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Abstract
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

In this thesis the development of a compact soft X-ray microscope is described. This
high-resolution (< 60 nm) microscope operates in the water-window wavelength region
(2.3-4.4 nm), where natural contrast between carbon (e.g., proteins) and oxygen (e.g.,
water) allows imaging of unstained biological material their natural, aqueous,
environment.

The microscope is based on a liquid-droplet-target laser-plasma source, which is
practically debris free and suitable for high-average-power operation. The flux,
brightness and bandwidth of this source has been characterised and optimised for X-ray
microscopy. Furthermore, the liquid-droplet-target concept has been extended to new
types of liquids. This includes cryogenic liquids, which have significantly different
hydrodynamic properties than conventional liquids. The concept was demonstrated with
liquid nitrogen (for X-ray microscopy) but can be extended to other gases (e.g., the
noble gases), for applications such as future lithography systems. The optics of the
microscope includes a novel condenser concept, a spherical normal-incidence multilayer
mirror, and a high-resolution, high-efficiency micro zone plate as objective. Images of
zone plates, diatoms and fixed cells have been recorded at λ=3.37 nm with high
resolution and reasonably short exposure times (2 min).



8

______________________________________________________________________

List of papers
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

This thesis is based on the following papers:

Paper 1 L. Rymell, M. Berglund, and H. M. Hertz, Debris-free single-line laser-

plasma X-ray source for microscopy, Appl. Phys. Lett. 66, 2625 (1995).

Paper 2 H. M. Hertz, L. Rymell, M. Berglund, and L. Malmqvist, Debris-free soft

X-ray generation using a liquid droplet laser-plasma target, in Applications

of laser plasma radiation II, eds. M. C. Richardson and G. A. Kyrala, Proc.

SPIE 2523, 88 (1995).

Paper 3 M. Berglund, L. Rymell, and H. M. Hertz, Ultraviolet prepulse for enhanced

X-ray emission and brightness from droplet-target laser plasmas, Appl. Phys.

Lett. 69, 1683 (1996).

Paper 4 L. Malmqvist, L. Rymell, M. Berglund, and H. M. Hertz, Liquid-jet target for

laser-plasma soft X-ray generation, Rev. Sci. Instrum. 67, 4150 (1996).

Paper 5 T. Wilhein, D. Hambach, B. Niemann, M. Berglund, L. Rymell, and H. M.

Hertz, Off-axis reflection zone plate for quantitative soft X-ray source

characterization, Appl. Phys. Lett. 71, 190 (1997).

Paper 6 M. Berglund, L. Rymell, H. M. Hertz, and T. Wilhein, Cryogenic liquid-jet

target for debris-free laser-plasma soft X-ray generation, Rev. Sci. Instrum.

69, 2361 (1998).



9

Paper 7 H. M. Hertz, L. Rymell, M. Berglund, G. A. Johansson, T. Wilhein, Y.

Platonov, and D. Broadway, Normal-incidence condenser mirror arrangement

for compact water-window X-ray microscopy, in X-ray Optics, Instruments,

and Missions II, eds. R. B. Hoover and A. B. C. Walker II, Proc. SPIE 3766,

(to be published September 1999).

Paper 8 T. Wilhein, D. Hambach, S. Rehbein, M. Berglund, L. Rymell, and H. M.

Hertz, A slit grating spectrograph for quantitative soft X-ray spectroscopy,

Rev. Sci. Instrum. 70, 1694 (1999).

Paper 9 M. Berglund, L. Rymell, M. Peuker, T. Wilhein, and H. M. Hertz, Compact

water-window transmission X-ray microscopy, submitted to Journal of

Microscopy.



10



11

______________________________________________________________________

1. Introduction
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

In general, a beam of a given type of radiation can only be used to probe structural
details down to the size of the wavelength associated with the beam. This is due to the
far-field diffraction limit, which originates from the wave-nature of the radiation.
Therefore, it is not possible to examine structures smaller than ~200 nm with
conventional optical microscopy. There are two different ways to achieve higher
resolution.

• Methods which rely on radiation with shorter wavelength than visible light.
• Methods which operate with a small scanned probe in close proximity to the sample.

The most common high-resolution technique is without doubt electron microscopy.
With this technique it is possible to reach a resolution of ~0.1 nm. However, the
relatively high-energy electrons used are not well suited for imaging thick biological
specimens in their natural aqueous surroundings. The extensive sample preparation
needed, e.g., staining and sectioning, might lead to the introduction of artefacts.

Soft X-ray microscopy is a method with intrinsic contrast, high resolution (~20 nm),
and good transmission through relatively thick biological specimens. Unfortunately, the
availability of soft X-ray microscopy is at present limited by the need for large
synchrotron facilities to generate the necessary X-ray flux, and by difficulties in
manufacturing optics with high resolution and high efficiency. It is important to
emphasize the fact that different microscopy techniques should not be seen as
competitors, but rather as complementary tools which can be used to gain as much
knowledge as possible about a specimen.

In this thesis, developments towards a compact soft X-ray microscope based on a laser-
produced plasma with a liquid droplet target (LDT) are described. With this target
system, one of the major drawbacks with laser-produced plasmas (LPP), the emission of
debris, can be minimised. Utilising a spherical, normal-incidence, multilayer mirror as
condenser and a high-resolution micro zone plate as objective, imaging of ~50 nm
structures can be performed with reasonable exposure times.

This chapter provides a short introduction to optical microscopy. Various high-
resolution techniques are also discussed. In Chapter 2, X-ray sources are discussed and
the basic properties of a plasma are reviewed. Chapter 3 deals with the problems
associated with X-ray optics and detectors. X-ray microscopy is reviewed in Chapter 4.
Finally, in Chapter 5, developments towards a compact X-ray microscope are discussed.
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1.1 Optical microscopy

The compound microscope was invented already at the end of the sixteenth century, by
Dutch spectacle makers, and in 1886 Carl Zeiss and Ernest Abbe constructed a
diffraction-limited microscope.1 The resolution of this microscope was limited, by far-
field diffraction, to

NA2
22.1R

⋅
λ⋅=  , (1.1)

where R is the resolution, λ the wavelength and NA the numerical aperture. The
numerical aperture can not be higher than unity for a lens in air, and the resolution is
therefore limited to ~200 nm for visible light. Equally important as high resolution is
good contrast, so that it is possible to distinguish between the object of interest and the
background. There are several ways to achieve good contrast, e.g., amplitude contrast or
phase contrast. It is best if the contrast is intrinsic, but artificial contrast can be
introduced by special techniques.2

Given a certain resolution, it is only useful to magnify the image up to a certain point,
e.g., ~1000× in visible light microscopy. Higher magnification will not add any new
information, and is normally referred to as empty magnification.

1.2 High-resolution techniques

Theoretical advances in physics during the last century, in combination with the rapid
increase in nano-scale fabrication skills, have led to the birth of several new high-
resolution imaging techniques.

1.2.1 Electron microscopy

In 1924, when de Broglie presented his theory that particles have wave properties,
scientists started to realise that a beam of high-energy electrons (~100 keV) could be
used for high-resolution microscopy. After some initial problems with the manufacture
of electromagnetic lenses, the first electron microscopes emerged in the 1930s.

The design of a transmission electron microscope1,3 (TEM) is basically the same as for
an optical microscope. Free electrons emitted in vacuum from a pointed filament are
focused by an electromagnetic condenser lens to a small spot on the specimen.
Transmitted electrons are magnified with another electromagnetic lens, the objective.
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The enlarged image is then detected with, for example, a fluorescent screen. The
resolution is limited to ~0.1 nm by lens aberrations, and the specimen must be
sufficiently thin to allow adequate electron transmission. Furthermore, it is often
necessary to stain the specimen to achieve good contrast.

In a scanning electron microscope1,3 (SEM) the image is formed by detecting, for
example, the back-scattered electrons from the surface of a specimen, while scanning a
focused beam of electrons. The resolution is limited to ~1 nm, but since non-conducting
specimens are normally coated with a thin layer of metal to reduce thermal damage and
to eliminate electrical charges on the surface, the resolution may be worse due to
smoothing of the finest features.

1.2.2 Scanned probe techniques

Several scanned probe techniques are in use, e.g., scanning tunnelling microscopy
(STM),4 atomic force microscopy (AFM),5 and scanned near-field optical microscopy
(SNOM).6 The basic common principle is to scan a small probe in close proximity to the
surface of the specimen and to detect some kind of interaction between the tip and the
sample.

In STM, a voltage is applied between the tip and the sample, which are both conductive.
An image is formed by monitoring the electrons that tunnel between the two electron
clouds, surrounding the tip and sample. The tunnel current is extremely sensitive to
distance and with a typical tip-sample distance of 1 nm a resolution of ~0.2 nm is
achievable.7 Unfortunately, STM is limited to conducting samples.

In AFM the tip is actually in contact with the sample. While the tip is scanned over the
sample, movement of the tip is detected with capacitive techniques, beam deflection or
by an STM on top of the AFM tip. The resolution is not as good as for STM but AFM
allows for imaging of non-conducting materials. The field of view is typically 0.1 µm ×
0.1 µm for both STM and AFM.

SNOM allows for high-resolution (~20 nm) imaging using visible light. At first this
seems to contradict Equation 1.1, but this equation is only valid for the far-field region
and SNOM operates in the near field, i.e., the probe is positioned in close proximity to
the specimen. If light is transmitted through an aperture smaller than the wavelength,
the resolution achievable is basically limited by the size of the aperture and the distance
between aperture and sample. Apertures can be made from drawing a single-mode
optical fibre to the breaking point in a commercial micropipette puller.8 A major
problem with smaller aperture sizes is the small amount of light emitted. Less light and
smaller scanning steps lead to impractical exposure times.
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1.2.3 X-ray microscopy

The basic principle behind soft X-ray microscopy9,10,11,12,13 is to use photons with
shorter wavelengths than visible light, thus improving the resolution according to
Equation 1.1. The definition of soft X-rays is somewhat vague, but typically the
wavelength region between 0.5 and 12 nm is used.14 Interaction between soft X-rays
and matter takes place mainly by photoelectric absorption,15 see Section 2.2.1. This
results in the transmission being strongly dependent on the material, and the wavelength
region between 2.3 and 4.4 nm (0.3-0.5 keV) is of special interest due to the high
natural contrast between proteins (carbon) and water (oxygen). This region is normally
referred to as the water window, see Fig. 1.1. Here, samples several microns thick may
be studied in their natural aqueous environment without staining, sectioning or fixation.
Problems are the lack of high-resolution optics with good efficiency and the scarcity of
high output, compact X-ray sources. X-ray microscopy will be discussed in more detail
in Chapter 4.

0.1

1

10

1 2 3 4 5
Wavelength (nm)

A
bs

. c
oe

ff
. (

1/
µm

)

Protein

Water

Fig. 1.1 The water window.
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2. X-ray Sources
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

 Since 1896, when Konrad Röntgen announced his discovery, X-rays have played an
important role in both science and in daily life. There are several ways of generating X-
rays and in this chapter a brief overview of different X-ray sources, both existing
techniques and methods that might be interesting in the near future, is presented. Special
attention is given to their suitability for soft X-ray microscopy. Since many of the
sources are based on plasmas, the physics of plasmas and different plasma models will
also be discussed. Finally, the laser-produced plasma (LPP) is discussed in more detail.

2.1 X-ray sources

Several aspects are important in discussing soft X-ray sources: average output power,
source size and emitted wavelengths, but factors such as the total cost and the physical
dimensions of the complete apparatus must also be taken into account. When comparing
different sources, the spectral brilliance is often used. The brilliance is defined as the
number of photons per second, per unit area of the source, per unit solid angle, per unit
spectral bandwidth.16 For pulsed sources, it is more convenient to use the number of
photons per pulse and for line-emitting sources, the bandwidth of one line is often
chosen.

2.1.1 Electron impact sources

Modern X-ray tubes, for example, those used in medicine, are based on the same
principle as the first tube used by Röntgen. The basic idea is to bombard a solid target
with electrons. An X-ray tube is illustrated in Fig. 2.1. Electrons, emitted from the
heated filament, are accelerated towards the target anode. Upon impact, the electron can
remove an inner-level electron inside a target atom. This is followed by relaxation of the
atom with the emission of an X-ray photon. The resulting spectrum consists of lines,
and is characteristic of the target material. It is also possible for the incoming electron to
be decelerated through Coulomb interaction with the electrons and nuclei of the target
material. This results in a continuous X-ray spectrum, and is referred to as
bremsstrahlung.
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Fig. 2.1 Illustration of the Coolidge X-ray tube.

The integrated conversion efficiency, ε, from electrons to continuum X-ray energy is17

VZ101.1 9 ⋅⋅⋅=ε − (2.1)

where Z is the atomic number of the target material and V the electron accelerating
voltage. For a low-Z target and a voltage suitable for soft X-rays (~1000 V) it is clear
that the efficiency is very low.

2.1.2 Synchrotron sources

Acceleration of a charged particle results in the emission of electromagnetic radiation.
This is the basic principle for synchrotron radiation (SR). SR was first observed, as an
undesired side-effect, from accelerators used for particle collision experiments in
nuclear physics.18 Today, there are numerous facilities dedicated to SR.

Fig. 2.2 A cone of synchrotron radiation formed by accelerating electrons.
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Electrons injected into a circular ring of vacuum tubes are maintained in orbit by dipole
bending magnets. The electron energy is kept constant with radio-frequency amplifiers
which compensate for radiation losses. When using high-energy electrons (typically ~1
GeV), relativistic effects must be considered, and the radiation emitted forms a narrow
cone in the direction of the tangent, see Fig. 2.2.

The spectrum produced by a bending magnet consists of harmonics of the revolution
frequency. Due to the high number of emitting electrons, the harmonics are smeared out
to form a continuum over a large wavelength range. It is possible to calculate a
characteristic wavelength, λc, for the radiation,

2

9

c EB
10864.1

⋅
⋅=λ

−
. (2.2)

Here B is the magnetic field (Tesla) and E the electron energy (GeV). The maximum
brilliance is achieved close to this wavelength.

In order to enhance the emitted brilliance, more specialised devices can be inserted into
the electron beam. Two such devices are wigglers and undulators. Technically, both
devices have much in common and consist of an array of permanent magnets, see Fig.
2.3.

N NS S

N NS S

λ0

e-

z

y

x

Fig. 2.3 Schematic diagram of a wiggler or undulator (from Ref. 18).

Each pair of magnets acts as a bending magnet, and in a wiggler the radiation adds
incoherently. By carefully selecting the magnetic field, B, and the period, λ0, some
wavelengths can be made to interfere coherently, thus producing sharp peaks in the
emitted spectrum. Such a device is called an undulator. A natural extension of the
undulator is the free electron laser (FEL). Radiation inside an optical cavity is amplified
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by stimulated emission caused by the electron beam in the undulator. To date, however,
no FEL has been demonstrated in the soft X-ray region.

It is well known that SR offers high-brilliance radiation in the soft X-ray region. The
major drawbacks are the size and cost of a synchrotron facility, which severely limit the
availability of this kind of radiation.

2.1.3 Plasma sources

Blackbody emission occurs from all bodies with a temperature, T, above absolute zero.
The peak of the emitted spectrum is at a wavelength given by

T
108978.2 3

peak

−⋅=λ . (2.3)

This is known as the Wien displacement law. To reach a peak wavelength of ~1 nm it is
necessary to achieve a temperature of ~1 million degrees Kelvin.

When focusing a high-power, short-pulse laser onto a target, a hot plasma is formed.
Even with a relatively small laser it is possible to create a plasma hot enough to emit X-
rays. This laser-produced plasma (LPP) is an attractive, compact, relatively inexpensive,
high-brightness source. Laser parameters such as the wavelength, pulse duration, and
the choice of target material, will strongly influence the spectral properties of the
emitted radiation from an LPP. The physics of LPPs is discussed in greater detail in
Section 2.3. A major drawback of LPP, especially when using a solid target, is the
emission of debris which can coat or destroy sensitive components close to the source.
This debris emission can be greatly reduced by the use of microscopic liquid droplets as
target material (Paper 2).

Another system that can generate the desired temperature is the pinch plasma device.19

In this device, the plasma is generated by magnetically imploding a low-temperature
plasma. There are several methods based on the pinch effect. One of the most common
is the gas puff z-pinch in which a gas is injected between two high-voltage electrodes.
The gas is ionised, forming a plasma through which a large current flows. This
generates a magnetic field and the force between this field and the current accelerates
the plasma radially inwards, thus creating a hot, dense, plasma emitting X-rays. An
advantage of the pinch plasma, compared with the LPP, is the higher overall conversion
efficiency from electrical power to X-rays. Disadvantages are the limitation to gaseous
targets and relatively low repetition rates.
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Both the pinch plasma and the LPP emit X-rays in a short pulse (1 ps - 50 ns), thus
offering the possibility of single-shot imaging. This would eliminate problems with
motion blurring as well as degradation of the sample due to radiation damage.

Finally, the X-ray laser is a promising candidate for coherent high-brilliance X-ray
generation. Suitable transitions for population inversion are found in highly ionised
atoms. However, there are three main obstacles, which must be overcome. The gain is
known to decrease rapidly with decreasing wavelength, the required pumping power
increases with decreasing wavelength, and there are no efficient cavity reflectors
available. Various X-ray lasers have been demonstrated20 and one initial attempt at X-
ray microscopy just outside the water window has been published.21 The major
disadvantage is the need for a large, expensive pump laser.

2.1.4 Other sources

When an intense laser field interacts with an atomic gas, odd harmonics of the
fundamental frequency are generated.22 The physics behind this phenomenon is
complicated but can be viewed as an exchange of several low-energy photons from the
laser field to one high-energy harmonic photon. Using a laser with extremely high peak
power, 1012 W or more, it is possible to create harmonics down to the soft X-ray
region.23,24 This radiation is coherent and has a small divergence. One problem may be
that the short laser pulse used (<100 fs) will lead to a broadening in the spectral region,
also for the harmonics. Furthermore, the conversion efficiency obtained so far is too low
to yield sufficient photon numbers for X-ray microscopy.

2.2 Basic plasma physics

The general definition of plasma is “matter in a state of ionisation, either partial or
complete”, i.e., an assembly of atoms, ions, and electrons. Sometimes, plasma is
considered as the fourth state of matter. Although not very common in our
surroundings, 99% of all matter in the universe is in a plasma state.

The strong and relatively long-ranged Coulomb force between the charged particles in a
plasma result in a behaviour quite different from that in a gas. Each particle in a plasma
interacts with a considerable number of particles surrounding it. This leads to a
collective response to a perturbation. In order to quantify this concept a characteristic
distance, known as the Debye length, λD, is introduced,25
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Here ε0 is the permeability of vacuum, k is Boltzmann’s constant, e the elementary
charge, T is the electron temperature and ne the electron density in SI units. Outside a
sphere with a radius of one Debye length, collective phenomena dominate, i.e., for a
system considerably larger than λD collective processes are dominant. When deriving
Equation (2.4), it is assumed that the Debye sphere contains more than one particle.
This criterion is fulfilled in most plasmas.

The resonance frequency for collective oscillations of the electrons is referred to as the
plasma frequency, ωp, and can be estimated as

e0

e
2

p m
ne

⋅ε
⋅=ω , (2.5)

where me is the electron mass. For an external electromagnetic field with frequency ω,
the electrons in the plasma can oscillate rapidly enough to absorb the field if ω<ωp.
Consequently, only radiation with a frequency ω>ωp propagates through the plasma.

2.2.1 Emission and absorption processes in a plasma

Several processes involving atoms, ions, electrons, and photons, take place in a plasma.
The most important ones, i.e., those which determine the conditions in the plasma, are
discussed below. It should be noted that for each process there is an exact inverse
process.

Collisional excitation involves a collision between an electron and an atom/ion. Kinetic
energy from the electron is transferred to the atom/ion which is excited to a higher
energy state. The opposite, collisional de-excitation occurs when an electron collides
with an excited atom/ion which de-excites and transfers energy to the electron.

Collisional ionisation can occur if the free electron has sufficient energy to release
another electron from the atom/ion. If two electrons encounter an ion and one electron
recombines, we have collisional recombination. This event is also referred to as three-
body recombination.

Photo-excitation occurs when an incoming photon is absorbed and the atom/ion is
raised to a higher energy level. Photo-de-excitation is the reverse process and normally
referred to as a bound-bound process, i.e., the electron is bound both before and after
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the process. Such a process yields emission with distinct energies, i.e., line emission.
The spectral width of such a line is governed by several line-broadening mechanisms.
Natural broadening is due to the limited lifetime of the excited state. In high-
temperature plasmas, Doppler broadening, due to the velocity distribution of the
emitting ions is important. Furthermore, the influence of strong electric and magnetic
fields results in Stark and Zeeman effects.

Photo-ionisation occurs when the incident photon has sufficient energy to remove an
electron from the atom/ion. In photo-recombination, an incoming electron recombines
with an ion resulting in the emission of a photon. This is called a free-bound transition
and yields continuous radiation.

Bremsstrahlung occurs when a free electron is decelerated by the influence of an
atom/ion. The loss in kinetic energy is emitted as a photon. In inverse bremsstrahlung,
the energy from an incoming photon is converted to an increase in the kinetic energy of
a free electron in the close vicinity of an ion. Bremsstrahlung is a free-free transition
and the emitted radiation is continuous.

2.2.2 Plasma models

The spectrum emitted from a plasma is a combination of the processes described in the
previous section. In most cases, the plasma parameters vary rapidly in time as well as in
space, and it is necessary to use computer-based numerical simulations to predict the
spectrum. Such codes are discussed further in Section 2.4. However, it is still useful to
develop simplified models in order to predict plasma behaviour.

The most general model is complete thermodynamic equilibrium (CTE). In this model, a
plasma at a temperature T is enclosed in an ideally isolated box. There are no
interactions with the surroundings, i.e., each process in the plasma is balanced by an
equal and opposite process. All particles in the plasma obey the Maxwell velocity
distribution, the population distribution over the energy states of any atom or ion is
given by the Boltzmann formula, the number of ions with charge Z relative to the
number of ions with charge (Z-1) is given by the Saha Equation, and the intensity
distribution of the radiation is given by the Planck formula. CTE is a theoretical model
and no real plasmas are found in CTE. The very fact that the plasma radiates prevents
CTE.

A plasma with high electron density can be described by local thermodynamic
equilibrium (LTE). In LTE it is assumed that collisional events including electrons
determine the behaviour of the system. An electron temperature, Te, can be derived
using the same laws as in CTE. However, the temperature of the ions and atoms, Ti, is
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not assumed to be equal to Te, and the radiation distribution is no longer governed by
Planck's law.

At very low electron densities the coronal equilibrium (CE) can be applied. This model
is named after the solar corona where it describes the conditions. It is assumed that
excitation and ionisation occur as a result of electron collisions, but that de-excitation
and recombination occur by the emission of photons. Conditions in a coronal system
can not be described by the laws governing CTE, each atomic process and the
corresponding cross-section must be considered.

The conditions in a given plasma may be such that LTE is applicable for some
transitions while CE is valid for others. More sophisticated models where both regimes
are accounted for have been developed, e.g., the collisional-radiative model by Bates et
al.26 For a more thorough review of plasma physics see, e.g., Goldston & Rutherford27

and Bittencourt.28

2.3 The laser-produced plasma

A plasma is created when an intense pulsed laser is focused onto a target. The target can
be solid, liquid or gaseous. Solid targets are most common as the high density of atoms
promises high conversion efficiency from laser light to X-rays. The threshold for
plasma generation is approximately 1011 W/cm2. At this intensity a thin sheet of free
electrons is formed on the surface of the target. These first electrons are generated by
the acceleration of the conducting electrons if the target is a metal. For insulators the
process is more complicated. Some insulators, for example, glass, are even transparent
to optical wavelengths. Nevertheless, free electrons are generated and mechanisms such
as multiphoton ionisation and the presence of impurities have been proposed to be
responsible. After generation of the first free electrons, the subsequent events are
essentially the same for insulators and conductors. Heating of the plasma is principally
due to inverse bremsstrahlung, see Section 2.2.1. This is true for intensities up to ~1015

W/cm2. At higher intensities, other plasma interactions, such as resonance absorption,
Brillouin scattering and Raman scattering, may be significant. Fig. 2.4 shows an
illustration of the laser-target interaction at a certain point in time during the pulse. The
electrons accelerated by inverse bremsstrahlung generate more free electrons by
collisional ionisation, thus forming an electron density gradient. At a certain point, the
critical electron density, nc, given by Equation 2.5, is reached and the laser beam can not
propagate further into the target. At this density, the laser beam is reflected and since
the inverse bremsstrahlung is strongly dependent on density, a thin layer which heats
the plasma, is created close to the critical density. A self-regulating system is formed
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where the critical density and heating zone move through the target during the laser
pulse. The discussion above is only valid for laser pulses longer than ~10 ps. For shorter
pulses there is no time for a self-regulating system to develop.

El
ec

tro
n 

de
ns

ity

Distance

H
ea

tin
g 

zo
ne

Incident laser light

Critical density

Underdense

Fig. 2.4 One-dimensional illustration of laser-target interaction (from Ref. 29).

2.4 Numerical simulations

There are several different types of codes for the simulation of laser-plasma
interactions. Significant efforts in theoretical calculation have been performed
especially in inertially confined fusion (ICF). Although it is necessary to use very
powerful computers and 3-dimensional codes in order to simulate real conditions, one
can gain useful knowledge with a 1-dimensional code and a personal computer. This
type of calculation can give indications regarding optimal laser parameters, such as,
pulse length and wavelength, as well as the best target shape and size. There are two
types of codes: particle in cell (PIC) codes suitable for microscopic simulations and
hydrodynamic codes suitable for the prediction of macroscopic behaviour. The first
deals with single particles, and calculates position and velocity iteratively in small time
steps. Hydrodynamic codes, however, do not account for individual particles. The
plasma is treated as two separate fluids representing the electrons and the ions. Sample
points are chosen as a mesh, either fixed or embedded in the plasma, and for each point
a set of equations, e.g., equations of motion, is solved numerically in small time steps.15

Several hydrodynamic codes are currently in use, for example LASNEX30 and
MEDUSA.31
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3. X-ray Optics and Detectors
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As discussed in Chapter 1, major difficulties are encountered in the optics when
constructing a soft X-ray microscope. This chapter presents a general overview of the
different optical components available in this region. Detectors for soft X-rays,
especially the CCD camera, will also be discussed. For a complete review of soft X-ray
optics, see Refs 32 and 34.

3.1 Refractive optics

The optical properties of a material are given by the complex refractive index. This can
be written as

,i1ñ β−δ−= (3.1)

where 1-δ denotes the real part, which determines the refraction and β corresponds to
absorption. In the soft X-ray region, δ is a small and positive number for most materials.
Thus, a positive lens would have to be concave and have a very long focal length
(several meters). Furthermore, the absorption, governed by β, is high in all materials
resulting in almost no transmission for the lens. This makes it practically impossible to
produce refractive lenses in this wavelength region. However, for harder X-rays,
refractive lenses have been used.33

3.2 Reflective optics

The amplitude reflectivity for an electromagnetic wave incident on an interface between
vacuum and a material is given by the Fresnel equations,34

θ−+θ

θ−−θ=
22

22

s
cosn~sin

cosn~sinr ,             
θ−+θ

θ−−θ=
222

222

p
cosn~sinn~
cosn~sinn~r (3.2)

for s-polarised light and p-polarised light, respectively. θ is the angle of incidence and
~n  is the complex refractive index.
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The reflectivity R can be calculated from

R=r·r*, (3.3)

where r* is the complex conjugate of r. Figure 3.1 shows the reflectivity for gold at
λ=2.4 nm and s-polarised light. The normal incidence reflectivity (θ=90°) is typically
~10-5 for most materials and it is thus impossible to use conventional mirrors in this
wavelength region.
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Fig. 3.1 Calculated reflectivity for λ=2.4 nm radiation, s-polarised light, incident on
gold (from Ref. 35).

3.2.1 Grazing incidence optics

At grazing angles of incidence it is possible to achieve high reflectivities, see Fig. 3.1.
However, a single imaging element, e.g., a spherical mirror, operating at grazing
incidence can not fulfil the Abbe-sine condition, resulting in severe aberrations. This
can, to some extent, be circumvented by using optics based on two or more elements.
There are two main types of dual-mirror optics: Kirkpatric-Baez36 optics and Wolter37

optics. The latter is the most promising approach for high-resolution imaging, and is
based on two confocal conicoidal surfaces. The high accuracy required in both surface
roughness and geometric errors, in combination with alignment problems, still makes
the manufacture of a high-resolution Wolter system a challenging task.

In applications with low demands on resolution, such as an X-ray microscope
condenser, grazing incidence optics can be of great interest due to the high reflectivity
and the relatively large solid angle, resulting in large collection efficiency.38
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3.2.2 Multilayer optics

Normal-incidence mirrors should have many advantages over grazing incidence optics,
such as smaller aberrations and larger collection areas. Unfortunately, the reflectivity at
normal incidence is typically of the order of 10-5, see Fig. 3.1. However, by stacking up
many single mirror layers such that the reflections from each layer add up in phase it is
theoretically possible to achieve high reflectivity at normal incidence.39 This is the same
principle as in optical coatings for visible light and in natural crystals used for harder X-
rays.

A soft X-ray multilayer mirror consists of two different materials with refractive indices
nh (high) and nl (low) alternately deposited on a substrate, see Fig. 3.2. In order to
ensure that the consecutive reflections add up in phase, the thickness of one layer pair,
d=dl+dh, should be equal to λ/2. The optimal thickness of dl is ruled by a trade-off
between constructive interference when dl=λ/4 and lower absorption losses when
dl⇒λ/2.
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Fig. 3.2 Illustration of the multilayer mirror principle.

Mirrors based on Mo/Si and Mo/Be layers have been successfully manufactured for
11~13 nm wavelength, with reflectivity close to 70%.40,41 Such mirrors are interesting
for the next generation of projection lithography, operating in this wavelength region
(10-15 nm).42 In the water window, the requirements on such multilayer structures are
significantly more difficult to fulfil. A mirror designed for normal incidence at λ=3.374
nm would have layers ~0.85 nm thick, i.e., a few atomic layers. Furthermore, the
roughness of the substrate and layers must be a fraction of a wavelength, placing
enormous demands on manufacturing tolerances. A few attempts have been made to
produce water-window multilayer mirrors for normal incidence.43,44 Typically, a
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reflectivity of ~3% has been reached. Utilising the enhancement in reflectivity close to
an absorption edge in some materials, can improve the performance of multilayer
mirrors.45 Suitable materials for the water window are Ti, V, and Ni. Theoretical
calculations indicate ~40% reflectivity close to the edge and ~10% in a fairly large
(>0.5 nm) wavelength region above the absorption edge.

3.3 Diffractive optics

Diffractive optics consists of gratings that can be operated either in transmission or
reflection mode. A special type is the zone plate. This can be described as a circular
grating with radially increasing line densities. This results in a focusing effect46 and
zone plates are regularly used as positive lenses for soft X-rays.

3.3.1 Gratings

Linear gratings are mainly used in monochromators or in spectral characterisation of
soft X-ray sources, see Paper 8. Both reflective gratings, often in combination with
grazing incidence, and transmission gratings can be used. The substrate can be either
plane or curved. The diffraction is governed by the grating formula

λ⋅=β+α⋅ m)sin(sind , (3.4)

where d is the grating period, α is the angle of incidence from the grating normal, β is
the angle of the diffracted light, m is the diffraction order and λ the wavelength.

3.3.2 Fresnel zone plates

The zone plate is by far the most commonly used optical component for high-resolution
imaging in the water-window region. It is normally used in transmission mode and
consists of alternating transparent and absorbing zones. Figure 3.3 shows an illustration
of a zone plate.

The radius rn of the nth zone should be such that radiation from all the open zones is
diffracted with the same phase to one point. This is true if the optical path difference
from object to image is λ/2 between two adjacent zone boundaries.
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The focal length of a zone plate is then given approximately by34

λ⋅
=

n
rf

2
n . (3.5)

For a zone plate with a total number of zones N>100, the thin lens formula can be used.
However, the focal length is proportional to λ-1 and the radiation used must be of
narrow bandwidth (∆λ). Theoretical calculations have shown that optimal image quality
is obtained when λ/∆λ≈N.47 Another difference compared with a thin lens is the
additional higher-order-diffraction focal points. These points exist for all odd orders
(m=±1, ±3…).

The theoretical efficiency of an absorption zone plate in the first order can be calculated
to be ∼10%. By replacing the absorbing zones with transparent and phase shifting (λ/2)
zones, the efficiency can be increased up to ∼40% theoretically.48

Fig. 3.3 Illustration of zone plate structure.

The width of the outermost zone, drN, can be calculated using Equation 3.5,

N2
rdr N

N = . (3.6)

This width is important since the best resolution achievable with a zone plate is
approximately equal to this outermost zone width. Until now, the best zone plates
manufactured have outermost zone widths of ~20 nm.49,50 More detailed information
about zone plates can be found in Refs 9-13.

Reflecting zone plates at grazing incidence can be used to characterise X-ray sources,
both spatially and spectrally, simultaneously, see Paper 5.
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3.4 Detectors

There are several detectors available in the soft X-ray region, e.g., diodes, photographic
film, CCD-devices, and photo-multipliers. In this section, the most common imaging
detector today, the thinned back-illuminated CCD, will be discussed. For a thorough
review of all existing X-ray detectors see, e.g., Ref. 15.

A charged coupled device (CCD) is a two-dimensional array of light-sensitive elements
(pixels). When a photon strikes a pixel, electron-hole pairs are created via the
photoelectric effect. Each pixel acts as a potential well, storing the created charge.
When the exposure is complete the charge in each pixel can be shifted towards a charge
detecting amplifier at the end of the array. Since the amount of charge created in each
pixel is proportional to the number of photons incident on that pixel, an image can be
created. In normal operation, see Fig. 3.4a, the incident photons must pass through the
gate structure in order to generate signal electrons. Due to high absorption in this layer
the efficiency of front-illuminated devices is poor for short-wavelength radiation. To
circumvent this problem a thinned back-illuminated CCD is often used, see Fig. 3.4b.
The silicon wafer is thinned down to ~15 µm and the photons are incident on this layer
(the back). The typical quantum efficiency for this type of CCD is 0.6 for wavelengths
between 1 and 20 nm.51 A thorough description of the CCD can be found in Ref. 52 and
thinned back-illuminated CCDs as detectors in soft X-ray microscopy are characterised
in Ref. 51.
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Fig. 3.4 Illustrations of a) front- and b) back-illuminated CCDs (from Ref. 52).
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4. Soft X-ray Microscopy
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As mentioned in Chapter 1, soft X-ray microscopy in the water window (2.3-4.4 nm)
offers the possibility of performing high-resolution imaging of samples, several microns
thick, in their natural aqueous environment. Already in 1952, Wolter presented the idea
of a water-window X-ray microscope based on grazing incidence mirrors.37 However,
due to the lack of suitable sources and optics it took another twenty years before X-ray
microscopy could provide high-resolution images.53 This was done with zone-plate
optics and synchrotron radiation as the light source. Today, there are a handful of
microscopes in operation. Almost all of them are still based on zone-plate optics and
synchrotron sources.

In this chapter, some different approaches to high-resolution soft X-ray microscopy are
briefly reviewed. Contrast mechanisms and sample damage due the radiation will also
be discussed. For more extensive reviews of soft X-ray microscopy see, e.g., Refs. 14,
46 and 78.

4.1 Contrast mechanisms and radiation damage

X-rays interact with matter by elastic and inelastic scattering and by photoelectric
absorption.15 For soft X-rays the dominating process is photoelectric absorption. Cross
sections for this process are strongly dependent on the material and display
characteristic edges at energies where the X-ray photon has sufficient energy to remove
electrons from a particular atomic level, see Fig. 4.1. Cross sections can be calculated
using atomic data from, e.g., Henke.54

Even better contrast than amplitude contrast, emanating from photoelectric absorption,
can be achieved with phase contrast.55 This can be used both in the water window and
for shorter wavelengths. With good contrast, the radiation dose required to create a good
image can be reduced. This is important since soft X-ray radiation is ionising radiation,
thus destroying the sample during exposure. Several papers have been published
discussing radiation damage and the maximum dose possible before structural changes
will occur in the sample.56,57 In a comparison between electron microscopy and soft X-
ray microscopy it was concluded that soft X-rays result in a lower radiation dose when
the sample is thick (>500 nm).58
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Fig. 4.1 Absorption in the water window. The calcium absorption edge illustrates the
possibility of mapping specific elements by utilising two slightly different wavelengths.

Chemical fixation and cryogenic cooling are two ways of improving the resistance of
the sample to radiation. Some general guidelines are given in Ref. 78, stating that ~50%
of common cells die from a 3 Gray dose (1 Gray=1 J/kg). Wet and living samples show
signs of radiation damage at 104-105 Gray. Chemically fixed, wet samples show
morphological change when the dose exceeds 106 Gray, dry specimens are stable up to
107 Gray and frozen hydrated samples can withstand up to 108 Gray. The dose required
to give an image with a given resolution and signal-to-noise ratio depends on the sample
and the instrument parameters. Typical doses vary between 105 and 106 Gray,
depending on the microscopy technique used, see Section 4.2.

4.2 X-ray microscopy techniques

Various methods can be applied in X-ray microscopy, e.g., contact, full-field imaging,
scanning, and holographic microscopy. The simplest approach is contact microscopy
(CXM), see Fig. 4.2. The specimen is placed in contact with an X-ray-sensitive
photoresist, e.g., polymethyl methacrylate (PMMA). After exposure to X-rays, the resist
can be developed and viewed in an electron microscope or an AFM. The typical
resolution of the photoresists employed is ~10 nm, but due to Fresnel diffraction
(proportional to dλ , where λ is the wavelength and d the distance between the sample
and the resist) the resolution achieved is more likely to be >40 nm. An appealing feature
of CXM is the possibility of recording images with one short flash (~1 ns) of X-rays
from, for example, an LPP,59 thus, avoiding motion blurring and sample degradation.
The main disadvantages of the method are positioning of the specimen close enough to
the resist to achieve high resolution and difficulties in exposing and developing the
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resist in such a way that gives reasonably good representation of the specimen. CXM
has been applied to a large range of specimens, see Refs 60 and 61.

                              

X-rays

Specimen

Resist

Image in resist 
after development

Fig. 4.2 Principle of contact X-ray microscopy.

In full-field transmission X-ray microscopy (TXM) the X-rays are focused onto the
specimen with a condenser and an objective is used to provide a magnified image. This
employs in principle the same geometry as for normal optical microscopes and
transmission electron microscopes. Unfortunately, the best optics for soft X-rays have
only ~10 percent efficiency. This results in excessive radiation of the specimen and in
the need for a high brightness X-ray source.

A small number of TXMs are currently operational and one of the most prominent is
that operated by the Göttingen group62 at the BESSY synchrotron facility in Berlin.63

An illustration of the layout of the microscope is presented in Fig. 4.3.

Objective
zone plate Detector

(CCD)X-rays

Condenser 
zone plate

Sample on
aperture

Central
stop

Fig. 4.3 Layout of the zone-plate-based transmission X-ray microscope at BESSY,
Berlin.
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Radiation from a bending magnet is focused onto the sample with a condenser zone
plate which also acts as a monochromator. Another zone plate acts as the objective,
creating a magnified image on a thinned back-illuminated CCD. The holographically
constructed condenser zone plate has 4104.3 ⋅ zones, is 9 mm in diameter and has an
outermost zone width of ~54 nm.64 The spatial resolution achievable is currently limited
by the outermost zone width of the objective zone plate to ~20-30 nm.65,49

This microscope has been used for numerous experiments in, e.g., soil science66 and cell
studies.67 Furthermore, phase contrast imaging,68 imaging of cryogenically frozen
samples to reduce radiation damage,69 and 3-D imaging have been demonstrated.70

Figure 4.4 shows a 5 s exposure (λ=2.4 nm) of a cryogenically frozen alga
(Chlamydomonas rheinhardtii) recorded with the Göttingen microscope.71

Fig. 4.4 X-ray image of an alga, Chlamydomonas rheinhardtii, (from Ref. 71).

Other microscopes based on the same principle can be found in, e.g., Aarhus,
Denmark,72 Berkeley, USA,73 and Okazaki, Japan.74

Another interesting aspect of TXM is the possibility of using a very high brightness,
short pulsed source to image the specimen without the influence of movement or
radiation damage. Such microscopes have been demonstrated with an X-ray laser source
just outside the water window21 and with a pinch-plasma source75 (unfortunately with
poor resolution and low signal-to-noise ratio).

In scanning transmission X-ray microscopy (STXM), X-rays are focused with, for
example, a zone plate, to a small spot. By scanning the specimen in two dimensions,
and detecting the transmitted signal with an X-ray diode or a proportional counter, an
image can be recorded. The resolution is limited mainly by the size of the focused spot
and by the precision in the scanning stage. With this arrangement, no optical
components are located between the sample and the high-efficiency detector, thus the



34

sample will be irradiated with the minimum dose. This is especially important when
radiation-sensitive specimens are investigated, see Section 4.1. However, large image
fields in combination with high resolution result in long exposure times.

The absorption coefficient changes dramatically close to an absorption edge, see Fig.
4.1, and by scanning the wavelength, STXM can also be used for elemental mapping.
Such work has been performed at the National Synchrotron Light Source (NSLS) in
Brookhaven, USA.76 Especially X-ray absorption near-edge structure (XANES)
resonances, where an inner-shell electron is transferred to a near-vacuum molecular
level, can be utilised to study the chemical binding state of the atom.77 It is also possible
to detect other signals than the transmitted X-ray radiation, e.g., photoelectrons, Auger
electrons, X-ray fluorescence and luminescence.78

In holographic microscopy, the image is formed by recording the interference between a
wave passing through the sample and a reference beam. With this method it is possible
to achieve a lensless microscope with the ability to record images containing both
amplitude and phase information. The need for a coherent source with high power limits
the method to synchrotrons and X-ray lasers. Lindaas et al., have demonstrated 40-50
nm resolution with 1.89 nm radiation from a synchrotron, recording the hologram in a
photoresist and utilising an AFM to read out the image.79
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5. Compact X-ray Microscopy Based on a
Liquid-Droplet Target

¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

In this chapter, development towards the compact X-ray microscope described in Paper
9 is discussed. Most of the work has been carried out on the liquid-droplet target X-ray
source, but the condenser arrangement and the first results obtained with dry object
imaging are also discussed.

5.1 Liquid-target X-ray source

The liquid-target laser-plasma X-ray source described in the papers in this thesis was
first presented in Ref. 80. The basic idea was to use liquid droplets with the same size as
the laser focus as target material, thereby reducing debris emission significantly. The
droplets are generated with a technique adopted from ink-jet printing81 in which the
liquid is forced, at high pressure, through a small glass-capillary nozzle. By vibrating
the nozzle with a piezo-electrical crystal it is possible to generate a stable train of
equally sized droplets. The hydrodynamic theory for this is thoroughly described in
Paper 2.

Not all liquids have suitable hydrodynamic properties for droplet formation, and Paper 4
describes a simplified method with which the laser is focused directly onto the jet before
it breaks up into droplets. There is no detectable difference in debris emission from this
target compared with droplets, but since the plasma is generated closer to the orifice it
leads to slightly greater wear of the nozzle.

5.1.1 Debris emission

Focusing a pulsed laser on a solid bulk target leads to the formation of a hot plasma.
Due to the rapid heating, shock waves are generated. These shock waves cause the
emission of debris, both atoms/ions and larger fragments. Debris is also emitted from
the cooler target area surrounding the plasma where the temperature is not high enough
to completely ionise the material. Several methods have been proposed to reduce the
debris, e.g., fast shutters,82 thin solid filters, and gas filters.83,84
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According to the discussion above it should be possible to significantly reduce the
debris by carefully selecting the size and shape of the target. The idea is to have target
material only within the focal volume of the laser beam. The first step was the
introduction of tape targets,85 e.g., audio or video tape, where the small target thickness
eliminates shock waves thereby reducing debris emission. By also reducing the target
size in the two dimensions perpendicular to the laser beam, e.g., to the same size as the
FWHM of the laser focus, it is possible to achieve a size-optimised target.

The liquid-jet target described in the papers is one way of achieving such a target. An
obvious limitation of this method is that only liquids may be used. In Paper 1, the
possibility of dissolving salts in liquids is demonstrated and in Paper 6, a liquefied gas
is used as a target, thereby extending the method beyond substances that are in the
liquid state at normal temperature and pressure.

The amount and the composition of the emitted debris depend on the target liquid, see
Fig. 5.1. In the study described in Ref. 84, the debris from liquid-ethanol droplets was
characterised by X-ray photoelectron spectroscopy (XPS) analysis of glass slides
exposed to the debris. If the composition is known, a more simple method, based on
absorption of visible light, can be used to measure the amount of debris. Figure 5.1
shows the measured debris from several different liquid-jet targets and a tape target for
comparison (note the logarithmic scale). For some target materials, there is no
detectable debris. These targets consist of material that only forms gaseous compounds
after plasma generation.

0.01

0.1

1

10

100

1000

10000

Low-debris
tape target

Fluorocarbon
target

Water-urea
target

Ethanol target Ammonium
hydroxide

target

Liquid
nitrogen

target

D
eb

ris
 (p

g/
sr

/p
ul

se
)

Fig. 5.1 Debris emission from different LPP sources, (from Ref. 86 and Paper 6).

The emission of larger clusters can be investigated by positioning thin metal foils close
to the source. Several such investigations performed on the liquid-jet/droplet target
revealed no holes in the foils, i.e. no large clusters were generated.
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Finally, the condenser mirror in the microscope described in Paper 7 has been exposed
to >50 hours of 100 Hz laser plasma production without any protective filters and
showed no detectable reduction in reflectivity.

5.1.2 X-ray emission

The X-ray emission from an LPP consists of continuous bremsstrahlung and element-
specific line emission, see Section 2.2.1. For light-element targets, the line emission is
dominant which makes them interesting as target materials in LPP applications where
quasi-monochromatic radiation is necessary. Carbon and nitrogen are two elements with
strong resonance lines inside the water window, thus making them suitable for X-ray
microscopy with zone plates. Figure 5.2 shows spectra from ethanol and liquid nitrogen
targets. Both spectra were recorded with the slit-grating spectrograph described in
Paper 8. In most cases, it is favourable to operate an X-ray microscope in the lower
wavelength part of the water window, where the higher transmission allows for the use
of thicker samples. This makes nitrogen the most interesting target material with the
hydrogen-like line (1s-2p) at λ=2.48 nm and the helium-like line (1s2-1s2p) at
λ=2.88 nm. Unfortunately, the first line is accompanied by a hydrogen-like line (1s2-
1s3p) at λ=2.49 nm and the corresponding bandwidth using both these lines is
λ/∆λ≈200. This may be too low to avoid the chromatic aberrations in the high-
resolution zone plates currently used (Section 3.3.2).
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Fig. 5.2 Spectra from ethanol (Paper 7) and liquid nitrogen (Paper 6) targets.

The microscope described in Paper 9 is based on a multilayer mirror as condenser. At
present, only the mirrors described in Paper 7 for λ=3.37 nm are available, but ongoing
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collaboration is aimed at producing mirrors with similar performance for both 2.48 nm
and 2.88 nm. The microscope is thus currently being operated with an ethanol target,
but it is designed for easy upgrading to shorter wavelengths when suitable mirrors
become available.

Normally, several different target liquids are available containing the element of interest
(in our case, carbon). Among them, ethanol has suitable hydrodynamic properties, high
carbon content, and is not hazardous. Liquids with higher carbon contents, e.g., octane,
and thus higher fluxes of useful X-rays have been demonstrated as liquid-jet targets.87

When the most suitable target liquid has been selected, the source must be optimised for
the microscope arrangement.

The useful source size can be calculated from the geometry of the current X-ray
microscope arrangement. The field of view is ∼20 µm and with a magnification of ∼2 in
the condenser this results in an effective source diameter of ∼10 µm. Within the field of
view the illumination should be uniform, i.e., a source size of ∼20 µm (FWHM) is
required. Inside these 20 µm the brilliance (discussed in Section 2.1) should be as high
as possible.

To optimise the brilliance, both laser parameters and source parameters must be
considered. Size measurements performed with a pinhole camera showed that a typical
soft X-ray source size of 15-30 µm (FWHM) is achieved with 15 µm droplets (laser
pulse lengths 100 ps and 3 ns). However, experiments with longer laser pulses (8 ns)
result in a larger, less brilliant, X-ray source due to plasma expansion. Although the
FWHM is not more than ~40 µm, over 50% of the photons originates from a large, thin
plasma cloud (~300 µm in diameter) surrounding the bright centre. Numerical
simulations with the hydrodynamic code MEDUSA, discussed in Section 2.4, support
this observation and suggest a maximum laser pulse length of ∼1 ns for 15 µm droplets
in order to obtain most of the radiation from a ∼20 µm spot.

Furthermore, the peak intensity of the focused laser beam should exceed ∼1013 W/cm2

to create a plasma hot enough to emit the desired water-window wavelengths. This has
been experimentally verified by adjusting the laser pulse energy and observing the
corresponding spectrum.

Finally, the preferred laser wavelength must be addressed. Shorter wavelengths
generally lead to better conversion efficiency from laser energy to X-rays.88 On the
other hand, for Nd:YAG lasers this is counteracted by the loss of energy in the non-
linear frequency conversion process necessary to generate short-wavelength laser
radiation. Experiments performed with a 100 ps laser showed that equal amounts of X-
rays were emitted from a plasma created with 35 mJ of λ=355 nm laser light and a
plasma created with 70 mJ of λ=532 nm. The fundamental at λ=1064 nm is avoided due
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to laser and eye safety aspects. Another candidate is the excimer laser. This type of laser
produces short-wavelength radiation directly without the need for non-linear frequency
conversion.

Bearing in mind the above restrictions, the laser with highest possible average power
should be chosen in order to minimise the exposure time in the microscope. With regard
to reliability, handling and maintenance, the best candidate is probably a solid-state
laser. The microscope is currently being operated with a 100 Hz Nd:YAG laser
(Coherent, Infinity) producing up to 240 mJ pulses (λ=532 nm) <3 ns long. Lasers with
even higher average powers are under development.89

5.2 The condenser concept

X-rays from a synchrotron are emitted in a well-collimated beam while X-rays from the
droplet-target LPP are emitted almost uniformly in space (4π steradian). Due to this, the
demands on a condenser for the droplet-target source are quite different from those on a
condenser in a synchrotron-based microscope. For instance, the condenser zone plate
described in Section 4.2 would result in a low numerical aperture and is therefore not
suitable for the droplet-target source. Several different condenser concepts have been
demonstrated previously with compact X-ray sources, e.g., grazing-incidence optics
(elliptical90,91 and toroidal92) and diffractive93 optics.

The spherical, normal-incidence, multilayer-mirror condenser concept described in
Paper 7 has several attractive qualities such as: a low degree of aberration, easy
alignment and wavelength selectivity. Moreover, the technology for manufacturing
multilayers in the water-window wavelength region is only in its infancy and major
improvements are expected in the near future.

      Fig. 5.3 X-rays at λ=3.37 nm reflected by two multilayer mirrors, a) and b)
(from Paper 7).
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We have three W/B4C mirrors available, all designed for λ=3.37 nm, i.e., the hydrogen-
like (1s-2p) carbon line. Figure 5.3 shows X-ray images of the two best mirrors. The
mirror used in the microscope (Fig. 5.3b) has a peak reflectivity of 3% and an average
reflectivity of ~0.5%. The mirrors are designed to match the numerical aperture of an
objective zone plate with an outermost zone width of 30 nm. This results in mirrors 58
mm in diameter, a radius of curvature 343 mm and a magnification of 1.8×.

The focusing properties of the mirrors are unfortunately not as good as expected. Only
~15% of the focused radiation falls within the expected FWHM spot, while the rest of
the radiation is evenly spread out over ~0.2 mm diameter. The reason for this is not yet
fully understood but might be due to a small-scale waviness that either originates from
the substrate or is introduced in the coating process.

5.3 The compact X-ray microscope

The primary goals of the first microscope prototype presented in Paper 9 were to
experimentally verify the calculated exposure times with the condenser concept and to
gain as much experimental experience as possible for the final microscope design.

5.3.1 Experimental arrangement

The microscope is based on a liquid-droplet target LPP source, a multilayer condenser,
a high-resolution micro zone plate and a thinned back-illuminated CCD detector. There
is no environmental chamber incorporated, i.e., the sample is positioned in vacuum.
Figure 5.4 shows an illustration of the microscope arrangement. A multilayer mirror is
positioned 263 mm below the source, focusing the X-rays to a bright spot 229 mm
above the source. A central stop 20 mm above the source prevents direct light from
reaching the object field, and zero-order light from the micro zone plate from reaching
the image field. Since the multilayer mirror also acts as a mirror for the λ=532 nm laser
light, a 300 nm thick titanium foil is positioned 20 mm below the object plane to
prevent this light from reaching the sample and detector.

A photograph of the object holder is shown in Fig. 5.5. The zone plate and sample are
mounted on a linear translation stage. This stage can be removed and positioned in an
invert microscope (Olympus IMT-2) for alignment purposes. In this microscope, the
object is aligned with the zone plate. Furthermore, a 25 µm pinhole is aligned with the
light microscope in such a way that it is possible to move between the pinhole and the
object/zone plate (with the linear stage and two micro-switches).
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Fig. 5.4 Arrangement of the compact transmission X-ray microscope.
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Fig. 5.5 Photograph of the object holder.
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The alignment procedure of the X-ray microscope is quite easy. After alignment of the
zone plate, object and pinhole in the light microscope described above, the linear stage
is refitted in the X-ray microscope, which is then evacuated down to ~10-4 mbar. The
focal spot of the condenser is located by observing the image of the mirror created by
the green laser light (scattered from a droplet) passing through the 25 µm pinhole. It is
only possible to observe the entire mirror image when the pinhole is positioned exactly
in focus. With this method, the focus can be located within +/- 100 µm in the direction
of the optical axis and +/- 20 µm in the perpendicular directions. By simply reinserting
the metal filter (to remove visible light) with a lever from outside and by switching from
the pinhole to the object/zone plate with the linear translation stage, the microscope is
aligned and operational.

5.3.2 Dry object imaging

In order to test the performance of the microscope several images of different objects
were recorded, e.g., zone plates, diatoms and fixed cells. Diatoms are used as standard
dry test objects in X-ray microscopy.

2 µm 2 µm

Fig. 5.6 Diatoms imaged with the compact X-ray microscope.

They are unicellular algae generally placed in the family Bacillariophyceae. The cell
walls of these organisms are made of silica and are highly suitable as radiation-resistant
test objects. The images of the two diatoms depicted in Fig. 5.6 were recorded at 650×
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magnification and 2 min exposure time (note the slightly different scale bars). Features
of ~100 nm are clearly resolvable.

To test the resolution in a more controlled way it is necessary to manufacture test
objects with known properties. In Fig. 5.7 an image of a gold zone plate is shown
(1000× magnification, 2 min exposure time). This zone plate, manufactured by Marcus
Peuker, consists of 200 nm thick Au zones on a 180 nm Si substrate, has 50 nm
outermost zone width and 70 µm diameter. Unfortunately, it was not possible to
position the outermost zones in the field of view but the smallest zones imaged are 58
nm and clearly visible, see Fig. 5.7b.

2 µm
a)

1 µm

b)

Fig. 5.7 a) The first 90 zones of a gold zone plate. b) Outer zones with ~58 nm width.

Some initial experiments with fixed cells (COS-7) have also been performed. Figure
5.8a shows an image of one such cell recorded at 650× magnification with 2 minutes
exposure time. The structures in the thin part of the cell are clearly resolved but the
thick part of the cell (to the left in the image) is unfortunately too thick to be able to
discern any detail inside the cell. This is due to the relatively low transmission in carbon
at λ=3.37 nm. By utilising the nitrogen lines (either λ=2.48 nm or λ=2.88 nm) thicker
objects can be imaged, cf. Fig. 4.1.

The X-ray image of strands from a spider’s web in Fig. 5.8b illustrates the high contrast
available at λ=3.37 nm for thin structures (the strands have a diameter of ~300 nm).
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2 µm

a)

    
2 µm

b)

Fig. 5.8 a) X-ray image of a fixed COS-7 cell. b) X-ray image of spider’s web strands at
680× magnification.

5.3.3 Future improvements

Future improvements include a dedicated arrangement in a temperature-controlled
environment (to minimise thermal drift). A wet cell will also be implemented. Ongoing
collaboration on multilayer condenser optics should result in better reflectivity and
focusing properties in the near future. Mirrors for shorter wavelengths (2.88 nm) are
also expected. Finally, by upgrading the laser system to 1000 Hz and a shorter pulse
length (1 ns), an exposure time highly competitive with synchrotron-based microscopes
is expected.



45

______________________________________________________________________

6. Summary of the papers
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯

The papers in this thesis describe developments towards a compact soft X-ray
microscope. Most of the work has been carried out on the development and
characterisation of the liquid droplet/jet target X-ray source.

Paper 1 presents a study which demonstrates the possibility of using ammonium
hydroxide as a target liquid. With this target material, the resonance lines in nitrogen,
well suited for high transmission in water, can be utilised for water-window
microscopy. Another advantage is complete debris-free operation. The paper also
describes the possibility of using solutions of solids as targets for LPP.

Paper 2 reviews the hydrodynamic theory for liquid jets and droplet formation. The
applicability of the droplet-target LPP for microscopy and lithography is also discussed.

Paper 3 is concerned with the optimisation of flux and brightness from the droplet-
target LPP by means of an artificial prepulse a few nanoseconds before the main laser
pulse. Both flux and brightness could be increased significantly compared with the case
when no prepulse was employed.

Paper 4 introduces a new type of liquid target. Instead of using microscopic liquid
droplets as the target, the laser is focused onto a microscopic liquid jet. Spectral
emission, stability and debris production for this new target were investigated.

Paper 5 presents a new type of high-resolution X-ray spectrograph based on an
elliptical off-axis reflection zone plate in combination with a calibrated CCD. The
possibility of performing simultaneous high-resolution spectral and spatial
investigations of a soft X-ray source is demonstrated by studies of the droplet-target
laser-plasma source.

Paper 6 describes a study in which the possibility of using a liquid-nitrogen jet as a
target for LPP X-ray generation is demonstrated. This X-ray source is well suited for
water-window microscopy. The possibility of using other liquefied gases, e.g., the noble
gases, as targets, thus extending the concept to other wavelength regions, is also
discussed.
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Paper 7 describes a new type of condenser for soft X-ray microscopy, a normal-
incidence, multilayer, spherical mirror. This high-collection-efficiency condenser with
intrinsic wavelength selectivity is designed for the λ=3.37 nm line emitted from carbon
ions.

Paper 8 describes a slit grating spectrograph (SGS) based on a free-standing
transmission grating and a calibrated CCD. With this “easy to align spectrograph” both
single-shot recordings from pulsed sources and absolutely calibrated spectra with high
spectral resolution can be recorded. The spectrograph is demonstrated with the liquid-
droplet source.

Paper 9 presents the first compact, water-window soft X-ray microscope based on the
droplet-target LPP. Imaging of test objects was performed at λ=3.37 nm, showing high
resolution (<100 nm) and reasonable exposure times (2 min).

The work described in this thesis can be divided into two parts. The first concerned the
characterisation and further development of the liquid-droplet source and resulted in
Paper 1-6 and 8. The second part aimed at constructing a compact X-ray microscope
and resulted in Paper 7 and 9.

The author has been the main responsible for Paper 3, 6 and 9. For the rest of the
papers, the author has contributed to the experimental parts concerning the LPP source
and in the preparation of the manuscripts. The author has not been involved in the
design and manufacture of the X-ray optical components discussed in Paper 5, 7 and 8.
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