n=1 n=1



Chapter 3

Polycapillary X-Ray Optics

This chapter describes the properties of the polycapillary optics and how they can
be used to guide x-rays. It focusses mainly, on the theory that explains how x-rays
can be guided, thus putting the main focus on total external reflection (TER), by
using the refractive index and the theory obtained in chapter 2. Given the complex
structure of the polycapillary optic, only a handful of equations are known. Some
of these equations is stated as a guideline to validate measurements.

3.1 History and Basic Properties of Polycapillary Optics

The development of the polycapillary x-ray optics started by an idea that was
somewhat different to x-rays, namely charged particles. The idea stated that high
relativistic particles of energies around GeV such as protons could channel through
crystals [13] and was predicted by Kumakhov. If channelling occurred the incoming
charged particles would be aligned with a crystallographic axis, or planes causing
the particles to be guided into a path called channels. Given that the particles
where guided between planes the probability for direct collisions would decrease
[14]. Tt was also found that bending the crystal would curve the channels creating
the possibility to bend high energy charged particles. In 1976 Kumakhov also
predicted a radiation of the channelled particles which later was experimentally
verified by a group of scientist [15]. The channelling radiation from the charged
particles, in the energy range from hard x-rays to gamma-rays was found at that
time to be the most intense radiation among the present kinds, which led to an
extensive use in diagnostics of crystals.

In 1979 Kumakhov was invited to the I. V. Kurchatov Institute of the Atomic
Energy (IAE), which at that time was the worlds largest institute in Russia. Ku-
makhov accepted the invitation and left the Institute for Nuclear Physics in Moscow.
At the new institution Kumakhov led a new project, which purpose was to achieve
intense x-rays and gamma-rays with small divergences. The idea of channelling
was thought as a solution to the problem by using the effects from the channelling
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radiation. In 1980’s an experiment was performed using the technique of chan-
nelling on a crystal. The crystal was a magnificent diamond of 1 cm in length
named, "Valentina Tereshkova', in honor of being the first woman in space in 1963.
The results from this diamond was great, however the radiation was produced by
electrons in the range of GeV, which demands a large impractical accelerator. To
be able to utilize this technique a new solution was necessary. The solution came
at one of Kumakhovs sleepless nights in Minsk in the autumn of 1979 [16]. The
solution arised from the known fact that x-rays could be reflected with minimal
attenuation if the incident angle of the x-ray was less than the critical angle, 6. or
so called Fresnel angle [17]. This was discovered already in 1896 almost at the same
time as W.C Rontgen in 1895 found the usefulness of x-rays [1]. Rontgen tried to
verify this statement, but never succeeded. However, in 1927 Arthur H. Compton
was rewarded the noble price in physics. At the Nobel lecture one of the concepts
or experiments had proven that reflection can occur for x-rays as for natural light
[18]. This meant that x-rays could be reflected, which led to Kumakhovs idea.

Kumakhov proposed that an optic could be constructed, consisting of channels
likewise to the crystallographic channels, that would guide x-rays, but this time
via total external reflection. The optic would then conduct the x-rays and perform
multiple reflections on a curved structure, directing the x-rays into a small spot,
thus focusing the beam to increase the flux density. Where flux density is the flux
per unit area and this definition is used throughout the thesis.

It turned out that Kumakhov was right, x-rays could be guided by multiple
reflection between two walls forming channels likewise to the channelling of charge
particles. This was fascinating, what started as a way to guide charged particles
ended up being useful for x-rays as well. This is today referred to as polycapillary
optics also called Kumakhov optics and was formed in 1986 [19]. Since then over
a decade of research has been put on the polycapillary optic and it is today used
for all types of x-rays analysis [20]. However, aligning the polycapillary to a bright
micro size spot, achieved by a liquid-metal-jet is a new area of research that could
potentially set new limits for the polycapillary optic [4].

The polycapillary optic consist of small hollow glass tubes that each has a
channel size of about 5-10 pum that are fused together using glue. The entire
polycapillary optic is comprised of thousands to several million of these channels
that are formed by heating and stretching larger glass tubes, that upon completion
are cut and formed into hexagonal bundles that finally are fused together, which is
demonstrated in Fig. 3.1.

The polycapillary optic is constructed such that each channel of the input of
the polycapillary optic points towards the source spot. The channels are bent as
seen in Fig. 3.1, such that they align to the same point, thus focusing the guided
x-rays into one spot [21]. This means that the polycapillary optic functions as a
waveguide similar to optical fibres. It collects the lower energy region of hard x-rays
efficiently (< 40 keV ) and then redirects them into a focused spot via total external
reflection [20], seen in Fig. 3.2. Compared to other optics e.g. Montel optics [22],
polycapillary optics collects the beam from thousands of channels and functions



CHAPTER 3. POLYCAPILLARY X-RAY OPTICS 10

Polycapillary optic

Figure 3.1: Polycapillary optic where the hollow glass tubes are bundled together
forming a hexagonal structure, which can be seen at the input and output of the
polycapillary optic. The upper left, red hexagonal is one bundle, which consist of
several hollow glass tubes.

as a low pass filter, thus allowing lower energy x-rays to be directed, while higher
energies are absorbed or not attenuated at all. The polycapillary optic is known to
focus the x-rays into a virtual spot within ten’s of microns, hence allowing a high
flux density. However, achieving such a focused spot usually comes with the price
of a higher output divergence.

Source spot

*:::> Qin

Figure 3.2: Sketch of how x-rays from the source spot are collected by the collecting
angle, (), and then guided by the polycapillary optic to form the output spot,
having an output divergence, Qoyt.

3.2 Total External Reflection

Total external reflection occurs when incident wave is completely reflected, thus
preserving the wave, but changing its direction of travel, somewhat as in coherent
scattering described in section 2.1.2. This is fulfilled when the angle of incident, 6;,
is smaller than the critical angle, 6. [23]. To understand how this can be possible
and for which incidents angles this is fulfilled, it is necessary to investigate the
properties of the electric field as it interacts within the polycapillary optic.
Consider the state where the angle of incident 6, > 6.. Then a refracted and
reflected wave is present after the point of interaction as in Fig. 3.3. By regarding
the wave of incident as a plane wave and the interface of reflection as flat, the
reflected and refracted waves will be plane as well. Furthermore, if the medium
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of propagation is lossless, there will be no attenuation of the transmitted waves,
implying the index of refraction, n is real, hence n = 1 — § meaning that a phase
shift occurs.

AZ

N Refracted wave

Incident wave Reflected wave

Figure 3.3: Incident plane wave at an angle relative the plane of incidence ¢y,
interacts within one hollow capillary at 2=0 and 2z=0. Afterwards two waves are
transmitted, one reflected and one refracted, propagating in directions of k1 and
k2 respectively.

Using the assembly as in Fig. 3.3. and the properties mentioned above, the
electric fields of the three plane waves, FEincident, Preflected and Frefracted Can be
expressed as,

Eincident (7, 1) = Eye—i(wot—= ,50,7’0)7 (3.1)

E\cfiected (’l", t) = Ele_i(u’lt— L kAl-rl), (32)
and . wong

Erefracted(rat) = E2eil(w2t7 © k2.7‘2)- (33)

At the boundary, =0, where the three waves meet, the fields (both electrical
and magnetic field) must fulfil specific boundary conditions that obey Maxwell’s
equations [9]. The waves must be continuous for all times and positions on the
boundary, implying that the exponential must match. Investigating this for the
x-axis when z = 0, gives

. _wong gl . . _wing gt . _ wang g’
[e i(wot——L"Lko-x) —e i(wit——Lk;-x) —e i(wat——2"2ka w)]zzo. (34)

Equation 3.4 must be valid for all times, which means that the frequency of the
three waves must be the same, implying that wg = wy = ws [24]. Without these
time parameters equation 3.4 can be simplified to

’I”Lokgo L= Tllkgg X = an;O - X (35)

Using Fig. 3.3 the unit wave vectors in the = direction can be written in terms of
sinus functions,
nosingbo = nlsingbl = TLQSiIl(ZSQ. (36)
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Noting that the incident and the reflected wave is in the same medium i.e. ng = ny
and using this fact the following relations holds

b0 = 1, (3.7)

the reflected wave is reflected into the angle of incident and the refracted wave is
related to
TloSiIl(]So = ngsin¢2. (38)

It is now interesting to see what happens when the condition for total external
reflection is fulfilled and for which angles of incident that this is satisfied. By
assuming that the incident x-ray propagates in vacuum (no = 1) and that the
medium is lossless equation 3.8 can be rewritten

singg  singg
%) - 1-— (52 ’

sings = (3.9)

Remembering from section 2.1.3, § is usually positive and much less than unity for
x-rays. Then the following relation must hold

P2 > Po (3.10)

Recall Fig. 3.3, by letting ¢ — 7, then ¢o — 7 faster than ¢o. Total external
reflection will begin to appear when ¢» = 7, keeping equation 3.10 in mind the
condition for total external reflection can be inserted into equation 3.9, giving

.o sing,
sin— =1=

5 15, — 1 — 02 = singy, (3.11)

were ¢, is the critical angle relative, the plane of incidence. Using that only small
angles are directed equation 3.11 can be rewritten using Maclaurin expansion for
sing. with respect to ¢. and relating the critical angle to the incident wall as in Fig.
3.4 (0. — ¢.), the condition for fulfilling total external reflection is obtained

B = \/20,. (3.12)

This gives a solid understanding of the condition for TER, 6;, < 6.. However, if the
material is known, equation 3.12, can be transformed into a more suitable relation
with the following expression [6]

reh?c? &
by =" s anflz (3.13)

where 7, ~ 2.82 - 1071'% m is the classical electron radius, h ~ 4.14 - 107'% eV x s
Planck’s constant [25], n, number of atoms per volume of a specific element Z, f7,
the forward scattering factor, which approaches the atomic number, f{, ~ Z, for
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energies above the electron binding energies. The sum is calculated for all present
materials, n with atomic number, Z. Using this relation for J,, gives

reh?c?

n 2.2 n
_ o | rehfe
bo=\| —p2 ;nzflz(E) N\ ;nZ (3.14)

In this case the polycapillary consist of borosilicate glass, which can have several dif-

ferent composition [26], but for polycapillary optics equation 3.14 can be simplified

to [23]

0.~ 30 [keV]
‘T E

thus the higher the energy the smaller the critical angle is, hence the polycapillary

optic guides fewer and fewer x-rays as the energy increase.

[mrad], (3.15)

AZ

Boundary Totally reflected wave

Figure 3.4: Total external reflection satisfied when 6;, < 6., thus below the red
boundary.

3.3 Input Focal Distance

The input focal distance (IFD) usually denoted f; is the distance from the source
spot to the input of the polycapillary optic, when it guides as many photons as
possible, with a collecting angle denoted €y, as in Fig. 3.2.

3.4 Output Focal Distance

The output focal distance (OFD) usually denoted f5 is the distance measured from
the output of the polycapillary optic to its focus. The distance depends on the
curvature of the polycapillary optic, thus the more bent the capillaries are the
shorter the OFD will be. This distance is for many users crucial in order to perform
measurements, since a too short OFD will leave no room for equipment that is
essential for the measurement. At the focus the photons will converge with an
convergence angle, (2 see Fig. 3.2.
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3.5 Output Divergence and Pointing Direction of
Polycapillary Optic

The output divergence, or simply convergence angle of the polycapillary optic, can
be divide into two parameters: global divergence o = 4, and local divergence [ as
shown in Fig. 3.5. The global divergence, « is determined by the output diameter
Dy of the polycapillary optic and the OFD, according to a = 2tan_1(2%°F“]5).
Having a shorter OFD will direct the x-rays into a smaller spot and increase the
global divergence. A less divergent output allows for a more pencil like beam with
larger depth of focus, realizing less variation of the spot. This results in a beam
that is less sensitive yielding more accurate measurements.

The local divergence, (8 of each capillary is in principle determined by the critical
angle, 6. for a large source. So for a large x-ray source the output divergence is
B = 26..

Figure 3.5: Global, a and local, g divergence of the output of the polycapillary
optic.

An important concept, is that each capillary contributes to the effective spot.
This means that each capillary can be considered to produce a Gaussian beam,
where the FWHM depends on the local divergence and the effective spot is the net
effect from all Gaussian beams generate from each capillaries. If all the capillaries
are perfectly aligned the minimum spot size is achieved and will be determined by
the local divergence according to equation 3.17 in section 3.6.

3.6 Spot Size

The spot size (focus spot size) is the diameter of the focused spot. For many
applications the spot size is preferred to be as small as possible in order to focus
and investigate the structure in micro to nano scale as seen in Fig. 3.7. By using
the known properties about the polycapillary optic above, it is expected that the
spot size is to be dependent on the OFD and the critical angle, 6.. Having a shorter
OFD will induce a more variable spot size when scanning over a rough sample due to
the larger divergence, which is illustrated in Fig. 3.7. By considering one capillary
it is possible to derive a relation for the spot size see Fig. 3.6. From Fig. 3.6. the
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0 5~ . i

v

Figure 3.6: Focus size, S dependence on OFD, 8 and the diameter of the capillary,
dout~

focus spot size approximately follows
S = 20FD0. + dous, (3.16)

where d,,; is the capillary diameter of one hollow tube, which is usually much less
than the spot size, and therefore neglected. Remember the relation for the critical
angle relative the energy i.e. equation 3.15. Using that relation in equation 3.16
yields
600FD [mm]
S =—
] E [keV]

Equation 3.17 is a fundamental property of the polycapillary optic and the same
analogy holds for the input of the polycapillary optic, but where the source size, .S,
is fix. The critical angle decreases as the energy increases, yielding a smaller spot.
The amount of x-rays that reflects through the polycapillary optic will decrease
relative the critical angle, which means that higher energies results in lower flux
through the focus. Furthermore, decreasing the OFD will minimize the spot size,
however making the polycapillary optic more impractical in terms of space to the
sample and output divergence.

These parameters are all essential when designing the polycapillary optic and
the observed spot size will be the net sum of the contributions from all energies.
Prioritising a small spot gives a better accuracy, but on the other hand less flux.
Another important factor compared to achromatic optics is the varying spot size
for different energies [27].

Fig. 3.7 is an example of an XRF analyse on a skin sample, that illustrates the
difficulty in keeping a small spot size when the convergence angle, «, is big.

Since the polycapillary optic in Fig. 3.7 sits at a fix position, due to the com-
plexity to move the source, the samples moves through the beam. Since the surface
of the sample being uneven the distance to the sample will vary (Az) and so the
spot size. The smaller spot reduces the effective area that the x-rays interacts with,
giving higher resolution.

(3.17)
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Varying focus size

Figure 3.7: Using the polycapillary optic to scan over a sample that moves, in this
case the top of a skin sample. The left position of the polycapillary optic hits the
sample at OFD, while the right x-rays hits the sample before reaching the focus,
hence the difference Az between the two positions.

3.7 Beneficial Predictions of Aligning the Polycapillary
Optic to a Micro Focus Source

As mentioned there is nothing new by guiding x-rays with polycapillaries. However,
previously conducted measures have been executed with larger spots that theoreti-
cally aren’t as beneficial as having a small source spot with the same electron beam
power. Larger source spots, increase the amount of photons that incident at greater
angles, resulting in a larger spot according to equation 3.16.

For smaller spots, less photons are incident on great angels, which can make
the local divergence less than twice the critical angle, resulting in a smaller focus
according to Fig 3.8. However, having a smaller source spot could induce other
parameters that could affect the spot size, one of these being the pointing direction
of the output capillaries.

A well defined focus is achieved when the ends of the capillaries points in the
same direction. When designing the polycapillary optic it is most likely that this
criteria remains unfulfilled. However, for a large source spot the amount of photons
at larger angles will be higher, resulting in a larger local divergence that could smear
out the effects of uneven pointing directions. For a small source spot the case is
different. As mentioned smaller source spots will have less photons at greater angles
causing a smaller effective spot. However, the local divergence of each capillary
could be so small that a slight offset in the ends, could increase the effective spot size.
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Varying source spot — - Changing focus size

Figure 3.8: Variation of the source spot size should change the output focus size.

This would mean that even if each capillary achieves a small spot the effective spot
achieved by all capillaries, could be significantly larger, due to different pointing
directions. This can be understood further from Fig. 3.9, where a comparison is
made between capillaries pointing in the same direction and capillaries that points
in a more random direction causing a wider focus.

\_i\_
p

(a) No offset ) Offset

Figure 3.9: Both (a) and (b) contains three capillaries that represent the capillary
in the middle of the polycapillary optic and the two outermost relative the center
of the polycapillary optic. (a) Shows the optimal design of the polycapillary optic,
where the ends of the capillaries points in the same direction. (b) Represents a
slight offset between the capillaries causing a wider focus.

Furthermore, a small source spot would in theory induce a higher gain. The gain
is calculated as ratio between the flux density, through the focus, with and without
the polycapillary optic. Where flux density is the flux per unit area, ¥ = %, where
A is the area of interest and 1) the flux through that area.

During measurements, the detector was not positioned in the focus, but knowing
the OFD and by treating the source distribution symmetrically, thus using the
relation for the solid angle, Q = %, where r is the distance from the source to the
focus it is possible to extract the flux density at the focus. The flux density at the
focus, can be written as

\I/focus = Kiocus s (318)

and the flux density measured at detector, positioned Xgetector from the focus can

be written as
wdetector (3 19)

\I/detector = A ’
detector

where Agetector 18 the area of the detector. Using the fact that the solid angle €,
must be the same at the position of the detector and at focus when the polycapillary
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optic not is inserted, it is possible to write

Adetector _ Afocus (3 20)
(7’ + (Edetector)z T2 ’ .

also the flux measured at the detector will be the same as the one measure in focus,
YVtocus = Wdetetor With the exception that the detector captures all photons, using
this gives

o Ytocus o wfocus(r + x?ietector)

S = , 3.21
o Afocus AAdctcctorr2 ( )

However, when the polycapillary optic is inserted it is possible to extract the area of
focus from the knife edge scan using the FWHM, which yields the final expression
for the gain used within this thesis

wfocus with optic
Afocus with opti
. ptic
Gain = 5 , (3.22)
Yiocus without optic(THT3 0 ror)
AdetectorT?

where the area of focus with the polycapillary optic is written as Afocus with optic =
r(EE 2

A smaller source spot should increase the transmission through the polycapillary
optic, since less photons are incident at greater angles, causing a larger numerator
when calculating the gain. Furthermore, a smaller source as previously mentioned,
should change the focus size, also contributing to a higher gain.

3.8 Halo Effect and Undesirable Properties

Previously, section 3.2 has investigated the condition for when total external re-
flection is satisfied. However, if the energies of the incoming x-rays are too high,
it doesn’t matter how small the incident angle is, the x-rays will penetrate straight
through the polycapillary optic. The penetration of the polycapillary optic is usu-
ally referred to as the halo effect, which increases the high energy background, that
could smear out the beam profile. This is generated by two types of penetration,
either origination from high energy x-rays or from low energy x-rays. Penetration
of high energy x-rays is usually handle by keeping the energy of the incident x-rays
under 40 keV [20]. This could also be decreased by increasing the length of the
polycapillary optic, thus increasing the absorption within each capillary.

The penetration of low energy x-rays arises when the angle of incidence is above
the boundary for the critical angle. In that case the x-ray could either be absorbed,
or a refracted ray could arise as in Fig. 3.3. The refracted ray could then be ab-
sorbed by other capillaries. However, if this occurs near the output where there is
less capillaries, there is a chance that the ray escape the polycapillary optic. Con-
trolling this could possibly be done by change the composition of the polycapillary
optic, which would change § as previously described in section 2.1.3, that in turn
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would change the critical angle, . seen by equation 3.12. Both of these penetration
effects could smear out the sharp focus, but usually the effect of halo is far less than
the x-rays that are guided and therefore usually negligible.

Another important factor is the design of the polycapillary optic. The poly-
capillary optic must be constructed with high accuracy thus making it possible to
create several lenses that delivers roughly the same precisions, which today is pos-
sible. However, there can always appear small deviations. Most likely is a broken
capillary where the walls have fallen down, thus interfering with incoming x-rays
and changing the properties of the lens. There could also arise a certain waviness
to the walls of the polycapillary optic, which would change the amount of x-rays
that are reflected, thus changing the spot size and flux properties. These types of
undesirable properties can usually be seen by an image of the polycapillary optic.
Capillaries with lower performance will simply yield lower flux.



Chapter 4

X-Ray Sources

Most common x-ray sources are based on having free electrons accelerated to great
speeds (around 30-65% of the speed of light for medical applications [28]) and
thereafter aligned into a metal target that produces x-rays during the interaction.
The sources utilizing this technique are called electron-impact x-ray sources, or
simply x-ray tubes, which are based on the same principle as the one Rontgen
used [1]. Newer techniques have been developed, such as free-electron lasers and
synchrotron’s, however they require large expensive facilities, whereas electron-
impact sources are relativity small (less expensive), with enough performance for
most applications. This chapter describes the basics behind electron-impact sources
such as: interaction processes in the target and the characteristic emission spectrum
that the polycapillary optic is exposed to, where the main focus will be on the
liquid-metal-jet source that is used within this thesis.

4.1 Electron-Impact X-Ray Sources

Electron impact x-ray sources are based on a vacuum tube, or more known as x-ray
tube in which electrons are accelerated, as seen in Fig. 4.1. Free electrons are
generated by heating a small filament located at a negatively charge side of the
tube (cathode). Once ejected they are accelerated by an electric field generated
by an external high voltage difference between the two ends of the tube, ranging
from tens to several hundreds of kilovolts [6]. During the acceleration, electrons
are aligned using electromagnets that directs them into a spot on the target, which
usually consist of metal. At the boundary of interaction, or simply at the anode
two process in which x-rays are produced appears.

The first process, is similar to the photoelectric effect as in section 2.1.1 but
in which an electron ionizes an atom of the target. This process is refereed to
as characteristic line emission, since the radiation is characteristic for the specific
atom. As seen in Fig. 4.2 , after ionisation another electron from a higher electron
shell will fill the empty spot. While doing so the electron from the higher shell

20
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Anode hole Magnetic lens
Heated cathode = | Anode target

Ve

X-rays

Figure 4.1: X-ray tube, where the blue boundary is the region of vacuum to which
the electrons are accelerated by an external electric field between the cathode and
the anode. The potential difference on the left side controls the heating of the
cathode, thus controlling the emission current. The anode hole blocks divergent
electrons, narrowing the beam width. The magnetic lens aligns the electron beam
into a small spot on the anode, where the red area is locally heated. Interactions
at the anode produces x-rays in all directions, but only illustrated against the exit
window.

will go from a higher energy state, or simply not as bound, to a more bound state
with lower energy where the surplus of energy is emitted as a photon. These x-rays
are related to the energy difference of the shells, which is specific for each elements
and usually electrons from the L and M shell fills the hole refered to as K, and
K transitions respectively. The material of the liquid-metal-jet anode used within
this thesis is referred to as Exalloy G1, which is mainly composed of gallium and
a small amount of indium to reduce the melting temperature [4]. Gallium has a
K., line at an energy of 9.3 keV and indium has an K,, at 24.2 keV and both
atoms has an K, emission approximately at the same energies [29]. Furthermore,
Gallium has a Kg, ,, close to 10.3 keV and Indium has a Kg, ,, near 27.3 keV.
These emissions lines are the peaks seen in the spectrum of Fig. 4.3 [30].

The second process, bremsstrahlung, or braking radiation appears when an in-
coming electron passes near to an atomic nucleus as seen in Fig. 4.2 (b). The
nucleus being positively charged, results in a present electric field that will deccel-
erate the electron when passing according to the Lorentz force, F' = qF, where ¢
being the charge of the passing electron and F the electric field. During the deccel-
eration, the kinetic energy of the electron decreases and is transferred into emission
of a photon. The most intense x-ray is produced when the incident electron is
stopped, thus transferring all of its energy. Since different electrons interacts differ-
ently with the electric field a continuous spectrum of photons is emitted, which is
seen as the slow varying part in the spectrum in Fig. 4.3 [6]. Bremsstrahlung radi-
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ation is therefore correlated to the incident electron energy, but also to the atomic
nucleus. Higher atomic numbers has a stronger net charge of the nucleus giving a
stronger electric field that can stop the incoming electrons faster. Therefore, usu-
ally high atomic numbers are used to extract the most of the incoming energy, but
even with high atomic numbers as tungsten and an acceleration voltage around 100
kV the efficiency is as low as about 1% [31].

ko = Ey, — Ex, Ebremsstrahlung = Ein — Eout
T ek
.*-»V.,—"' o -Eout
(a) Characteristic line emission (b) Bremsstrahlung

Figure 4.2: (a) In characteristic line emission an incident electron with energy Fij,
knocks out an electron from the inner shell K, with binding energy Fj,,. The empty
vacancy is filled by electrons from higher shells, in the figure from the second shell,
thus k, radiation is emitted. (b) In bremsstrahlung radiation an incident electron
accelerates by the electric field from the atomic nucleus in which the electron losses
energy, in form of radiation.

Fig. 4.3 shows the x-ray emission spectrum for the MetalJet D2+ that the
polycapillary optic is exposed to throughout this thesis.
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Figure 4.3: Simulated versus measured x-ray emission spectrum, plotted for the
settings on the source, where the liquid-metal-jet had a 70 kV acceleration voltage
and a spot size of 20 pum on 260 W for Exalloy G1. Due to poor energy resolution
of the detector the Ga k, and Ga kg peaks appears as one wide peak.
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The measured data is compensated for the reduced detection efficiency of the de-
tector at higher energies, this using attenuation coefficients from NIST [32]. There
is a slight difference between the two curves in Fig. 4.3. The Ga k, and Ga kg
peaks of the measurement appears as one wide peak compared to the simulation.
This is due to the poor energy resolution of the detector used. However, by in-
tegrating both the Ga k., and Ga kg peak for the simulation (& = prcakS T'dE)
and comparing their sum against the integral of the wider peak from the measured
spectrum, gives the same amounts (i.e. ®peasured = Psimulated = 5 - 1012 pzoxt;’rns)

While the two curves align well for higher energies there is a small difference in
the energy region of 10 keV< E <20 keV. This difference is most likely caused by
two lower energy photons that reaches the detector at the same time, where the
detector interprets them as one photon with the sum of their energies. Fortunately,
the probability for this is low but still noticeable. The peaks for higher energies, are
not as visible. This is due to the poor resolution and slight transmission through
the detector (not all photons are absorbed), that increases with energy.

4.2 Liquid-Metal-Jet Sources

An issue limiting the brightness for electron impact x-ray sources is the heat load
at the anode. Even though the energy of the incoming electrons is dissipated via
the two process mention in section 4.1, there is a lot of energy that transforms into
heat. Over 99% of the incoming electron beam energy imparted on the anode turns
into heat [33]. The heat dissipated at the anode must quickly be transported away
in order to not damage the anode. During the years several ways to maximize the
power without melting the anode has been implemented, such as improving the
heat dissipation.

First, by making the anode slightly angled as seen in Fig. 4.4 . This will reduce
the effective area from which the x-rays are emitted from compared to the area
of which the electron beam interacts with, thus causing the energy to spread out.
Secondly, choosing a material with high atomic number to maximize generation of
bremsstrahlung while still having a high melting point and still producing charac-
teristic x-rays that are relevant for the application. Last, implementing a rotating
anode will spread out the energy and in that way increase the maximum power
load.

Today there is not much room or tricks left for improvement for the rotating
anode, the maximum power load has been reached. However, in the last decade the
new concept of a liquid-metal-jet anode was invented, that started at the Biomedical
and X-ray Physics group at KTH and has today formed the company, Excillum [3].
The jet can reach speeds of about 70 m/s. This allows for a regenerative anode that
efficiently can transport the heat away, thus increasing the power loading. Since the
anode already being melted it also meant that the material could be loaded over
its damage point also increasing the power load. The jet technique also implied a
smother target compared to the rotating anode. This allowed for smaller spot size,
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in the range of 5 to 20 pm, with a power loading up to 260 W. This power loading
is in the order of thousands of GW per area. The flux achieved is roughly ten times
higher compared to a conventional solid anode from sources with the same spot
size, but is continuously being improved [3]. Fig. 4.4. Shows the benefit of having
a liquid-metal-jet compared to a rotating anode.

Rotating anode Metal-jet anode

Electron beam

4

Figure 4.4: Electron beam (blue) incident on a rotating anode and a metal-jet
anode. In reality x-rays are generated around all directions at the anode, which is
hard to illustrated and therefore only a small subset of x-rays are shown. X-rays
generated from the rotating anode appears to come from the green effective area,
but comes in fact from the red area due to the angled anode. X-rays generated from
the liquid-metal-jet are more compact, thus achieving a higher brightness compared
to the rotating anode. The liquid-metal-jet also transports heat away efficiently as
the rotating anode, but also having the benefit of being self regenerative, thus
repairing eventual damages. Figure adapted from [6].
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The source used within this thesis is called MetalJet D2+, set to have a spot
size of roughly 20 pum seen in Fig. 4.5, on 260 W and a 70 kV acceleration voltage
if not otherwise is stated.

1.0
0.8
0.6
0.4
0.2
0.0

Intensity / [a.u.]

Figure 4.5: Liquid-metal-jet source spot on 20 pm with 260 W and 70 kV acceler-
ation voltage.



Chapter 5

Outline of Measurement

One of the essential tools in characterising the performance of the polycapillary
optic relates to the technique used to detect photons form the polycapillary optic.
The method of choice should foremost be able to determine spot size and flux with
high accuracy and precision. A method fulfilling these qualities is the so called
knife edge scan, which is the method used throughout this thesis. The detector
used for the knife edge scan, counts individual x-ray photons and has the benefit of
discriminating photons, thus allowing to measure photons within a certain energy
span. This chapter will present an overall setup of the polycapillary optic as seen
in Fig. 5.1. The focus, however will be on the properties of the knife edge scan and
how it is used to determined design parameters of the polycapillary optic such as

OFD.
Detector

Polycapillary optic

i
Source spot ——

fl L fQ T detector

Figure 5.1: The polycappillary optic with length L aligned to a source spot located
at IFD f; with an input divergence ;,. The output of the polycapillary optic has
a divergence of Q¢ where the focus is located at OFD f5. The x-rays are captured
by the area of the photon-counting detector placed at a distance xqetector from the
focus spot.

25
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5.1 Knife Edge Scan

By continuously inserting a thin (sharp) plate perpendicular to the beam as in Fig.
5.2, it is possible to determine the beam width (FWHM) at different positions,
specifically at the focus, but also where the center of the beam lies. The scan can
proceed both in horizontal and vertical directions, refereed to as & and ¢ respectively
throughout this thesis. This allows for the characterization of the performance of
the polycapillary optic in two dimensions.

Knife edge

Figure 5.2: Knife edge scan.

This is manageable if the sharp edge is thin, while still being able to fully absorb
the incoming photons. The knife edge needs to be thinner than the depth of focus
of the polycapillary optic, in order to find the focus with high accuracy. This since
the focus will appear for the smallest waist rather than a point as in classical optics.
Therefore, the knife edge was designed using equation 2.1 to be as thin as possible
while still having enough thickness to absorb incoming photons. The final edge
consisted of a tungsten foil with a 50 pum thickness.

As the knife edge steps through the beam an edge-spread function (ESF) can
be obtained, from which the characteristics of the beam can be gained, shown in
Fig. 5.3. To obtain the ESF and get the true spot size one should sum the entire
detector for each position of the knife edge. The result will be the cross sectional
profile of the response to an edge shaped signal [11]. For a Gaussian focus, the
obtained curve can be approximated as an error function for which it is possible to
do a numerical fit according to

Ymax T — Tcenter
= + 1 —erf(————)), 5.1
0 =+ L (1 — e ) (5.1
where 1) is the background offset flux, ¥yax is the maximum flux present without
the knife edge, Teenter is the position of the shift (inflection point), o is the standard
deviation and erf is the error function. Solving equation 5.1 in the least square
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sense with proper start guesses, gives the unknown parameters, Yo, ¥max, Tcenter
and o. From these parameters the FWHM of the corresponding Gaussian can be
calculated, according to

FWHM = 24/2In(2)o. (5.2)

Notice that considering the photons measured per pixel instead of the total sum
of all pixels, allows for separate edge spread functions for all pixels. This means
that valuable information about FWHM and the center (Zcenter) can be obtained
for different parts of the polycapillary optic.

While the edge spread function is a solid way to determine FWHM and the
inflection point, there is a more visual method. This method allows a beam profile,
instead of an knife edge scan profile. The beam profile can be extracted from the
ESF as
_ dESF(x)
- dx
where the movement of the knife edge is in the horizontal = direction and LSF,
the line spread function, which can be seen in Fig. 5.3. The LSF will appear as
a Gaussian function, from which it is easier to see the FWHM and the center.
However, taking the derivative of the ESF can induce noise making the result of
the LSF less accurate.

LSF(x) (5.3)

1.0

-/ | I I I I
— Knife edge scan profile
—— Beam profile

0.8

0.6

041

Intensity / [a.u.]

0'925 -20 -15-10 =5 0 5 10 15 20 25

Position / [um]

Figure 5.3: Edge spread function (ESF) versus line spread function (LSF).

5.2 Detector

The detector used is developed by X-spectrum, photon-counting with a 300 pum
thick silicon sensor, based on the Medipix3 chip, thus allowing two energy thresh-
olds. The detector has different running modes with a maximum of 24 bit for one
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energy threshold, and 12 bit when using two energy thresholds. In order to avoid
saturation the 24 bit mode was used, however by using the fact that the source is
constant over time one could set different single energy thresholds and then sub-
tract the data to get the result achieved when using two energy thresholds. The
detector consist of 256 x 256 = 65536 pixels, with a pixel size of 55 pm, giving a
total detector area of 14 x 14 mm? = 196 mm? [34].

5.3 Alignment of Polycapillary Optic

The polycapillary optic is mounted on a motorized stage (actuator) that allows for
pm movements in the z, y and z direction and was developed by ZABER of series
T-LA28A [35]. In order to achieve optimal performance it is of most importance
that the polycapillary optic is well aligned against the liquid-metal-jet. The section
section will state the techniques used to align the polycapillary optic and the gained
results.

5.3.1 Rough Alignment

First, a rough alignment was done where the polycapillary optic was mounted at
larger than nominal displacement from the source (in z direction) and a throughput
of the polycapillary optic was observed while moving the stage. This was either
done using the photon-counting detector and a PIN diode. The PIN diode was
only used to verify the measurements of the photon-counting detector, due to the
superior benefits of the photon-counting detector.

5.3.2 Final Accurate Alignment

Secondly, once the rough alignment in =,y and z space was conducted the optimal
alignment towards the source could start, finding the IFD in the z-direction. This
could be done by manually moving the lens in z direction by using a feeler gauge
and for each movement recording a net current or an image at the photon-counting
detector. By plotting the normalized total flux the IFD could be found. However,
with the imaging detector it was possible to validate these result from the image at
the detector. The technique for this "visual” alignment is illustrated in Fig. 5.4-5.5,
were the scales are exaggerated.

In Fig. 5.4 the source spot is place behind the IFD (f1), thus being too far away
from the polycapillary optic. To see if the lens is in this state, it was moved with
the motorized stage holding the lens in the direction according to Fig. 5.4. After a
certain movement, only half the polycapillary optic will guide x-rays efficiently due
to the condition of TER, given the position of the source relative the polycapillary
optic. Since only half the polycapillary optic is active the image of the detector will
be intenser at one side relative the other as seen in Fig. 5.4. Therefore, a movement
in the direction according to Fig. 5.4 will yield an image that disappears in the
opposite direction to the movement of the polycapillary optic.
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Detector

- Optimal spot position T Movement of lens

Figure 5.4: Source spot aligned too far away from the lens, thus behind the IFD
(f1)- Only the top half of the polycapillary optic functions in a desired way, when
the polycapillary optic is moved upwards from best alignment, marked in red.

Detector

Figure 5.5: Source spot aligned too close to the lens, thus in front of the IFD (f7).
Only the bottom half of the polycapillary optic functions in a desired way, when
the polycapillary optic is moved upwards from best alignment, marked in red.

Optimal spot position T Movement of lens

In Fig. 5.5 the source is placed in front of the IFD (f;) i.e opposite to the
state in Fig. 5.4. Moving the polycapillary optic in the same direction as in Fig.
5.4 results in the opposite effect, thus the image disappears in the direction of the
movement.

When the source spot is centred at the IFD and the lens is moved horizontally
(z direction, same as above) each pixel will lose intensity equally much as illustrated
in Fig. 5.6.

(c)

Figure 5.6: Images (a)-(c) shows how the intensity decreases as the motorized stage
translates the lens, when the source spot is placed at IFD.
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When the position in z direction is found, as in Fig. 5.6, the lens is moved in x
and y direction in order to maximize the flux.

5.3.3 How to Find OFD

The focus, or the OFD, can be found using the knife edge. Scanning through
the beam for different z positions and plotting it against the FWHM, gives the
location of the focus. Starting to scan near the output of the polycapillary optic
and stepping further away will decrease the FWHM until the focus is passed, from
which the FWHM start to increase. This means that the smallest value of the
FWHM will determine the location of the focus. However, as in section 5.3.2 it was
possible to determine the focus from the image at the detector, which is illustrated
in Fig. 5.7.

Knife edge

Figure 5.7: Finding focus (OFD) using a knife edge, labels 1-3 shows different z
displacements of the knife edge.

Fig. 5.7 shows three different position of the knife edge, before focus (1), at
focus (2) and after focus (3). When the knife edge scans through the beam before
the focus the left side of the detector will start to disappear first, and the opposite
effect occurs when scanning after the focus. When scanning through the focus the
same effect as in Fig. 5.6 will appear, equally decreasing the intensity over the
detector.

5.3.4 Location of IFD

By measuring how the normalized flux changes when the polycapillary optic is
moved further from the source, it is possible to determine the IFD. Fig. 5.8 shows
both measured values using the medipix camera and a PIN diode. Both curves align
rather well and a peak can be characterized approximately at 28.2 mm. However,
the distance is measured using a feeler gauge, which is thought to be the cause
for the noisy data. The uncertainty of the feeler gauge is estimated to 300 pm.
Including this uncertainty gives an IFD equal to 28.2 + 0.3 mm, which was verified
using the visual alignment technique.
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Figure 5.8: Normalized flux relative distance from source to the polycapillary optic
measured using a medipix camera and a PIN diode.

5.3.5 Location of OFD

From Fig. 5.9 the distance of focus can be determined. First, near the polycap-
illary optic the beam width is large but as the knife steps further away from the
polycapillary optic the width starts to decrease and around 2.7 mm the thinnest
width has been reached. There is though a slight uncertainty of 0.3 mm, related
to the position of the knife edge. This since the knife edge position was calibrated
using a feeler gauge, resulting in an estimated uncertainty of 300 pm. This was

also verified using the visual technique.

0.10

0.00 :

1.5 2 2.5

3 3.5 4

Distance from optic to knife edge / [mm]

Figure 5.9: FWHM relative the distance from the polycapillary optic.
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5.4 Parameters of Polycapillary Optic
Detector

Polycapillary optic

fi L fo ZLdetector
Figure 5.10: Parameters of the polycapillary optic, defined in table 5.1.

Table 5.1: Parameters of the polycapillary optic Fig. 5.10

f1 [mm] (input focal distance) — 28.2+0.3
fo [mm] (output focal distance) 2.7 +0.3

L* [mm)] 20.9 (with cover 22.0)
ZTdetector [mm] 35.0

Dy, [mm] 2.3

Doyt [mm] 1.0

Qin [rad] (collection angle) 0.08 (4.6°)

Qout [rad] (convergence angle)  0.35 (20.1°)

R = f1 + f2+L [mm] 51.8 +£0.6

*Since the cover is slightly longer there is a slight gap on the input and output
of the polycapillary optic. The distance on the input is estimated to 0.9 mm, which
then leaves 0.2 mm for the output.



Chapter 6

Performance of Polycapillary Optic

This chapter presents the general performance of the polycapillary optic, such as
gain, transmission, flux density and brilliance (brightness per unit area), for vary-
ing energy thresholds. The first sections focus on the overall performance of the
polycapillary optic, whereas the later ones aims to characterize the individual per-
formance for different parts of the polycapillary optic. Both horizontal and vertical
scans are performed in order classify the behaviour in two dimensions. Further-
more, to determine whether its beneficial to generate x-rays from a smaller source
spot, a comparison between a 20 pm spot and a simulated 200 pym source spot is
conducted.

6.1 Knife Edge Scan

During prior measurements it was established that the spot size was around ten
micron for varying energies. This meant that a step length less than ten micron
was necessary in order to resolve the focus. However, the actuator holding the knife
edge had limited precision when stepping through the beam. Several measurements
were proceeded to find the smallest step length that the actuator could handle. The
final step length was set to 2 pm, which still wasn’t possible to maintain during all
steps. This meant that the actuator had an upper threshold of 2 pum, but could
still take smaller steps. Measurements showed, that this step length generated a
smooth ESF, which meant that the focus size could be established using equation
5.1.

Fig. 6.1 shows the ESF when the knife edge takes 2 pm steps horizontally, in
the x direction, through the focus, at 2.7 mm from the output of the polycapillary
optic. The measured data include standard deviation. The standard deviation,

o= \/ﬁ Zf\; |D; — p|?, is generated from five measurements, N = 5, where
D is a vector containing the observed data and p is the mean value. As seen,
the deviation is small, implying that the source behaves the same over time and
stage moves knife edge in a repeatable way, however it doesn’t tell the uncertainty.

33
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By assuming a Gaussian intensity distribution it is possible to determine the spot
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Figure 6.1: Measured edge spread functions ESF,, and a numerical fit ESF,,
calculated using equation 5.1, plotted for different energy regions when 2 pm knife
edge steps are taken at the location of focus. The measured flux is the total sum
from all pixels of the medipix detector.

size and position of the inflection point using the ESF, but the visual beam profile
remains unknown. Therefore, it is interesting to numerically differentiate the ESF
to obtain the LSF, but as mentioned in chapter 5, the outcome could be noisy.

In Fig. 6.2 the LSF is plotted, calculated from the derivative of the fitted curves
and the measured curves in Fig. 6.1. The noise of the measured data in figure 6.2 is
a result from the actuator not having enough resolution to continuously take 2 pym
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Figure 6.2: Line spread functions (LSF) of the focus obtained by numerically dif-
ferentiating the ESF in Fig. 6.1.

steps and from the linear stage holding the lens causing vibrations. The standard
deviation is still small, hence high precision between measurements. Furthermore,
the noise generated from the actuator seems to follow the same behaviour. It seems
like the actuator proceeds one long step followed by two short steps, over and over
again. The beam profile follows a Gaussian distribution as mentioned in chapter 5.
The FWHM is extracted from the fitted curve using equation 5.2 and is presented
in section 6.2.
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6.2 Parameters of Focus

Table 6.1 presents the general performance of the polycapillary optic by taking
the sum over the entire detector in focus. The transmission is calculated using a
denominator, which is the average over the x-ray emission spectrum for the different
energy thresholds. For higher energies, less photons are absorbed due to the reduced
absorption efficiency of the detector.

Table 6.1: Horizontal knife edge scan at focus.

Photon energy range E [keV] 5-8 8-11 11-14 14-17 17-c0

Focus size [pm] 13.4 13.0 12.8 11.2 11.2
Intensity gain 7860 8940 9930 6580 3510
Total flux [Rhotons] 1.1e9  1.5¢9  3.7e8  8.4e7  6.8e7
Flux density without optic [%] 9.6e8 139 2.9e8 1.3e8  2.0e8
Flux with optic density [IS)}X“:!(;I?;] 7.6el2 1.2e13 2.9el2 8.5ell 6.9ell
Brilliance [ 2ieten: | 7.9¢7  1.2¢8  3.0e7  89¢6  7.2¢6
Transmission % 8.0 8.5 9.1 4.6 2.4

6.3 Performance for Different Parts of Polycapillary Optic

Previously the ESF function has been obtained by taking the sum over all pixels.
This gave the general performance of the polycapillary optic, but did not tell the
performance of individual parts of the lens. As mentioned in chapter 3, the overall
performance of the polycapillary optic is affected by the general performance of
each individual capillary. By treating each individual pixel of the medipix camera,
all of the 65536 pixels, it is possible to produce an ESF for each pixel. This section
therefore states the result produced from each pixel as transmission, FWHM and
pointing direction of the polycapillary optic. The detector was placed such that the
beam from the polycapillary optic covered the entire detector, to resolve as much
information as possible and avoid saturation of the detector.

6.3.1 Transmission as a Function of Energy vs Radius and Per
Pixel

The polycapillary optic might have superior focusing effects, but if the transmission
is low only a few photons gets directed by the beam. This section will therefore
state the amount of photons that successfully reflects through the polycapillary
optic. In chapter 3, a brief section about undesirable properties were given, such
as broken capillaries. With this pixel-wise treatment it is possible to quantify these
properties, since glass capillaries with lower performance will simply yield lower
transmission. The transmission is calculated as the photons that are captured by
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the polycapillary optic relative the photons that are measured in focus. Fig. 6.3
shows the transmission of the lens relative individual pixels for different energy
thresholds.
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Figure 6.3: Transmission per pixel for different energy thresholds.

From Fig. 6.3 it is possible to interpret the transmission for various parts of
the polycapillary optic. The undesirable effects of the polycapillary optic seem to
be low. There are still darker regions, which probably is caused by broken glass
capillaries. The hexagonal bundles of capillaries can be seen due to a reduced
efficiency at the borders between them. Fig. 6.3 (c¢), contains some noise relative
the other energy thresholds. This is an effect caused by poor energy-calibration
of individual pixels. As seen in Fig. 4.3, most x-rays are produced at the Ga K,
line. This line of emission is rather close to the lower 11 keV energy boundary.
Poor energy-calibration of individual pixels could lead to an acceptance of this line.
This leads to a large numerator compared to the denominator, or the background
spectra, since that is an average value, which smears out the effects of the poorly
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calibrated pixels.

Furthermore, the transmission is circular symmetric relative the center from the
polycapillary optic, as it should be. Using this fact, the transmission relative the
center from the polycapillary optic can be plotted, seen in Fig. 6.4. The result in
Fig. 6.4 follows the trend from Fig. 6.3, thus decreasing transmission relative the
distance from center and as the energy threshold increase.
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Figure 6.4: Transmission relative the distance from the center of the polycapillary,
for different energy thresholds.

Since the polycapillary optic is polychromatic it guides a broad energy span of
x-rays. As the energy increases the critical angle decreases following equation 3.15,
implying that less photons will be reflected, which results in less transmission for
higher energies as obtained.

6.3.2 Spot Size for Different Parts of the Polycapillary Optic

In chapter 3, the focus size was approximated using the properties from one cap-
illary, which resulted in equation 3.17. It was further mentioned, that the reality
would be the net effect from all capillaries, but still the approximation should agree
rather well, if the capillary ends pointed into the same direction. In Fig. 6.5 the
pixel-wise focus size can be seen for the horizontal and the vertical direction of the
polycapillary optic. This will give a perspective of how well the individual focus
size relates to the actual focus size given in table 6.2. Interesting to note is the
reduced focus size for individual pixels compared to the net focus obtained in table
6.2. This could be due to capillary ends that points in different directions, or vari-
ations in quality of the capillaries, or how well the polycapillary optic is aligned to
the source.
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Figure 6.5: Spot size (FWHM) for different parts of the lens, for different energy
thresholds, for a horizontal and vertical scan in focus.
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Fig. 6.6 shows the horizontal spot size relative the distance from the center for
different energy thresholds. The general trend follows the pixel-wise spot size and
theoretical expectations, since higher energies result in slightly smaller spot sizes.
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Figure 6.6: Horizontal spot size (FWHM) relative the distance from the center of
the polycapillary optics output plane, for different energy thresholds.

6.3.3 Pointing Direction of Output Capillary Ends

From the previous section 6.3.2 the pixel-wise FWHM was in general smaller than
the net focus obtained in table 6.2. This deviation is thought to be caused by
the capillary ends pointing in different directions as seen in Fig. 3.9. This was
investigated further by calculating the center or the inflection point for each pixel
for a horizontal and vertical scan. Doing so, generates the pixel-wise center po-
sition or simply the pointing accuracy, which if all capillaries points to the same
direction, should be the same. This is illustrated in Fig. 6.7. Since the pointing
directions should be independent of energy the figure was generated by having a
single threshold of 5 keV. The scale bar refers to a length on the exit of the poly-
capillary optic. The magnitude of the deviation and the pointing direction of the
capillaries is shown in a color wheel. The color intensity tells the magnitude of the
deviation and the hue indicates the direction.
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Figure 6.7: Capillary pointing accuracy with a maximum deviation of 7 ym. Color
indicates local pointing deviation, magnitude and direction relative to focus center.
Scale bar refers to positions on the polycapillary optic exit.

If the capillaries in Fig. 6.7 pointed into the same direction, the picture would
be white. As seen, some regions are white, but the overall tendency is a slight
deviation. The FWHM pointing distribution was 3 pm for the = and y direction.
This further explains the increase of the net focus size relative the pixel-wise focus
size. Another symmetry is the pointing directions at the boundary of the polycap-
illary optic. At the boundary the capillaries points outwards, probably caused by
looser outer ends of the polycapillary optic. Theses outer capillaries most likely
separates from surrounding inner capillaries when cutting the polycapillary optic
and the tension caused by the bending results in a shift outwards.

6.4 Performance of Polycapillary Optic Relative Spot Size

Having a small source spot, with the same total power as on a larger source spot,
could improve the performance. This would result in greater efficiency and a smaller
spot size of the polycapillary optic, following the conditions mentioned in section
3.7. Until now the small focus size seems to be limited by the capillary ends that
points in different directions. However, it is unknown what the gain benefits and
flux densities in focus could be. This section therefore compares the data measured
from a 20 pum source spot, to a simulated 200 pum source spot of the same total
power. The simulated spot is estimated by offsetting the electron beam alignment in
the y direction to the jet. By taking knife edge scans on different offsets, between
-100 pm to 100 pum with 20 pm steps, data of an averaged 200 pum spot can be
obtained. Table 6.2 shows the difference in performance when taking the sum of
all pixels on the detector.
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Datagoum

Table 6.2: 20 ym source spot versus 200 pm source spot, Datagon -
o

Photon energy range E [keV] 5-8 8-11 11-14 14-17 17-00

Focus size factor 0.8 0.8 0.8 0.9 0.9
Total flux factor 2.8 2.5 2.6 3.2 3.6
Flux density factor 3.6 3.6 4.0 4.0 4.3

Table 6.2 implies that a smaller source spot greatly improves the performance
of the beam. Fig. 6.8 shows the difference in spot size for a 20 yum and a 200 um
source spot relative a theoretical spot calculated using equation 3.17.

The theoretical spot in Fig. 6.8 starts to align for higher energies, while having
too large spot sizes at lower energies relative the measured values. The simulated
200 pm source spot follows the focus size factor in table 6.2 relative the 20 pm
source spot. The 20 pum source includes a small standard deviation o, from 5
measurements. Both of the measured focus spot profiles show a small variation
with energy, almost constant for energies smaller than 14 keV.

Previous measurements have implied that the focus spot size is limited by poor
pointing accuracy of the output capillaries. However, as the source spot increases
the local divergence increases resulting in a larger spot, that has less dependence
on the pointing accuracy. To see if this was the case for a 200 um source spot,
Fig. 6.9 was conducted, which shows the pixel-wise spot size for a vertical knife
edge scan for different energy thresholds. Comparing Fig. 6.8 with Fig. 6.9 the
pixel-wise spot sizes in general follows the net focus size. This means that the local
divergence is greater or equal to the deviation in the pointing accuracy, making the
net focus mostly independent on the pointing accuracy.
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Figure 6.8: Theoretical spot calculated using equation 3.17 plotted against mea-
sured focus size, with 20 pm and 200 pum source spots for different energy thresholds.
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Figure 6.9: Spot size (FWHM) for different parts of the lens, for different energy
thresholds, for a vertical scan in focus for a 200 pum source spot.

6.5 Start of Future Measurements

The next step to properly state the benefits of the combination using the polycap-
illary optic and the liquid-metal-jet x-ray tube is to compare measurements with
other state of the art sources, using the same polycapillary optic. To start this
project, the same polycapillary optic used within this thesis was aligned against a
solid copper anode with a 50 kV acceleration voltage and roughly a 50 pum source
spot on 30 W. The total flux after the polycapillary optic was measured using a
PIN diode, which could be related to the flux measured when aligning the polycap-
illary optic to the liquid-metal-jet x-ray source. The comparison resulted in almost
nine times more flux with the liquid-metal-jet combination, which correlates to the
power ratio between the two sources.
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Discussion

Aligning the polycapillary against the liquid-metal-jet was anticipated to achieve
significantly higher flux densities compared to other current state of the art sources.
This was verified by simulating a 200 pum source spot with the same power as of
the 20 pm source spot. The smaller source spot resulted in higher flux densities in
focus, almost a factor of four higher than the 200 pm source spot.

The transmission of the polycapillary optic is rather small, but the reflected
x-rays are directed into a tiny spot causing an extremely high flux density in focus:
2.4e13 % Overall the transmission versus radius was circular symmetric.
Almost 20% transmission for the innermost capillaries and decreasing outwards
from the center of the polycapillary optic. As the energy threshold increased the
transmission decreased faster relative the radius, which correlates with the relation
for the critical angle 6., that decreases with energy.

The polycapillary optic showed a reduction in efficiency, specially at the bound-
aries between capillary bundles of the polycapillary optic. This could be an effect
of the glue used when fusing the polycapillary optic together, that is thicker be-
tween the bundles relative the glue between each of the capillaries. Furthermore,
the capillaries at the outer boundary of the polycapillary optic, at the output plane,
pointed in a direction outwards from the center of the polycapillary optic.

Focus sizes around 11-13 pum were obtained for the smaller 20 pm source spot.
This focus size was around 10-20% lower than the 200 ym source spot. Furthermore,
the FWHM pointing distribution was 3 pm for the x and y direction, which explains
the increase of the net focus size relative the pixel-wise focus size. The poor pointing
accuracy meant that the pixel-wise focus spots down to 7 um could not be fulfilled,
which limited the overall performance. This was further established from the data
for the pixel-wise spot size of the 200 um source spot, which showed the same
focus size for the net spot as the individual pixels. This implied that larger spots
are more independent of the deviation in the pointing accuracy. This is most
likely something the manufactures never have been informed about, opening up
possibilities for improvements. This means that the market for polycapillaries could

44
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be even better, if the manufacturing of the polycapillary optic could be improved.

A major application using polycapillary optics is within confocal micro XRF,
which today uses x-ray tubes as the one mentioned in section 6.5. This application
requires two lenses, one to focus the photons from the source into a sample and
another to collect the photons from the sample. The focus of the focusing polycapil-
lary optic is placed at the IFD of the collecting polycapillary optic. This alignment
of the two polycapillary optics generates a small volume, which allows for a 3D
representation of the composition of the sample. These types of measurements are
time consuming and it can take up to two weeks to gather the full 3D composition
of the sample. However, aligning this setup to the liquid-metal-jet x-ray source
should result in nine times higher flux, thus nine times faster measurements. This
setup therefore allows for more research within less time and is potentially a huge
door opener for confocal micro XRF.
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Conclusions

With the liquid-metal-jet x-ray source technology, electron spot sizes in the micro-
focus regime can be achieved with very high brightness. In applications where a
focused or collimated beam is needed, the liquid-metal-jet x-ray tube together with
polycapillary optics results in extremely high flux densities, around: 2.4e13 Si(ﬁ(r’;‘ﬁ .
The overall performance of the 20 pm source spot was compared to a 200 pm simu-
lated source spot were the flux densities was almost four times higher for the smaller
spot. The focus size generated by the smaller source spot was proven to be depen-
dent on the pointing accuracy of the capillaries. This could hopefully be improved
by perfecting the fabrication of the polycapillary optic, leading to even higher flux
densities. In the near future, application specialists within confocal micro XRF us-
ing polycapillary optics will perform measurements with their setup, when aligned
against the liqud-metal-jet x-ray source. This to verify the potential benefits, which
will be a huge door opener for confocal micro XRF and other techniques demanding
very high flux densities, but with low demands on beam divergence and spectral
purity.
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