
SE9700363

Development and Characterisation of
a Laser-Based Hard X-Ray Source

Carl Tillman

Lund 1996

i 2 2



Organization
LUND UNIVERSITY

Department of Physics
Lund Institute of Technology
P.O. Box 118, S-221 00 Lund; Sweden

Authors)
Carl Tinman

Document name
DOCTORAL DISSERTATION

Date of issue November 1996

CODEN: LUTFD2/(TFAF-1031)/l-81/(1996)

Sponsoring organization

Title and subtitle
Development and Characterisation of a Laser-Based Hard X-Ray Source

Abstract

A laser-produced plasma was generated by focusing 100 fs laser pulses, with an energy of 150 mJ,
onto metal targets. The laser intensity was expected to reach 1017 W cm2. Radiation was emitted
from the created plasma, with photon energies extending up to the MeV regime. The laser-based
X-ray source was optimised, with the purpose of making it a realistic source of hard X-rays
(>10 keV). Dedicated equipment was developed for efficient generation and utilisation of the hard
X-rays.

The X-ray source was characterised with respect to its spatial extent and the X-ray yield.
Measurements were made of the spectral distribution, by the use of single-photon-counting detectors
in different geometries, crystal spectrometers and dose measurements in combination with absorption
filters. Ablation of the target material in the laser-produced plasma was investigated.

Imaging applications have been demonstrated, including ultrafast (picosecond) X-ray imaging,
magnification imaging of up to x80, differential imaging in the spectral domain, and imaging of
various biological and technical objects.

The biological response of ultra-intense X-ray pulses was assessed in cell-culture exposures. The
results indicate that the biological response from ultra-intense X-ray exposures is similar to the
response from exposures with conventional X-ray tubes.

Keywords
X-ray sources, laser-produced plasma, laser, X-ray spectroscopy, dosimetry, radiography, medical
imaging, differential imaging, radiation effects

PACS: 07.85.Fv, 42.62.-b, 52.5O.Jm, 78.70.En, 8" 59Bh, 87.59.Hp, 87.53.Dq,

Supptementaiy bibHogrephical iaXonnation

ISSN and key title

Recipient's aote* Nur.be, of p « e . ) g 6

37.5O.Gi

Ua*a^ English

B B N 91-28-2234-9

Price

Security dassiflcatkm

Dtaribolton by (name and address)

I. the uadenifned, bemf the copyright owner of the abstract of the above-m
sources permisrioa to pablisb and disseminate the abstract of the above-men

Signature

Btknteddix
td dtoertatlo

atiou, hereby gnat to all reference

D l t e November 14, 1996



Development and Characterisation of
a Laser-Based Hard X-Ray Source

Carl Tillman

Lund Reports on Atomic Physics

LRAP-204

Doctoral Thesis

Department of Physics

Lund Institute of Technology

November 1996

ISBN 91-628-2234-9

NEXT PAGE(S)
left BLANK



TABLE OF CONTENTS

ABSTRACT 5

LIST OF PAPERS 7

1. INTRODUCTION 9

2. ULTRASHORT-PULSE fflGH-POWER LASERS 13

2.1 Techniques for the generation of ultrashort laser pulses 13

2.2 The terawatt laser system at the Lund High-Power Laser Facility 75

3. LASER-PRODUCED PLASMAS 17

3.1 Definitions in general plasma physics 17

3.2 Plasma interactions driven by nanosecond laser pulses 18

3.3 Plasma interactions driven by picosecond laser pulses 19

3.4 Effects ofultrahigh laser intensities in plasma dynamics 20

4. EXPERIMENTAL SET-UP 22

4.1 The vacuum chamber 22

4.2 Windows for laser pulses and X-rays 23

4.3 Radiation shield 24

4.4 Focusing optics 24

4.5 Radiation target set-up 25

4.6 Active position control of a rotating target foil 28

4.7 Ablation protection 31



5. X-RAY GENERATION IN LASER-PRODUCED PLASMAS 34

5./ X-ray-generation by means of an LPP 34

5.2 X-ray yield as a function of experimental parameters 38

5.3 The spatial extent of an X-ray emitting LPP 41

5.4 Duration of X-ray pulses 45

6. X-RAY SPECTROSCOPY AT ULTRAfflGH X-RAY FLUXES 46

6.1 Energy-dispersive single-photon counting spectroscopy 47

6.2 Wavelength-dispersive spectroscopy 57

6.3 Spectral measurements using attenuation in filters 53

7. IMAGING APPLICATIONS 59

7.1 Imaging detectors 59

7.2 X-ray imaging using an LPP X-ray source 60

7.3 Differential imaging 63

7.4 Imaging techniques for the reduction of scattered X-ray photons 64

8. BIOLOGICAL EFFECTS OF HIGH-DOSE-RATE X-RAY EXPOSURES 66

8.1 Interaction of X-rays and biological tissue 66

8.2 Dose-rate effects 68

9. SUMMARY OF THE PAPERS 71

ACKNOWLEDGEMENTS 73

ABBREVIATIONS 74

REFERENCES . . 75



ABSTRACT

A laser-produced plasma was generated by focusing 100 fs laser pulses, with an energy of

150 mJ, onto metal targets. The laser intensity was expected to reach 1017 W cm'2. Radia-

tion was emitted from the created plasma, with photon energies extending up to the MeV

regime. The laser-based X-ray source was optimised, with the purpose of making it a

realistic source of hard X-rays (>10 keV). Dedicated equipment was developed for efficient

generation and utilisation of the hard X-rays.

The X-ray source was characterised with respect to its spatial extent and the X-ray yield.

Measurements were made of the spectral distribution, by the use of single-photon-counting

detectors in different geometries, crystal spectrometers and dose measurements in

combination with absorption filters. Ablation of the target material in the laser-produced

plasma was investigated.

Imaging applications have been demonstrated, including ultrafast (picosecond) X-ray

imaging, magnification imaging of up to x80, differential imaging in the spectral domain,

and imaging of various biological and technical objects.

The biological response of ultra-intense X-ray pulses was assessed in cell-culture exposures.

The results indicate that the biological response from ultra-intense X-ray exposures is

similar to the response from exposures with conventional X-ray tubes.

L NEXT PAGE(S)
left BLANK



LIST OF PAPERS

Paper I. K. Herrlin, G. Svahn, C. Olsson, H. Pettersson, C. Tillman, A. Persson,

C.-G. Wahlstrom, and S. Svanberg, Generation ofX rays for medical imaging

by high-power lasers: Preliminary results, Radiology 189, 65-68 (1993).

Paper II. C. Tillman, A. Persson, C.-G. Wahlstrom, S. Svanberg, and K. Herrlin,

Imaging using hard X-rays from a laser-produced plasma, Appl. Phys. B 61,

333-338 (1995).

Paper III. C. Tillman, S. A. Johansson, B. Erlandsson, M. Gratz, B. Hemdal, A. Almen,

S. Mattsson and S. Svanberg: High-resolution spectroscopy of laser-produced

plasmas in the photon energy range above 10 keV, Manuscript.

Paper IV. G. Holzer, E. Forster, M. Gratz, C. Tillman and S. Svanberg: X-ray crystal

spectroscopy of sub-picosecond laser-produced plasmas beyond 50 keV,

Submitted to J. X-ray Sci. Tech.

Paper V. M. Gratz, C. Tillman, I. Mercer and S. Svanberg, X-ray generation for medical

applications from a laser-produced plasma, Appl. Surf. Sci. 96-98 443-447

(1996).

Paper VI. C. Tillman, I. Mercer, S. Svanberg, and K. Herrlin: Elemental biological

imaging by differential absorption using a laser-produced X-ray source,

J. Opt. Soc. Am. B 13 209-215 (1996).

Paper VII. C. Tillman, G. Grafstrom, A.-C. Jonsson, I. Mercer, S. Svanberg,

B.-A. Jonsson, S.-E. Strand and S. Mattsson: Survival of V79-CH-cells studied

in vitro after extremely high dose rate irradiation by X-rays from a laser-

produced plasma. Submitted to Phys. Med. Biol.

NEXT PAGE(S)
left BLANK



1. INTRODUCTION

X-rays have been applied for imaging and in measurement techniques for more than a

century. The development of new hard X-ray sources, with novel characteristics, has opened

up several new fields where X-rays may be employed. At the same time, the parallel deve-

lopment of other imaging and measurement techniques has led to the replacement of X-rays

in a number of applications. X-ray-based technologies are, however, still indispensable

within many fields. This thesis describes a laser-based X-ray source with unique features

that can be utilised in existing X-ray technologies, but which may also lead to new

applications.

The definition of hard X-rays is not always clear. In the present thesis, the concept of "hard

X-rays" refers to X-rays with a photon energy of 10 keV or more. Since most investigations

of laser-plasma spectroscopy have been carried out at photon energies below lOkeV, the

requirements of the instrumentation for studies of high-laser-intensity plasmas and the

emitted radiation will be entirely different. Spectrometers and pinholes that are suitable for

low-energy X-rays will be virtually transparent for high-energy X-rays.

Features of the X-rays from new kinds of X-ray sources include new temporal and spectral

behaviour, and novel radiation geometries. The choice of the X-ray source for a given

application depends on which of these attractive features one wishes to utilise. Conventional

X-ray tubes constitute the most mature technology, and will probably remain the least costly

source for years to come. Although conventional X-ray tubes have a rather large source

size, the development of micro-focus tubes has reached the region of a source size of less

than 10 |im in diameter [1]. The average output powers from small-source-size X-ray tubes

are generally not sufficiently high for use together with X-ray monochromators.

Synchrotron facilities utilising wigglers and undulators can offer a very high average output

power, and are thus suitable for monochromatisation of X-rays. The pulsed radiation from

synchrotrons can also be used for time-resolved experiments at a high repetition rate.

The shortcomings of conventional X-ray tubes are mainly the maximum energy load on the

radiation target, the minimum focal spot size and the temporal duration. Synchrotron-

generated X-rays exhibit superior technical characteristics with regard to average X-ray

power. The cost of this kind of X-ray source is considerable, and it is unlikely that medical

clinics will have access to these sources other than at a few locations. Facilities for laser-



generation of X-rays can be constructed at only a fraction of the cost of synchrotrons. In

comparison with standard X-ray tubes and synchrotrons, the laser-produced plasmas (LPP)

can offer extremely intense X-ray pulses emanating from a small emission zone [Paper I].

An ultra-intense laser pulse is focused to a very small spot size on a high-nuclear-charge

target material. Electromagnetic radiation including X-rays is emitted from the plasma that

is created by the laser irradiation (see Fig. 1.1). Further unique features of the LPP X-ray

sources are the ultrashort time duration and the ability to synchronise X-rays from LPPs

together with ultrafast external events.

The LPP was an early application of the newly invented lasers in the 1960s. The photon

energies which can be obtained from these plasmas have increased as a result of higher laser

intensities. High-energy X-rays, up to 300 keV, were first produced in such plasmas by the

use of lasers with pulse energies of 8 kJ [2]. Development of laser-based X-ray sources has

become a well established field in plasma physics. Detailed studies have been performed in

order to characterise the spectral emission of these plasmas, their dynamic behaviour and

possible applications of the radiation being emitted. Previous work has mainly been

performed at large-scale laser systems operating at low repetition rates. The development of

small-scale lasers has made it possible to produce high-energy X-rays at much higher

repetition rates (~10Hz), although with a lower energy per pulse. These high-repetition-rate

sources require new kinds of diagnostic instruments to make use of their characteristic

features.

Laser pulses

Fig. 1.1 An LPP is created by focusing ultra-intense laser pulses on a solid target. X-rays

emitted from the plasma can be used for imaging or be characterised with, for example,

spectrometers.
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Is there any reason to develop a new kind of X-ray source in the regime above 10 keV?

Existing X-ray devices work excellently with regard to image quality, spectral range and

reliability. An increased awareness of the radiation damage caused by X-rays in medical

examinations has focused attention on how the absorbed dose to patients can be minimised.

Even a modest reduction in dose with a conserved image quality will have significant

consequences if the existing probability of X-ray-induced damage can be further reduced,

e.g. in mammography screening programs. Methods for a more dose-efficient use of X-rays

in medicine include the use of monochromatised X-rays and time-resolved medical imaging.

These techniques require X-ray irradiation with qualities that cannot be obtained from

conventional X-ray tubes, but possibly from LPPs and synchrotrons. Economic

considerations will then be in favour of LPP X-ray sources rather than synchrotron-based

X-ray sources.

What are the interesting physical parameters to be considered when developing an ideal

X-ray source for imaging applications? A small source size is vital for spatially sharp

imaging. A tuneable monochromatic source would enable a higher contrast when the photon

energy is matched to the attenuation characteristics of the object under investigation. An

ultrashort X-ray pulse duration (less than the time dispersion of scattered radiation) in

combination with ultrafast imaging detectors can make time-resolved studies for the use of

scatter rejection feasible. Investment costs and availability are less important at the stage of

technical development but are essential factors for the technology to become widespread.

A proof-of-principle X-ray-imaging experiment performed in 1992 with the newly installed

terawatt laser system at the Lund High-Power Laser Facility [3] has continued as an

ongoing project, aimed at the development of a practical laser-based source of hard X-rays.

The local experience in the field of subpicosecond LPPs was limited at the beginning of the

project, but experience has been gained during the course of the project. An early

collaboration with physicians and radiologists turned the focus to the energy regime above

lOkeV where the penetration of X-rays is sufficient to allow macroscopic biological

samples to be imaged.

The present study, using subpicosecond laser pulses, differs from most earlier studies, using

nanosecond laser pulses, due to the considerably shorter pulses. When the work presented in

this thesis was initiated, similar generation of hard X-rays by subpicosecond laser

irradiation of a target had only been reported by Kmetec et al. [4]. Since then, a number of

research groups have joined die field [5-9].
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Contents

A brief introduction to short-pulse lasers will follow in Chapter 2, including a description of

the laser system that was used for the work presented in this thesis. Laser-plasma physics is

summarised in Chapter 3. The experimental devices that were used in this work are

presented in Chapter 4. X-ray generation in LPPs is dealt with in Chapter 5, where various

aspects of how to optimise a laser-based X-ray source are discussed. Spectral measurement

techniques for the application of X-rays from LPPs are surveyed in Chapter 6, together with

the results obtained. X-ray imaging with an emphasis on medical radiology is discussed in

Chapter 7, including magnification imaging and differential imaging. Biological response to

high-dose-rate X-ray irradiation is dealt with in Chapter 8.
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2. ULTRASHORT-PULSE HIGH-POWER LASERS

Laser technology has developed constantly since the invention of the first laser. The

available output power has increased steadily as a result of technical development, but was

boosted on three occasions due to the introduction of new technological concepts. The first

breakthrough was initiated by the implementation of Q-switches for the inhibition of

stimulated multi-spike emission in favour of a giant laser pulse. The second step came with

mode-locking, where the superposition of a large number of amplified laser modes in the

cavity generates a train of ultrashort laser pulses with a high intensity. The latest

breakthrough was spurred by the chirped-pulse-amplification (CPA) technique which will

be explained below [10]. The first two developments led to a shortening of the laser-pulse

duration, from which an increase in laser power followed. The third made lasers with

ultrahigh powers more common, since it enabled the construction of rather small laser

systems, with peak powers in the terawatt class. These systems are usually called table-top-

terawatt (T3) laser systems. Laser development today is mainly directed towards an even

shorter laser-pulse duration and towards higher repetition rates. The peak power of the most

powerful laser systems has multiplied by nearly three orders of magnitude every decade

since the 1960s [11,12].

2.1 Techniques for the generation of ultrashort laser pulses
Very high laser intensities (>5-1014 W cm"2) are required for the generation of hard X-rays

from an LLP source [2]. In the early days, these high intensities required large-scale pulsed

lasers delivering nanosecond laser pulses with an energy of up to 120 kJ, such as Nova,

Gekko and others [13], which may be referred to as "stadium-top" laser systems. Today it is

possible to reach these high intensities with T3 laser systems, which are characterised by an

ultra-short pulse length, from 10 fs to 1 ps, and moderate pulse energies. A pulse energy of

100 mJ and a pulse length of 100 fs is equivalent to a peak power of 1 TW. The laser used

in the present work is such a compact system which is capable of delivering output powers

of up to 1.5 TW.

The limiting factor for the laser intensities that can be handled in optical components is the

quality of the optical material itself. The optical damage threshold for common optical

materials is typically of the order of 1010 W cm"2 [14]. The simplest way to achieve a high

laser power with a limited intensity is to increase the diameter of the laser pulses. This
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option is very costly, however, since it requires large-size optics. A more attractive solution

is to manipulate the laser pulses in the time domain.

Chirped pulse amplification and broadband optical amplifiers

The CPA technique is based on the stretching of laser pulses in time, leading to a lower

peak intensity. The stretched laser pulses with a relatively low intensity can be amplified up

to a higher energy, and then be reversibly compressed in time, back to their initial pulse

length. One practical advantage of this solution is the fact that small-scale optics can be

employed in the amplification stage, before pulse compression.

Ultra-short laser pulses are inherently broad in the spectral domain. A 100 fs laser pulse,

centred around the wavelength 800 nm, has a typical bandwidth of about 10 nm. Spectrally

broad pulses can be stretched using positive group-velocity dispersion in optical fibres [Ref.

15, p. 357-358], diffraction in a pair of gratings or deviation in a pair of prisms [Ref. 15,

p. 348-349]. Gratings or prisms can be used for the reverse compression of the laser pulses.

The CPA technique has mainly been applied to the amplification of ultrashort laser pulses,

which are then broad in the spectral domain. Therefore, the amplifiers being used must be

able to support amplification over a broad spectral range without severe spectral narrowing

of the laser pulses.

Manipulation of laser pulses

Many experiments rely on a well-characterised laser source which, however, needs to be

optimised on-line with regard to pulse length, strength of prepulses, wavelength and spatial

intensity distribution in order to produce X-rays efficiently.

The pulse length of a CPA laser system can be manipulated by changing the alignment of

the optical components in the pulse stretcher and the compressor, in the case of a grating- or

a prism-based system. Changing the distances between these components will affect the

pulse length directly. Misalignment of these components will skew the laser pulses, i.e. the

subpicosecond laser pulses represented by very thin sheets of light will be tilted with regard

to the optical axis. Such misalignment can be used for deliberate prolongation of the laser

pulses.

Amplified spontaneous emission (ASE) will also be further amplified in a laser system and

is responsible for the onset of a relatively weak pedestal ahead of the main laser pulse.

Although the contrast ratio between the main laser pulse and such a pedestal is typically of

the order of 1:10"6, the ASE may cause pre-ionisation of the target in laser-plasma

experiments.
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A T3 laser system equipped with a regenerative amplifier, such as the Lund terawatt laser

system, is characterised by prepulses of relatively low intensity compared with the main

pulse. These prepulses arise from a non-perfect polarisation, leading to part of the laser

pulse being unintentionally reflected out of the cavity of the regenerative amplifier. The

intensity ratio between these prepulses and the main pulse can be altered within the laser

system by alignment of the Pockels cell. A typical ratio for the minimum prepulses is 1:10"*.

Further suppression of the prepulses can be achieved using an additional Pockels cell, or by

the use of a saturable absorber. A saturable absorber can be made up of a thin cell filled

with a laser-dye solution, or a solid absorber glass plate. Photons are absorbed in the

saturable absorber as long as the intensity is below a certain energy range. Once the laser

intensity exceeds this level the absorber is bleached, or "saturated", and it becomes

transparent. The dye concentration in such a cell should be optimised to absorb most of the

photons in the weak prepulse, but allow most of the intense main pulse to pass through it.

The creation of LPPs sometimes requires prepulses for a full optimisation of the emitted

radiation. Although the inherent prepulses of laser system can be used, it is more favourable

to split off new pulses externally, since an almost arbitrary delay between the original and

the split laser pulses can be achieved. The delay between the inherent prepulses of a laser

system and its main pulse cannot be changed without rebuilding the laser cavity from which

the laser prepulses emanate.

The wavelength of the laser pulses can be tuned depending on the spectrum over which

optical amplifiers can support amplification. The amplified and compressed laser pulses can

also be altered in wavelength by frequency doubling in a non-linear crystal, while

maintaining high laser intensity. Such a frequency conversion will also affect the relative

intensity of any laser prepulse. The contrast ratio between the main pulse and the prepulses

is approximately squared with frequency upconversion.

2.2 The terawatt laser system at the Lund High-Power Laser Facility
The terawatt laser system used in this work is a CPA laser system using gratings both for the

stretching and the recompression of the laser pulses. 100 fs pulses at a repetition rate of

76 MHz are generated in a mode-locked Tirsapphire oscillator, being pumped by a

continuous-wave (CW) argon-ion laser. These ultrashort pulses are stretched in time by a

factor of 2500, and are thereafter coupled into a Ti:sapphire regenerative amplifier. An

intra-cavity Pockels cell, which changes the direction of the polarisation, captures one laser

pulse every tenth of a second and this pulse is amplified a factor of 107, before being

15



switched out after 14 round trips in the cavity. The regenerative amplifier is pumped with

65 mJ of green (532 nm) frequency-doubled light from a 10 Hz Nd:YAG laser. The same

Pockels cell as before ejects a laser pulse every tenth of a second. The round trip time in the

amplifier cavity is about 11 ns. Leaking pulses are further removed by the use of an external

Pockels cell and a polariser. However, a few weak pulses emerge before the main laser

pulse. The intensity ratio between the main pulse and these weak prepulses can be as low as

1:10"*. The laser pulses are expanded from a diameter of 1.5 mm to a diameter of 8 mm, and

are further amplified by a factor 40 in energy during four passes through a final Ti: sapphire

amplifier, pumped with 1.3 J of green (532 nm) light. The diameter of the pulses is

increased to 50 mm before temporal recompression. The grating pair in the compressor

restores the ultrashort time duration of the original pulse, leading to a corresponding

increase in the output laser power.

The system operates at a repetition rate of 10 Hz. The radiation is tuneable in the range

760-820 nm. The pulse length is 100 fs, which in combination with a maximum pulse

energy of 200 mJ yields powers of up to 1.5 TW. The laser pulses, with a diameter of

50 mm, can be focused to a minimum spot of about 3 times the size of a diffraction-limited

spot.

A saturable absorber cell was constructed with a design similar to that of an absorber cell

developed at Stanford University [16]. The saturable-absorber cell was constructed in the

form of a frame of stainless steel with a 4 mm thick active liquid layer, between 3 mm thick

X/10 windows. The circular aperture of the cell has a free diameter of 67 mm. IR-140 laser

dye (Exciton Inc., USA) dissolved in methanol was circulated dirough the cell by a small

pump, via a reservoir. A concentration of about 0.04 mM of the laser dye proved to be the

most suitable concentration for reduction of the prepulse with moderate reduction of the

main laser pulse [17].

A frequency-doubling unit was developed in collaboration with the University of Vilnius,

Lithuania [18]. Three different doubling crystals, with thickness 1.5, 2.5 and 4 mm were

produced. Measurements showed practical conversion efficiencies of up to 49%. The

frequency-doubling unit increases the contrast ratio between the main pulse and the

prepulses to an expected value of 1:10"10.
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3. LASER-PRODUCED PLASMAS

3.1 Definitions in general plasma physics
A plasma is matter in a state of ionisation, where the constituents are free to move, as in a

gas. Ions and electrons are the most important constituents, but atoms and molecules also

make up a plasma. Typical parameters for the characterisation of a plasma are the electron

and ion temperatures and the charge densities. The electron and ion temperatures are

measures of their respective velocity distributions.

The high particle density in an LPP complicates the picture of the interactions between

particles. The range for interaction between single particles is rather short, and therefore the

collective effects are the most important ones. The electrons in a plasma have a high

mobility, while the mobility of the ions is relatively low. Local differences in the electric

potential in a plasma will equalise rapidly by movement of electrons. As a result of such a

fast charge equalisation, the plasma is more or less neutral. If electrons are displaced

collectively, the plasma will tend to draw them back to their original position. An oscillatory

behaviour will occur. The angular frequency of such oscillations is commonly known as the

plasma frequency, cop, given by:

= 5 6 . 4 « / 2 , (3.1)

where ne is the electron number density in m"3, e is the unit charge, me is the electron mass

and Eo is the permittivity constant. Other collective oscillations can also occur due to

magnetic fields but will not be treated here. If the frequency of laser radiation pumping a

plasma matches the plasma frequency, resonant absorption will take place and lead to a

more effective absorption of the radiation. A gradient in the electron density will also lead

to a gradient in the plasma frequency. The propagation of electromagnetic radiation with an

angular frequency (a, and the wave number k=27i/k in a plasma is determined by the

dispersion relation:

co2=(02
p+c2k2 (3.2)

The electromagnetic radiation propagates as long as (Op<(O, but will not be transmitted

through the plasma when a > a>. The radiation will be reflected at the layer where the two
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oscillation frequencies are equal, i.e. where the electron density nc = 3.1X10"4 a)2. This

electron density where the reflection occurs is referred to as the critical density.

Models in plasma physics

A large number of interaction processes occur simultaneously in plasmas: electron

collisional excitation or ionisation, photo-excitation and ionisation, and Bremsstrahlung

processes, as well as the reverse processes to all of these. Further processes are auto-

ionisation, dielectric recombination and charge transfer processes.

Thermodynamic equilibrium [19] is an ideal model of a plasma where all particles have a

Maxwellian velocity distribution, where the excitation stages of all atoms follow a

Boltzmann distribution, where the different ionisation stages of an atom can be described by

the Sana equation [20] and where the spectral distribution of radiation is determined by the

Planck radiation law. The balance in this model requires that all interaction processes be

balanced by their respective counter-processes. This ideal state of matter is rare and other

models must be used for most practical cases.

3.2 Plasma interactions driven by nanosecond laser pulses
The different processes that take place in a plasma depend on the plasma temperatures and

the charge densities. The electron collisional processes and the Bremsstrahlung processes

dominate in LPPs created by nanosecond laser pulses of intensities up to 1017 W cm2,

because of the high electron densities. The creation of a plasma starts with the production of

free electrons from multi-photon processes. With a suitable number of free electrons in the

plasma, the main process for continued absorption of laser light is inverse Bremsstrahlung

[21].

Interaction between laser light and a metal surface is easier to explain than for an insulator

surface without any free electrons. Laser irradiation of a metal surface heats up the surface

as the conduction electrons in the metal start to oscillate in the electromagnetic field of the

laser light. Vaporisation and ionisation occur if the laser pulses are focused to sufficient

intensities. The laser radiation is absorbed in the upper layer of the solid. As soon as a thin

plasma layer is created at the surface, further absorption takes place mainly through inverse

Bremsstrahlung. The laser irradiation will not reach the target but be reflected at the critical

density of electrons in the created plasma. Laser energy transferred to the electrons will

further increase the temperature of the latter. The higher electron temperature will increase

the ionisation yield and produce additional electrons. Also, the ion temperature will increase

due to collisional processes. The plasma starts to expand rapidly due to the increase in

18



temperature. The expansion will lead to a lowered charge density. These balances will

happen on a very short time scale since the electron density and mobility are high.

The plasma expanding outwards from the target surface will cause a shock wave to move in

the reverse direction, back into the target. Velocities and densities in the plasma depend on

the spatial co-ordinate, z, as shown schematically in Fig. 3.1 at a certain time after

irradiation. The figure also shows qualitatively how the electron density, the laser intensity

and the electron temperature vary with the z co-ordinate.

3.3 Plasma interactions driven by picosecond laser pulses
While the plasma processes for nanosecond laser pulses were partly understood already in

1970 [21], the processes in the case of irradiation with ultrashort, pico- or femtosecond

laser pulses are not yet fully known. The advent of high-power subpicosecond lasers made it

a) n. d) P

b) 0

O 7\

e)

Fig. 3.1 A schematic drawing of the variation of selected parameters in a plasma as a

function of the distance z, from the target at a certain time after laser irradiation. The

target is left of the critical-density layer (dotted line) and the laser pulses are incident from

the right, a) Electron density, b) intensity of the laser pulses (incident and reflected),

c) electron temperature, d) density and e) velocity.

19



possible to reach intensities in excess of 1018W cm"2 and irradiation periods on a subpico-

second time scale.

Laser pulses with a duration of about 100 fs can be fully deposited in a solid target before

any considerable expansion of the created plasma has time to occur. The penetration depth

of optical radiation in a solid is typically of the order of 10 nm, which is longer than the

density gradient in a plasma created by a 100 fs laser pulse during the irradiation. Such a

plasma will emit X-rays during a time period comparable to the duration of the laser pulse

because of rapid cooling, which is ensured by the high density gradient, allowing for fast

expansion and the high heat conduction into the solid [22].

The thermal heating of a plasma will cause it to expand outwards into the vacuum, although

the pressure from the laser light, reflected at the critical-density layer of the plasma, exerts a

force which will retard the expansion of the plasma [23]. The confinement of the plasma

due to such light pressure will further help to increase the temperature in the plasma [24].

The dynamics of such a plasma will be strongly dependent on the duration of the laser

pulse, where the duration is also connected to the gradient of the laser pulse. It was shown

by Kalashnikov et al., that the critical-density layer in an LPP, created by irradiation of

picosecond laser pulses, moves in a direction which depends on the gradient of the laser

pulse [25]. A clean laser pulse caused the critical density layer in the plasma to move

outwards, while a laser pulse with a broader temporal profile due to an ASE pedestal led to

the opposite movement towards the solid target.

3.4 Effects of ultrahigh laser intensities in plasma dynamics
The trend towards shorter pulse lengths of the driving laser has also led to the achievement

of higher intensities, extending beyond 1017 W cm'2, which can be regarded as the practical

upper limit of the previous nanosecond laser pulses. At these high intensities the absorption

processes change and the absorption of laser light in a plasma alters from inverse

Bremsstrahlung to collective absorption. At lower temperatures the energy between

electrons and ions equalises through collisions. Although inversely proportional to the

electron temperature, this collisional process leads to an essentially collisionless plasma at a

high enough electron temperature. Laser energy is transferred collectively to the electrons

via plasma-wave interaction. This transfer occurs most favourably at the critical-density

layer, where the plasma frequency equals the frequency of the driving laser field [14].

Transfer of energy from the electric field of the laser light to the plasma waves can occur

through resonant absorption and non-linear parametric absorption. Resonant absorption
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occurs when the incident laser light interacts with a plasma gradient at some angle of

incidence. The laser light will be refracted and will be forced to turn around at some

distance from the critical-density layer. The electric field of the laser light will be able to

tunnel into the critical-density layer and drive electron oscillations at the resonance

frequency co= oj,. This resonance absorption can only take place when the electrical field of

the laser light has a component that can drive the electron oscillations in a direction parallel

to the plasma density gradient, i.e. for laser radiation with P-polarisation [14]. An optimum

angle of incidence for the laser pulses to promote resonant absorption was reported by

Schniirer et al. to be between 40 and 50° [5]. Similar results by Teubner et al. showed an

increase in the X-ray yield by a factor of 15 for P-polarised laser pulses compared with

S-polarised [26]. Non-linear parametric absorption can take place when the pump

frequency, ca, and two laser-plasma oscillation frequencies, t»i and 0)2, fulfil the condition

oo= a>) + co 2. A strong resonant coupling occurs when the frequency of the pumping laser

light equals a beat frequency of the plasma oscillations. The two plasma oscillations can be

oscillating electrons and ion-acoustic waves. The resulting transfer of energy from laser

light to the plasma will happen when the laser light is intense enough to compensate for the

damping of the plasma oscillations [14]. Non-linear resonance absorption can drive any

modes of oscillation that are fulfilled by the frequency-beat condition. This absorption

process is one source leading to growth of instabilities in a plasma.

Generation of strong magnetic fields in LPPs is another source of complex instability. The

magnetic fields arise primarily from the strong motion of electrons due to the density and

temperature gradients in the plasma. The magnetic field will be circularly symmetric around

the laser propagation axis under normal incidence to the target surface. The strength of such

magnetic fields can reach a level of 100 Tesla and they can have negative effects on the

electron heat transport, which leads to higher plasma temperatures [14].
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4. EXPERIMENTAL SET-UP

We have performed a large number of diagnostic experiments as well as several applied

experiments with laser-generated X-rays. These experiments were all performed with

similar experimental set-ups for the generation of X-rays. The design of the experimental

chamber was chosen to allow for a large degree of flexibility. Manipulation and control of

the target, ablation protection and other tasks required design and development of new

experimental equipment. Fig 5.1 shows a schematic of the chamber with the auxiliary

equipment. This section describes the experimental set-up, while experimental work and the

results are discussed in Chapters 5 - 8 .

4.1 The vacuum chamber
The generation of hard X-rays by laser irradiation of metal targets must take place in

vacuum. A seamless aluminium chamber was constructed with separate bottom and top lids,

mounted on a rectangularly shaped frame. The outer dimensions of this chamber were

240x400x500 mm (height/width/length). The frame was designed with six flange holes, one

located on each end and two on each side. The free diameter of the flange holes is 130 mm.

Two further flange holes were made in the top lid. The geometry of the chamber is flexible

and all flanges can be interchanged with each other. A connection for the vacuum pump,

several multi-pole electrical feed-throughs for the control of the target mechanism, and

windows for the transmission of laser light and X-rays, were all mounted in separate

flanges. The bottom of the chamber has a grid of threaded holes with an internal distance of

25 mm. All equipment inside the chamber can thus be fixed rigidly at any position.

A roughing pump with a capacity of 5 m3 h"1 can evacuate the chamber down to the

operational pressure of -20 mbar in about 3 minutes.

Biological samples and other wet samples cannot be used in the chamber without suffering

from dehydration. Magnification imaging, as described in Sect. 7.2, requires a short

distance from the X-ray source to the object being imaged. A special top lid for the chamber

was constructed which allows for the insertion of small objects close to the plasma, while

they are still kept at atmospheric pressure. A steel tube, open in its upper end and plugged in

the lower, was attached to the top lid in a vacuum-tight arrangement. Samples can be

lowered down through this tube into the chamber without the latter being opened. Two thin
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16x16 mm X-ray-transparent plastic windows were mounted opposite each other in the

lower end of tube, allowing for X-ray irradiation of the inserted samples.

4.2 Windows for laser pulses and X-rays
X-rays are generated inside the experimental chamber. There is a need for an X-ray

transparent window when the X-rays are not used inside the chamber or in another chamber

connected through vacuum tubes. An optical window for the laser pulses is needed as long

as the experimental chamber is not directly connected to the laser system through vacuum

transport beam lines.

The first optical windows we used were made of BK7 glass, 14 mm thick with an optical

surface roughness of less than A/12 at 800 nm. However, the lifetime of these windows was

rather limited. This was believed to be caused by the self-phase modulation [Ref. 15,

p. 382-385] that occurs along the beam path in air and in the glass material itself, and partly

because of hot spots in the spatial mode of the laser, originating from the laser system.

Small burn marks on the glass surface quickly grew to brown filaments throughout the

material. A 10 mm thick fused silica window, also with an optical surface roughness of less

than A/12 at 800 nm, has shown a considerably higher resistance to the high laser powers.

Plastic is a suitable material for manufacturing of windows with a high transmission of

X-rays at photon energies above 10 keV, although soft X-rays are strongly absorbed. A thin

non-chlorinated plastic film is a suitable material because of its low-atomic-number

constituents and because of its high mechanical strength. Normal transparent X-ray films,

used at radiological clinics, proved to be strong enough for vacuum-window applications.

These films are made of polyethylene with a thickness of 0.2 mm. X-rays with a photon

energy of 10 keV or higher have a transmission of more than 95% through these films. An

X-ray-transparent window flange was constructed as a frame with a free inner diameter of

130 mm covered with such plastic film. The plastic film is held between the flange and a

locking ring, which both have grooves to ensure that the film is not affected by the force due

to the difference in pressure when under vacuum. The total force on the plastic film is

1.3 kN. The film bulges, without being damaged, when the chamber is under vacuum.
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4.3 Radiation shield
Radiation shielding is necessary for personal safety and to reduce the amount of scattered

radiation in experiments. A shield consisting of 5 cm thick lead bricks surrounds the

chamber. The walls of the chamber itself are made of 10 to 30 mm aluminium. Low-energy

X-ray photons will be effectively blocked by the aluminium walls, while the 5 cm lead

shield was necessary for attenuation of high-energy photons. The X-rays can only escape

through the radiation shield via the unblocked flange holes where the laser pulses enter and

where the X-rays exit the chamber. Personal dosimeters were carried to monitor the

integrated absorbed dose from the laser-produced X-rays. The readings of these dosimeters

have never shown values beyond a generally acceptable level, i.e. in Sweden a yearly

absorbed dose of 50 mSv.

4.4 Focusing optics
Lenses with a short focal length, and in particular achromatic lenses, are by necessity

relatively thick and can cause pulse prolongation [27] and self-phase modulation of the

extremely short and intense laser pulses that were used. Reflecting mirrors do not cause

such problems. Parabolic mirrors with off-axis geometry are favourable, since a positioning

of the radiation target directly on the optical axis will partly block the laser radiation.

Off-axis parabolic mirrors (Janos Technology Inc., USA) with an effective focal length of

50 mm were used in the experiments. The 50 mm diameter aluminium substrates are

diamond turned to a surface roughness of less than X/5 at 800 nm. The reflection properties

at a wavelength of 800 nm were enhanced by a thin chromium-gold coating. Uncoated

aluminium mirrors were also used at 400 nm. When investigated with a HeNe laser at

632 nm, some peculiarities were observed. Only two mirrors, in a batch of seven, had a

single focus. The other mirrors had an additional focus about 1 mm on either side of the

main focus, although the intensity at these foci were much lower. The size of the main foci

for all the mirrors was measured with a HeNe laser to a diameter of about 1.8 um. A second

measurement was performed with pulses from the terawatt laser system, although attenuated

by multiple reflections on glass surfaces to a much lower intensity. It was found that the

focal spot was elliptic, with an approximate size of 1x3 um, probably as a consequence of

the laser being astigmatic. No distinct difference in the yield of X-rays was found when the

different mirrors were used.
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Fig. 4.1 Scanning-electron-microscope image of a Ta target after laser irradiation,

a) Target irradiated with one single laser pulses and b) target irradiated with three laser

pulses at the same spot. The diameter of the craters varied with an average value of 60 fjm.

The length of the bar in each image is 50 fjm.

4.5 Radiation target set-up
The laser pulses were focused onto a metal target. Every laser pulse created a small plasma

plume, resulting in target material being ablated. Small craters with diameters of the order

of 60 um were observed on the target surface (see Fig. 4.1). To ensure similar experimental

conditions, a new unused area of the target was exposed for each laser shot The mechanism

for moving the target surface depends on the physical shape of the target. The ideal target

should last for a relatively long operation time, be easy to replace and also be relatively

cheap. Foil and wire targets were used. A few other targets were considered but never

investigated.

— A low-repetition-rate target can be realised by using small metal spheres, similar to the

kind of targets being used in inertial-confinement-fusion research [28]

— A droplet-target-based soft X-ray source has been developed in Lund. Liquid under high

pressure was injected in an experimental chamber with a droplet formation which was

synchronised to driving laser pulses [29]

— A horizontal target of melted gallium has been used for the generation of soft X-rays

[30].
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Foils

Most of the targets used in our investigations were made of 0.25 mm thick tantalum foil.

These foils were punched to a diameter of 55 mm, and glued on removable steel disks,

which were mounted in a ring and fixed to a steel shaft. Mechanical wobbling occurred

during rotation, but was minimised by adjusting the ring relative to the shaft, using two

micrometer screws. The wobbling could be reduced to a few micrometres for the steel disk

alone, without any target foil. With a foil glued on the steel disk it increased to typically

20 um. The wobbling was measured with a mechanical micrometer head in direct contact

with the target surface. The pressure from the micrometer head was of the order of 0.1 N,

thus possibly slightly affecting the actual position of the target.

The target revolved with a speed of about 3 revolutions per minute, driven by a 24 V DC

motor through a 1:180 gear box mounted directly on the rotation shaft. The distance bet-

ween the craters on the target surface was then at least 150 um, depending on how far from

the centre of the target the laser pulses were focused. The central area of the target, within a

diameter of 10 mm, was not used. Once a track was used, the target was translated sideways

to position the next track.

Adjustment
screws

Focusing
translator Piezo-electric

translator

Fig. 4.2 Schematic drawing of the target set-up. A rotating target was positioned on top of

a piezo-electric translator (for fast active stabilisation) and two further translators for

coarse transverse adjustment and adjustment perpendicular to the target surface.
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The target with its motor mechanism was mounted on an axially moveable piezo-electric

translator on top of two further, motorised and perpendicularly working, translators (see

Fig. 4.2). The piezo-electric translator allows fast movement along the rotational axis for

active stabilisation (see Sect. 4.6). The function of the upper transverse motorised translator

is to change the position between different tracks of the target surface. The second

motorised translator is used for coarse adjustment of the position of die target surface,

relative to the laser focus. The rotational stage could be adjusted to align the target surface

parallel to the translation direction of the upper translator. The travel length of both

translators is 25 mm, and they can be controlled manually or by a computer via an

electronic interface.

As an alternative to the rotation of the foils, these can be scanned in two perpendicular

directions. We considered the rotation of the foils to be easier to implement.

Wire targets

The use of tungsten wires instead of foils was explored using two different approaches. The

wire was first wound on coils, but it was found that die stiffness of the metal caused the wire

to twist in different directions. It was tiierefore necessary to put it under tension, or to feed it

through a small nozzle and then focus die laser pulses close to the nozzle. Tungsten wires

are widely used as filaments in light bulbs, and are dierefore relatively cheap. The wire can

be supplied in lengths of up to kilometres, thus offering an almost "everlasting" source of

target material, which is important when considering the practical use in commercial

applications of LPPs.

In die first approach a 0.2 mm diameter tungsten wire was used. The wire was stretched

over two plastic wheels, with V-shaped grooves around the edge (see Fig 4.3 a). It was

necessary to maintain a high tension on the wire, but at die same time keep it moving

widiout interruptions. The laser pulses were focused on the wire at a position between the

plastic wheels. The mechanical reliability was low in this first set-up.

In die second approach, very thin wires of diameter 25 and 50 um were used. The idea was

to use a wire so diin diat it was vaporised by every laser pulse. The thin wire was fed from a

coil dirough a diin nozzle by two conical wheels, mounted widi die conical surfaces towards

each otiier (see Fig 4.3 b). One of die conical wheels was rubber coated, in order to increase

the friction. The small diameter of die wire made it necessary to use a nozzle widi a very

precise dimension of die hole. A conical glass capillary was manufactured (Beta Sensor AB,

Sweden). Microscope observations showed a hole diameter widi an accuracy of a few
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Fig 4.3 Target set-up for an LPP X-ray source using (a) 0.2 mm wires and (b) using 25 and

50 fjm wires.

micrometres. The thin-wire set-up worked occasionally. Severe problems were caused by

small particles being stuck between the wire and the inside of the conical glass capillary.

Surface preparations of the target foils

The target foils used in our experiments were rolled in the fabrication process with a fine

surface line structure. At the early stages of the experiments surface preparation was

neglected and the metal foils were just glued to the steel disks which were fixed to the

rotating shaft. Periodic fluctuations in the X-ray flux were observed, explained either by

mechanical wobbling or by the line structure, which was rotating relative to the polarisation

direction of the laser. Later, all targets were glued on steel disks and were thereafter tooled

in a turning machine. This resulted in lower fluctuations in the X-ray yield.

4.6 Active position control of a rotating target foil
It was discovered early on that the emission of both visible radiation and X-rays from the

LPP fluctuated severely. The main reason for these oscillations was considered to be of a

mechanical nature. It was noticed that the surface of the target foil (see above) moved back

and forth, due to mechanical wobbling of the surface, with a peak-to-peak amplitude of up

to a few tenths of a millimetre. Despite the arrangement with two manually adjustable

micrometer screws, it was difficult to adjust these oscillations to an amplitude of less than

10 um. However, since the confocal parameter, the length over which the intensity does not

fall below a factor of 1/2, is only of the order of micrometres, it was realised that an active

mechanical stabilisation of the target was required to further minimise these oscillations.
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The target, with its shaft and bearings, was therefore mounted on a piezo-electric translation

stage. This translation stage was operated through a piezo-electric controller.

Control parameters

Active stabilisation of the target can be accomplished with an input feedback signal from

some kind of detector. Several possible input signals were considered.

1. Measurement of the integrated X-ray output from the plasma. The integrated X-ray

flux from the plasma can be measured on-line using an ionisation chamber, an X-ray

sensitive diode or a scintillating detector.

2. Measurement of the spectrum of the emitted X-rays from the plasma. Characteristic

features in an X-ray spectrum can be measured for every laser pulse using arrays of

charge-coupled devices (CCDs), or a combination of X-ray absorption filters and X-ray

detectors without energy dispersion (see Sects 6.1-6.3).

3. Measurement of the 3/2 harmonic of the fundamental laser wavelength. The intensity

of the green 3/2 harmonic of the laser wavelength (see Sect. 5.1) can be measured on-

line using a diode in combination with a narrow-bandwidth interference filter.

4. Optical measurement of the target displacement. The position of the target can be

obtained from an observation of a HeNe-laser beam reflected in the target surface.

5. Direct measurement of the displacement of the target surface using a mechanical

micrometer. Mechanical micrometers with an electronic readout are commercially

available for measuring distances down to a few tenths of a micrometre. Such a

micrometer can be positioned with its measuring head in direct contact with the target,

a few millimetres from the laser focus.

The first three methods do not yield a signal that is directly proportional to the mechanical

displacement. The signal can also fluctuate due to laser-pulse fluctuations, which are not

related to the position of the target. The sign of the error in target position cannot be

determined easily. A plausible control algorithm would be to artificially oscillate the target

with a small amplitude and simultaneously observe the derivative of the detector signal,

although the resolution of the method would be limited by the artificial oscillation

amplitude.

The fourth method was analysed in detail, both theoretically and practically [17]. A HeNe-

laser beam was focused on the target, at an angle of about 45 degrees to the target normal,

close to the focal spot of the terawatt laser beam. When the target surface moved back and
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forth, the focal spot of the HeNe laser moved sideways. The displacement was measured by

imaging the HeNe focal spot on a one-dimensional position-sensitive detector. An

advantage of using this method, compared with mechanical measuring heads, is the absence

of direct contact with the target surface. However, the intensity of the HeNe laser was weak

compared with the time-integrated scattered radiation from the terawatt laser pulses, which

called for the use of efficient interference filters. A hardware controller was used for the

feedback of the control signals. The peak-to-peak amplitude could be reduced from 40 \im

down to 5 |im. The adjustment of optical components, necessary for measuring the

oscillations, was quite delicate and took a considerable time.

The fifth method was implemented by M. Gratz as described below [31]. It is the most

successful method and is now used regularly.

Mechanical positioning and control algorithm

The input signals are used to adjust the position of the target along its rotational axis. The

target, with the rotating shaft and the bearings, is mounted on a miniaturised piezo-electric

translation stage (NanoFlex™, Melles Griot). The translation stage has a free travel range of

50 um with a resolution of 50 nm. The maximum pushing force is 100 N, which is more

than sufficient for a load of about half a kilogram and relatively low oscillation frequencies,

as in this case. The translation stage is coupled to a piezo-electric control unit. The

controller amplifies the input signals, 0-10V DC, to sufficient operating voltages, 0-75 V,

for the piezo-electric translator.

The first controller to be used was a standard Proportional-Integrating-Derivative regulator

(PID) [32], implemented both on a hardware set-up and in PC-based software. The control

parameter settings were determined empirically with the Ziegler-Nichols method [32],

where the feedback signal of a system is increased until the system starts to self oscillate.

The automatic controller was able to stabilise the position within 2 |im, after manual pre-

adjustment of the target wobble to less than 20 um. However, this method was not reliable

since the control parameters changed after some time.

More successful control algorithms were developed by M. Gratz. These methods were

implemented on a personal computer using the Lab View™ software (National Instruments).

The mechanical wobbling of the rotating target surface was recorded at a large number of

positions during the revolution of the target. The current position of the target surface is

adjusted with the use of the recorded position from previous revolutions, assuming only

small fluctuations in the target surface position from one revolution to the next, in
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combination with PID algorithms [31]. With this method we found that the target could be

mechanically stabilised to less than one micrometre, with an initial wobble of less than

50 nm.

4.7 Ablation protection
Ablated material from the laser-irradiated target is deposited on all components inside the

experimental chamber, including the focusing mirror (see Sect. 5.1). Several methods of

protecting the surface of the mirror were considered: buffer gas, transparent films and

slides, electrostatic fields and rotating choppers.

The pressure in the experimental chamber was kept low enough to avoid optical breakdown

immediately in front of the target surface. A remaining air pressure of about 20 mbar in the

experimental chamber will decelerate at least the smallest particles that were emitted from

the LPP, although a foggy coating could be observed on the optics. The coating could be

partially blown off with compressed air.

The most direct way of blocking the path of the emitted particles is to use a high-quality

optical film. The film must be positioned between the focusing mirror and the target, with a

maximum distance of 30 mm from the target surface, in the current focusing geometry. The

laser intensity at the position of the film will be relatively high since the laser beam is

converging, after being focused by the mirror. The ideal film must be highly transparent in

order not to be burned by the high laser intensities. It must be optically flat to avoid

distortion of the laser pulses. The mounting of the film must be compact because of the

limited space in front of the target, and it must allow for easy replacement as the deposition

of material will occur continuously.

Initially, thin plastic films were explored. Kitchen plastic foils (~5 urn) as well as high-

quality mylar (-2 (im) and nitro-cellulose (~2 \im) films were investigated. The foils were

glued without wrinkles on 60 mm diameter aluminium frames. A heat gun was carefully

used to stretch the films over the frames. No observable decrease in X-ray yield was

observed when the foils were inserted between the focusing mirror and the target. The

plastic films were initially transparent, but after a while the deposited material increased the

absorption in the films leading to a burn-through.

We used circular glass wafers with a thickness of 0.5 mm and a diameter of 130 mm in

other related experiments using optics with a longer focal length [33]. These wafers had a

surface roughness of less than X/\2 at 800 nm. The wafers were covered with a thin layer of
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ablated material during the operation. Because of the high cost they were cleaned and

reused.

Flat optical components inserted in the path of a converging laser pulse will give rise to two

geometrical effects.

— Rays will be parallelly shifted, when compared before and after the passage of the

optical component, with a shift that increases with the angle of incidence. They will

therefore intersect the optical axis at different positions.

— The optical path length through the material varies with the angle of incidence. This

effect due to the refractive index, will delay the peripheral parts of a pulse front,

relative to the central parts.

The latter effect can be compared with the case of a flat pulse front traversing a thick lens

[27]. The different parts across an ultra-short laser pulse are subsequently not focused

simultaneously, and not at the same position, leading to a lower focal intensity.

A high-speed mechanical chopper could also have been used to intercept the particles but

let through the laser pulses. Rotating choppers allow for a high-speed and a high repetition

rate [34]. Such a chopper with dimensions which would fit in the present experimental set-

up would require a revolution speed of 30000 rpm, only to be able to block particles with

speeds of less than 200 m s1. This solution seems unrealistic, since the expansion velocity

of the critical-density layer in an LPP can be as high as 106 m s"1 [25].

Charged particles may be deviated by the use of external magnetic or electric fields.

Practical difficulties in creating strong enough external fields, in the small space around the

target, limit the prospects for this method. Neither of these latter two methods of ablation

protection were investigated.

A mechanical feeder for cover-glass slides

Thin cover-glass slides with a typical thickness of 1 mm are commonly used in microscopy.

These slides can be bought at low cost. We used slides with a size of 60x24 mm. The X-ray

yield was not affected by the insertion of these slides in the path of the laser pulses,

although a certain distortion of the focus was anticipated, since the slides were inserted

where the laser pulses are converging. The time broadening of a laser pulse, due to the

different path lengths through these glass slides, is about 5 fs for an infinitely short pulse.

This broadening is negligible compared with the 100 fs duration of the present laser pulses.
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The B-integral is a measure of the cumulative phase shift due to non-linear interactions

along a beam path [Ref. 15, p. 385-386]. The value of the B-integral for the cover-glass

slides was estimated to be less than 0.2, a value that is small enough to be neglected.

We found that the slides were covered with ablated material within a few minutes, but could

be exchanged in a procedure which took also took a few minutes, since the vacuum chamber

had to be opened up. A mechanical feeder for these cover-glass slides was therefore

designed and implemented (see Fig. 4.4). Up to 50 slides can be loaded in a magazine from

which one slide at a time can be inserted in front of the target. An electronic control box

was also constructed to enable easy operation. This is the method for debris protection

which is now routinely used.

Fig 4.4 Mechanical feeder for thin glass slides which are loaded in a magazine. A thin steel

blade pushes the glass slides one by one along guiding grooves into position.
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5. X-RAY GENERATION IN LASER-PRODUCED
PLASMAS

The work presented in this thesis has been focused on the development of a stable and well-

characterised source of hard X-rays for novel applications. X-rays were produced by means

of laser irradiation of a metal surface. Optimisation and characterisation of the X-ray

emission were achieved with the help of different diagnostic techniques. Interesting features

of our LPP X-ray source are, for example, the conversion efficiency, the spectral

distribution of the emitted radiation, the source size and the temporal duration. The

influence of various experimental parameters on these features is complex. It is difficult to

assess the influence of isolated parameters, without taking other parameters into account.

We have followed an experimental approach in order to characterise our LPP X-ray source.

This chapter discusses practical aspects of the generation of X-rays from LPPs. Thereafter

follow three sections where efficiency in X-ray production, spatial size and temporal

duration of LPPs are discussed. The influence from various physical parameters on the

photon energy distribution has not yet been fully clarified. X-ray spectroscopy is described

separately in Chapter 6.

5.1 X-ray-generation by means of an LPP
Hard X-rays were generated by focusing ultrashort laser pulses onto a solid target. The

experimental set-up used for the generation of hard X-rays is shown in Fig. 5.1. The

different components are described in detail in Chapter 4. Laser pulses were propagated in

air from a laboratory containing the laser system, to an adjacent experimental laboratory

where the X-ray source was stationed. Directed into die experimental chamber, the laser

pulses were focused by an off-axis parabolic mirror onto a high-density solid target at an

angle of 30° to the surface normal.

The use of reflective optics for the focusing of the laser pulses made the alignment more

critical, than if lenses had been used. An alignment of better than 2 mrad was achieved in

the following way. Laser pulses with a few millijoules of subpicosecond laser light were

focused by the mirror at the position of the target, without the target being present. An

optical breakdown occurred in the laser focus, in the presence of air at atmospheric

pressure. The intensity in the focus was maximised by tilting the mirror, and at the same
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Fig. 5.1 Schematic view of the experimental chamber. The laser pulses enter the chamber,

are reflected by the parabolic mirror, pass through a thin glass plate (protection against

debris) and hit the rotating target.

time observing the intensity of the breakdown. A gradually higher precision of the

alignment was achieved by lowering the laser-pulse energy and repeating this aligning

procedure. The target was replaced at the focal position, and the chamber was evacuated to

a pressure of about 20 mbar. A critical upper pressure limit of 80 mbar was observed, where

ionisation of the remaining gas in the chamber negatively affected the X-ray yield.

Deposition of ablated target material became a severe problem at pressures lower than

20 mbar.

The extremely high laser intensity at the focal spot was estimated to be of the order of

1017 W cm'2 [35]. This intensity was determined by measuring different ionisation stages of

carbon, with a time-of-flight spectrometer. The solid target which was irradiated at this

ultrahigh intensity, was heated by different energy-transfer processes (see Chapter 3). It is

difficult, however, to assess the conditions at which the laser-matter interaction took place

in the present set-up, since the laser pulses that were used, were preceded by an ASE and

prepulses (see Sect. 2.2). Both the delay and the intensity of such radiation, which arrives at

the target prior to the main laser pulse, affect the absorption of the laser pulses, and also the
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subsequent energy transfer from electrons to X-rays. No direct attempts were made to

quantify the fraction of absorbed laser energy or the electron densities.

Diagnostic observables of the LPP

The LPP emits visible radiation, which consists partly of the second harmonic of the

fundamental wavelength of the laser radiation, when the target is not exactly at the laser

focus. The second harmonic corresponds to blue light for a fundamental wavelength of

794 nm. This blue plasma light changed to green as the target was moved to the correct

focal position. A correlation was discovered between the emission of X-rays and this green

light which corresponded to the 3/2 harmonic (529 nm) of the fundamental wavelength [36].

The X-ray emission and the green light were not always maximised simultaneously

[Paper VI], although the maximum X-ray intensity was emitted in a region where the

intensity of the green light was also strong. The use of a 50 urn tungsten wire as a radiation

target (Sects. 5.1 & 4.5), led to a strong emission of green light, although no X-rays were

detected. The emission of the 3/2 harmonic can therefore not be used as a monitor of X-ray

emission, but it may indicate when the laser intensity is high enough for the production of

hard X-rays.

A 10 Hz ticking sound was heard, created by the expanding plasma, when the pressure in

the chamber was higher than a few millibars. The sound was transmitted through the large

thin plastic film (see Sect. 4.2), which was used as an X-ray-transparent window. The

intensity of this sound appeared to scale with the size of the laser focal spot. When the

target was moved into the laser focus, the ticking sound almost vanished as the green light

and the X-ray emission increased.

Ablation

Macroscopic deposition patterns of ablated material were noticed on glass slides inserted in

front of an expanding LPP [Paper V]. Large variations in the character of these patterns

were observed, but cannot with certainty be attributed to any specific variation in physical

parameters. These depositions normally exhibit a ring-like structure around a central spot of

deposited target material (see Fig. 4 in Paper V). The opening angle of this cone of emitted

particles which made the ring structure was approximately 40°. The deposition of material

was azimuthally symmetric with regard to the target surface normal. No asymmetry related

to the oblique incidence of the laser pulses could be observed.

The amount of ablated target material on the glass slides appears to be correlated with the

melting temperature, Tm, of the target elements being used. The target elements in our study,
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Fig. 5.2 Particles ablated from an irradiated Ta target. Note the occurrence of both

spherical and irregular particles. The bar corresponds to a length of 1 pirn.

in ascending order of the amount of ablated material, were tantalum (7"m=2996 °C),

gadolinium (rm=1311 °C), bismuth (7"m=271 CC) and tin (7"m=232 °C). The ablated material

appeared in two ways. First, a fine dust was spread all over the inside of the experimental

chamber. This dust could easily be removed with a cloth. Secondly, a hard coating was

found on the surfaces which were directly facing the plasma.

Scanning electron microscope (SEM) images of the deposited material show particles of

sizes 0.1-20 urn. Some of these particles are almost perfectly spherical while others are

more irregular, suggesting that both solid particles and droplets, of melted or condensed

material, were deposited (see Fig. 5.2).
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5.2 X-ray yield as a function of experimental parameters
The efficiency of the generation of X-rays from an LPP X-ray source is directly affected by

the electron temperature. Measurements of this temperature will therefore reflect the X-ray

output from an LPP.

The electron temperature

The electron temperature in an LPP can be increased by different means, e.g. by changing

the laser intensity, the target structure or the target composition. The electron temperature

Te, scales with the laser intensity, IL, as:

T.ocl", (5.1)

where * is an exponent with values in the range 1 to 1.5 [5]. The electron temperature can

be measured from the slope of a Bremsstrahlung distribution, when the electrons are

assumed the have a Maxwellian distribution. The spectral energy distribution I(E), of the

Bremsstrahlung from an LPP can be written [2]:

I(E) = Aexp(-E/kTt), (5.2)

where A is a scaling factor with the unit J/keV, k is the Boltzmann constant and Te is the hot

electron temperature. kTe can be obtained as the slope of the Bremsstrahlung distribution,

when a spectrum is plotted in a logarithmic form. Hot electron temperatures were estimated

from measurements of the X-ray spectra from various target elements [Paper III]. The

resulting electron temperatures were of the order of 100 keV.

The yield of X-rays can be deduced from spectral measurements, or simpler by just

measuring the total deposited X-ray energy in some kind of detector.

Dosimetry of X-rays from the LPP

We characterised the spectrally integrated X-ray yield from our LPP source with different

dosimeters. Ionisation chambers were used as diagnostic tools, although their response to

high-intensity X-ray bursts cannot be assumed to be linear. The time required for the full

collection of the released charges in these chambers is long compared with the duration of

the X-ray bursts from the LPP. The response of image plates (see Sect. 7.1) is linear with

the absorbed dose, although their spectral response is not accurately known. Gel dosimeters

[37], working similarly to the more well-known Fricke dosimeters [38], were tested. The

low sensitivity of the gel and the low average photon energy of the LPP radiation confined

the response to take place in a thin surface layer of the gel, where X-ray radiation was

absorbed. This type of dosimeter has the unique ability to monitor the absorbed dose, with
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spatial information preserved in three dimensions. The readout was accomplished by

scanning the gel in a magnetic-resonance-imaging (MRI) camera.

Thermo-luminescent dosimeters (TLDs) [Ref. 39, p. 395-411] were used as a diagnostic

tool and for dosimetry of the LPP radiation in exposures of cell cultures [Paper VII]. The

response of TLDs to ultrashort X-ray bursts was found to be satisfactorily linear with the

absorbed dose, up to an absorbed dose rate of 109 Gy s"1. The linearity has also been

confirmed elsewhere [5, Ref. 39, p. 410]. The dosimeters were exposed at various distances

from the LPP X-ray source, and responded with absorbed doses being inversely

proportional to the square of the distance. TLDs were also used for an assessment of the

angular dependence of the emission from the plasma. The highest absorbed dose was

measured perpendicular to the target surface. The relative dose intensity was 30% at an

angle of 50° to the surface normal, and 6% at an angle of 88°. This angular-dependent dose-

relation is well-known for X-ray tubes, and is referred to as the "heel" effect [40, Ref. 53,

p. 18-19].

Target structure

The thickness of the target will have an effect on the heat losses into the bulk. An extremely

thin target foil, -10 nm, was shown to generate a greater amount of soft X-rays than thicker

targets, due to the higher electron temperature that can be obtained in a smaller volume

[22]. Grating targets have also been used with a reported increase in the yield of X-ray

emission [41,42]. The grating target was aligned with the groves perpendicular to the

polarisation of the laser field, to ensure a strong coupling between laser light and the created

plasma. The wall thickness of the grating groves was less than the heat penetration depth,

which ensured a strong increase in the electron temperature compared with a solid target.

The use of a porous layer of gold, so-called black gold, has also been reported to increase

the X-ray yield by a factor of 100 compared with a solid gold target when prepulse-free

laser radiation was used [41]. In this case the mass density of the porous absorption layer

was about 1/400 of that of the solid, leading to a possible tenfold increase in electron

temperature, although the penetration depth increased. The microstructure of this kind of

target was shown to be equally important since a prepulse reduced the X-ray yield by a

factor of 20.

We have not yet investigated the influence of different surface structures on the X-ray yield,

but we noted an increased X-ray yield when a second laser shot was focused on the same

spot on the target [31] (see Sect. 5.3). This effect might be explained by an increase in

electron temperature due to the lateral restraint of plasma expansion.
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We studied the X-ray yield for different physical forms of the target. The normal target foil

was compared with wire targets. The X-ray intensities recorded on image plates (see

Sect. 7.1) were similar for 0.2 mm tungsten wires and for 0.25 mm tantalum foils. An even

thinner tungsten wire, with a diameter of 50 urn, did not yield any detectable X-rays.

Several explanations are possible. The thinner wire was almost completely vaporised by the

laser pulses, leaving only a small mass of solid target for the interaction with "hot"

electrons. The energy of the latter may have been too high for efficient absorption in this

solid.

The X-ray yield was first assumed to be extremely sensitive to the position of the target,

relative to the laser focus. Even a small displacement of the target would have increased the

irradiated spot on the target, because of the obtuse angle of the converging laser pulses.

However, it was found empirically that the X-ray yield was not seriously affected for

displacements of up to 100 urn. Golovinski et al. suggested that the pre-ionisation of the

target, that occurs due to of the laser prepulses, would be responsible for self-focusing of

the main laser pulse [43]. This might be an explanation to the observed behaviour.

Target composition

It is known from X-ray tubes that the yield of Bremsstrahlung increases with the atomic

number Z, of the target [Ref. 39, p. 163]. From a study of Al, Si, Ag and Ta targets, Kmetec

reported that the total yield of LPP X-rays appeared to scale in proportion to the atomic

number Z [36]. Chichkov et al. observed that a silicon target was less effective than copper

and steel targets at lower laser intensities, which was explained by the lower number of free

electrons at the silicon surface [7]. The X-ray emission from selected targets was spectrally

analysed [Paper HI]. Conversion efficiencies were also determined, but no such systematic

dependence on Z was observed. The total X-ray yield depended rather on the amount of

ablation from the target. The thin glass slides which were used for protection of the focusing

mirror, were coated after some time, and needed to be replaced, although the laser pulses

partly kept the glass slide clean from deposits. The amount of such deposits is likely to

depend on other physical properties of the target elements, e.g. the melting temperature (see

Sect. 5.1).

Conversion efficiencies

The conversion efficiencies of laser energy EL, into X-ray energy Ex, and into characteristic

K-line emission EX.K were calculated from measured spectral distributions [Paper III]. A

comparison of such conversion efficiencies is not easily done, since all the research groups
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which have reported on the issue have lasers with different characteristics. The various

methods available for the estimation of such efficiencies complicate the picture even more.

Kmetec et al. reported an efficiency of 0.3% for the conversion of laser energy to X-rays

with energies above 20 keV [4]. Similar values were reported by Schniirer et al. [44], who

also found the efficiency for the production of Ka emission to be 8x10~5. These values are

higher than those presented in Paper III, where conversion efficiencies of up to 10^ for the

total X-ray yield (>50 keV), and up to 10"5 for the yield of characteristic K-line emission,

are reported. Our measurements were performed under normal conditions at the funda-

mental wavelength (794 nm), a laser pulse energy of 150 mJ and a prepulse contrast ratio of

about lilO"4.

On one occasion, the total X-ray yield was compared from laser radiation under normal

conditions and under frequency-doubled laser conditions. The energy of the laser pulses

was kept at a constant value of 40 mJ, measured at the target for both wavelengdis. The

relative X-ray yield was measured with an ionisation chamber. The X-ray intensity was

about 100 times greater for the fundamental laser wavelength than with the frequency-

doubled wavelength. Is this evidence enough for the conclusion that longer wavelengths

are more efficient in the plasma processes where X-rays are generated? No, die picture is

far more complicated. The reflectivity of the focusing mirror, the minimal focal spot size,

the prepulse contrast ratio and the laser pulse duration were just a few of the parameters that

were simultaneously changed.

5.3 The spatial extent of an X-ray emitting LPP
X-rays were generated in the vicinity of the spot on the target where the ultra-intense laser

pulses were focused. The size of this focal spot limited the size of die X-ray emission zone.

Therefore, normal incidence of the laser pulses was desirable, from die point of view of

higher intensity and smaller source size. The expansion of the plasma was mainly directed

outwards, perpendicularly from the target surface, i.e. in one dimension. Puell et al.

suggested that such an expansion would continue along a distance comparable to the radius

of the focal spot [21]. The expansion beyond this point was assumed to occur in diree

dimensions, although the lateral expansion was limited compared with the expansion

outwards from die interaction surface.

Hard X-rays from an LPP are not likely to be emitted from die plasma region outside die

surface of die irradiated target. The density of die plasma in mis region is only a fraction of

die solid density. Hard X-rays are dierefore mainly emitted from die solid target itself,
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where hot electrons from the plasma region interact and generate X-rays through

Bremsstrahlung and characteristic line emission from inner-shell transitions.

The size of the X-ray-emitting spot depends on the way in which the hot electrons interact

with the target. Hot electrons are partly driven directly into the solid target, where they

deliver part of their energy, which is converted into, e.g., X-rays. Experimental observations

of relatively long-lived K,, emission from an LPP show that the hot electrons can deliver

their energy to the target during a period that is longer than the duration of the laser pulse

[24]. It was suggested that a self-generated magnetic field could be responsible for

deflecting the orbit of the ejected electrons so that they are driven back to the focal spot on

the target. It has also been proposed that hot electrons emitted from a plasma, in the

direction towards the vacuum, are forced back to the target due to Coulomb forces. The

positive charge of the remaining ions in the high-density part of the plasma will pull the

electrons back to the region where they can produce Bremsstrahlung X-rays and

characteristic line emission.

It is expected that the spatial extent of the X-ray source will not be the same when measured

at different photon energies, since the energy from the hot electrons will be converted to

X-ray photons at different depths in the target, depending on the kinetic energy of the

individual electrons. The stopping power of electrons in a material depends on their energy

and on the material in which the interaction takes place. The penetration depth in tungsten

for 0.05, 0.1, 0.5, 1 and 2 MeV electrons was estimated to 3, 10, 120, 290 and 630 urn,

respectively [Ref. 39, p. 568]. The penetration of electrons in tantalum was assumed to be

similar.

The size of the X-ray-emitting spot is expected to be larger than the size of the focused laser

pulses, which is of the order of a few micrometres, as a result of plasma expansion and the

penetration of hot electrons into the bulk of the target.

Measurement of the size of the X-ray source

The most direct method of determining the spatial extent of an X-ray source is to record an

image of the source, and to measure the size of the image. However, since no effective

refractive materials exist in the X-ray photon-energy range, pinhole cameras or methods

based on diffraction must be utilised. The resolving power is an indirect measure of the

X-ray source size, which depends on the distribution of the radiation, both spatially and

spectrally.
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A pinhole camera can also be used for imaging in the X-ray regime [45]. The pinhole must

be smaller in size than the object to be imaged, although larger than the wavelength used to

avoid diffraction. The opacity of the pinhole substrate is important in hard X-ray

applications, since too thin a substrate will transmit X-rays which will reduce the contrast in

the recorded image. Similar results, but in one dimension only, can be obtained with slits or

wires [46]. Edge convolution techniques can also be used [47,48].

Zone plates can also be employed for imaging of an LPP as long as the wavelength of the

emitted radiation is not shorter than the width of the thinnest zone in such a plate. The state-

of-the-art zone plates have a width of 19 nm for the thinnest zone [49], corresponding to a

maximum photon energy of 65 eV. The highest aspect ratio (height/width) has a value of

10-20 for these zone plates, causing a second problem due to the limited opacity. The

attenuation in a 250 nm thick layer of gold would be only 3xlO"3 at a photon energy of

50 keV. The focal length of a zone plate varies with the photon energy, which makes it

possible to separate images formed by radiation of different wavelengths in space. Zone

plates can also be indirectly used at photon energies above 20 keV, by the use of a two-step

process called zone-plate-coded imaging [50-52]. An X-ray shadowgraph of a zone plate is

cast on a transparent X-ray-sensitive film. The film is developed and thereafter back

illuminated, using a coherent light source in the visible regime. The reconstructed image of

the original X-ray source is recorded on a second light-sensitive film. Images with different

spectral filtration can be obtained simultaneously by stacking films and X-ray absorption

filters of increasing absorption.

A star pattern resembles a line pattern with varying spatial frequencies and directions. A

typical star test pattern is made from a thin lead foil with an outer diameter of 45 mm. The

equally sized sectors, lead and blanks alternating, each subtend an angle of 1 or 2 degrees.

An extended light source will create an unsharp projection image of such a star test pattern.

The individual lines in the image can be traced, from the periphery of the pattern towards

the centre, to the points along a circle where the sectors cannot be further distinguished. The

diameter, D, of this circle is measured. The X-ray source size d, can then be estimated from

the relation [Ref. 53, p. 233]:

(5.3)
180 (M -1)

where 6 is the sector angle in degrees and M is the magnification factor of the projection.
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A projection image of such a star test pattern was recorded with X-rays from our LPP. The

size of the X-ray-emitting spot was deduced from the image of the star test pattern, which

was fully resolved, to be less than 60 um in diameter (Paper I). A similar recording with a

120 urn mammography X-ray tube showed a star test pattern which was not fully resolved,

because of the extended nature of the X-ray source (see Figs 2 a) and 2 b) in Paper I).

We have also recorded pinhole and wire images of our LPP. Evaluation of these images

gives an estimated size of 35-60 um (FWHM) depending on the spectral filtration (see

Fig. 5.3) [54]. Similar results have been reported from measurements with deconvolution of

edge-spread functions [6].

Control of the X-ray source size

The X-ray source size is dependent on the size of the focused laser pulses. The time

duration of the laser pulses also influences the X-ray source size, since the lateral expansion

of the plasma will be larger for longer pulse lengths [6]. Tight focusing is therefore essential

when trying to minimise the extent of an X-ray source. The design of the target may also

have an impact as the size of an X-ray source will be limited to the same dimensions as the

target itself, when Bremsstrahlung is assumed to be the primary process of X-ray emission.

If the major part of the hot electrons are deflected or pulled back into the high-density

region and into the target, as discussed earlier in this sub section, it might be possible to

reduce the size of the region where the hot electrons interact with the target by guiding the

-60 -40 -20 0 20 40 60

Fig. 5.3 a) Pinhole image of the LPP X-ray source. The pixel size corresponds to 1.5 pm on

the scale of the LPP. b) Intensity profile of the LPP in arbitrary units. A Lorentzian curve

was fitted to the measured data. The size (FWHM) of the LPP is 37 [im.
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electrons, on their way back. A channel in the plasma might be created by irradiation with a

second laser pulse. Such a channel could act as a guide for the electrons that are streaming

back to the target [55].

A method of reducing the expansion of an LPP is to enclose it physically. The light pressure

from the laser pulses will limit the forward plasma expansion, as discussed in Chapter 3.

The target can be designed to prevent lateral plasma expansion. When the same spot on a

target was used twice, the X-ray yield increased with the second laser shot. We investigated

the target material after laser irradiation, using scanning-electron microscopy, and found

that the craters in a Ta target had a diameter of about 60 urn, and a depth a few times

shallower than the diameter (see Fig. 4.1 a & Fig. 4.1 b). One possible explanation of the

X-ray increase may be that the plasma was confined by the walls of the already existing

crater. Such a confinement is likely to increase the electron temperature and to diminish the

X-ray source size, although no such studies were made.

The 50 um tungsten wire which was tried once as a radiation target, did not yield any

detectable X-rays. If X-rays had been generated, the mere size of this small target must be a

limit in itself of the maximum size of such a hard X-ray source.

5.4 Duration of X-ray pulses
The duration of ultrafast X-ray pulses can be measured with X-ray streak cameras or with

correlation techniques [30]. An X-ray pulse duration of about 2 ps has been reported for

photon energies of a few keV, measured with an X-ray streak camera [24]. Time-resolved

measurements at higher photon energies require thick streak-camera cathodes, but such

thick cathodes lead to a subsequent prolongation of the measured X-ray pulse duration. We

measured the duration of the pulses from our LPP X-ray source to 20 ps, which was limited

by the temporal resolution of the instrument [31]. The X-ray streak camera was then

equipped with a Csl cathode, which is sensitive to photon energies up to 70 keV.

The ultrashort time duration of the X-ray pulses is one of the most important features of this

kind of X-ray source. The pulse duration is sufficiently short to allow for time-gated

imaging (see Sect. 7.4).
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6. X-RAY SPECTROSCOPY AT ULTRAHIGH X-RAY
FLUXES

Spectral measurements are of fundamental importance for the development of X-ray

applications. The special characteristics of the X-ray source described in this work include a

high repetition rate and an ultra-short time duration [Paper I]. The average X-ray flux is

moderate compared with conventional X-ray tubes, when measured over a longer period.

However, the peak flux is several orders of magnitude higher [Paper VII] which is

aggravating in some measurement techniques.

Medical applications of X-rays necessitate a knowledge of the spectral distribution of the

X-rays being employed. Radiologists frequently classify an X-ray spectrum by specifying

the voltage applied to the X-ray tube, and the half-value layer (HVL) for aluminium or

copper, i.e. the thickness of the chosen metal that would reduce the present X-ray intensity

by half. This is not a unique characterisation of the spectrum since there are a large number

of spectral distributions which have the same HVL value. Sometimes, the second and third

HVL values, which corresponds to the thickness of metal filters required for a reduction of

the initial X-ray intensity to 1/4 and 1/8, respectively, are used as measures of the radiation

quality.

We first studied the spectral distribution of the X-rays emitted from the LPP X-ray source

with the aid of ionisation chambers and X-ray absorption filters. It was found that the laser-

generated X-rays were attenuated in a way similar to X-rays from a 60 keV monochromatic

X-ray source, i.e. with a HVL of about 10 mm aluminium [Paper I].

Spectroscopic studies of the radiation from our LPP X-ray source were performed for two

main reasons. Firstly, the daily optimisation of the source requires knowledge about the

energy distribution of the emitted X-rays. This does not necessarily require acquisition of

detailed spectra, but some kind of measure of the spectral content in a number of energy

intervals. A number of HVL values in different materials would be sufficient. From such

data the ratio of the intensities of characteristic line emission and Bremsstrahlung can be

estimated. The second reason for performing spectroscopy is to further the development of

novel applications of these X-ray pulses. Various spectroscopic methods, each preferable

under different conditions, have been investigated. The following sub-sections present some

of the results and conclusions.
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X-ray spectra are sometimes presented as the number of emitted photons per unit energy

interval and sometimes as the energy emitted per unit energy interval. Confusion arises

when a spectrum is shown with the units "intensity" or "flux" per energy interval, since

either of these units can be expressed as the number of photons or as the X-ray energy.

When measuring a spectrum in a single-photon-counting mode, the natural unit is the

number of photons per unit energy interval, while in absorption spectroscopy or

wavelength-dispersive spectroscopy it is more natural to express the results in units of X-ray

energy per unit energy interval.

6.1 Energy-dispersive single-photon counting spectroscopy
Energy dispersive spectrometers, such as sodium iodide (Nal) and germanium (Ge)

detectors, used in combination with a multi-channel analyser (MCA), measure the photon

energy of individual X-ray photons. The energy of each measured photon event is recorded

with the MCA, in a channel corresponding to this particular photon energy. The detector

cannot distinguish between two or more photons arriving simultaneously, but will register

them as a single photon, with an energy equal to the sum of the energies of the individual

X-ray photons. This is known as the pile-up effect [Ref. 56, p. 114].

The relatively low repetition rate and the high peak flux of the LPP X-ray source are

considerable disadvantages when the single-photon-counting technique is used. The

detector cannot detect more than one photon per X-ray pulse without pile-up, even at

optimal conditions. The probability of detecting two photons simultaneously reduces the

practical count rate even further. The situation is exacerbated by the fluctuations in the

X-ray yield due to pulse-to-pulse fluctuations in the laser. The count rate should be adjusted

with regard to the X-ray pulses with the highest photon flux, not the average photon flux.

The flux can be reduced by different means [Paper III].

— Minimisation of the solid angle facing the detector by the use of small apertures and a

long distance between the source and the detector. However, a long distance between

the source and the detector may increase the amount of scattered radiation, e. g. from

the walls, the floor and the ceiling of the laboratory.

— Filtering of the radiation by inserting an absorbing filter close to the source. The

absorbing material is chosen with regard to the photon energies which are being filtered

away.
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— Measurement of only the photons being Compton scattered in a well-characterised

geometry [57,58]. The recorded spectra must be recalculated, taking into account the

shift towards lower photon energies, due to loss of energy in the scattering process.

Background radiation from different sources will always affect the measurements. The

amount of detected natural background radiation is minimised by surrounding the detector

with a multi-layer absorber, e. g. lead bricks covered on the inside with 1 cm of copper. The

copper will absorb the characteristic emission from the lead bricks. When a pulsed X-ray

source is used, the natural background can also be discriminated by the use of time gating

[Paper III]. Data are then acquired only in a narrow time window, which is synchronised

with the laser source. Scattered radiation emanating from the X-ray source, cannot be

rejected with this technique since the time dispersion of such scattered photons relative to

the ballistic (non-scattered) photons, will be less than the temporal resolution of the

detector. The use of successive apertures along the X-ray beam path reduces the amount of

scattered radiation.

Germanium and Nal detectors

Semiconductor detectors are manufactured as a junction of a p- and an n-doped part

[Ref. 56, p. 227-234]. A spontaneous diffusion of electrons from the n- to the p-doped side

will create a potential across the junction which halts further diffusion. The detection of

gamma rays requires a sufficient thickness of the active layer of the detector. A reversed

bias voltage across the junction improves the charge collection, and increases the volume of

the depletion zone. The region where there is a gradient in the potential is called the

depletion zone. X-ray photons impinging on this zone, will create electron-hole pairs. The

total charge deposited in the depletion zone is collected into an electric pulse, which is

amplified and recorded in an MCA.

The band gap in germanium is relatively small, compared with other semiconductor

materials, such as silicon, and therefore requires cooling with liquid nitrogen to reduce the

influence of thermal noise. The smaller band gap leads to a higher energy resolution, since a

larger number of charges are collected for each detected particle. Germanium has a higher

atomic number than silicon (2^=32, Zsi=14), leading to a higher absorption of X-ray

photons.

X-ray interaction in a scintillating material leads to the emission of light, which can be

collected and detected with a photomultiplier tube [Ref. 56, 149-159], connected to an

MCA. Several compounds are suitable as scintillating materials. Organic crystals, liquids
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and plastics are relatively easy to manufacture and exhibit a fast time response. Inorganic

crystals usually have a higher atomic number and hence a higher absorption of X-rays. They

also yield a stronger emission of light, leading to a higher resolution. Nal is the most

extensively used inorganic crystal, with the disadvantage of being hygroscopic.

Scintillating detectors in general, have a higher detection efficiency than semiconductor

detectors, although that is not the critical issue when measuring X-rays with an ultrahigh

peak intensity. These detectors are also relatively cheap and easy to use, since they do not

need cooling. However, germanium detectors have a superior energy resolution, compared

with Nal detectors [Ref. 56, p. 233].

CCD arrays

CCD arrays are a different kind of semiconductor detector, normally used for 2D imaging.

Each pixel in these detectors can act as a tiny energy-dispersive detector. The pile-up

problem still exists for the individual pixels, but the problem is partly overcome by the large

number of pixels, as long as the CCD array is read out before more than one X-ray photon

is detected in each pixel. The large number of pixels in a CCD array allows for a higher

total count rate than germanium detectors, and in principle a whole spectrum can be

recorded from a single X-ray pulse [59].

Direct detection of hard X-rays requires relatively thick CCD arrays doped with heavy

elements, for high absorption of the radiation. However, an X-ray photon may interact at

more than one site, due to scattering. Energy is transferred to primary electrons as a result of

these interactions. A further production of secondary electrons will occur along the path of

the primary electrons. These paths may cross more than one pixel in the CCD, leading to the

so-called "blooming" effect which will distort the measured spectrum. The effect will give

rise to an increased count rate at photon energies lower than the true photon energy. Escape

events occur both when part of the energy of an impinging X-ray photon is detected in

another pixel, and when part of the photon energy escapes from the CDD array.

CCD arrays can also be used in combination with an external scintillator, as discussed in

Sect. 7.1, which can enhance the detection efficiency, particularly at high photon energies.

In this arrangement, the CCD array does not work as an energy-dispersive detector, but

measures the energy of a large number of visible photons being emitted from the

scintillator.
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Measurements

The first energy-dispersive detector we used in order to characterise our LPP X-ray source

was a Nal detector. The measured spectrum showed an exponential fall-off in intensity, with

increasing photon energy. No characteristic line emission was observed, probably due to the

poor energy resolution of this detector. However, photon events with energies above 1 MeV

were registered, although some of them resulted from pile-up.

A germanium detector was used for measurements in a direct geometry, at a large distance

and with a small aperture. Initial measurements were carried out with a source-detector

distance of 11 m, and a 0.08 mm2 aperture. The aperture was a V-shaped groove, cut along

a 20 cm lead brick, with a second brick positioned on top of die groove. The detection of

ballistic photons from die LPP X-ray source required an alignment of the aperture better

than a tendi of a degree, both in the horizontal and in die vertical plane. Lead fluorescence

from the apertures was detected, but we did not observe any characteristic emission lines

from die target during the first measurement campaign. The fraction of scattered photons in

a measured pulse-height distribution (PHD) was estimated to be more than 50% by blocking

die X-rays with a 5 cm lead brick.

A Compton spectrometer (Spektro-X, Linkoping, Sweden) [57] was used as an alternative

to die germanium detector. The principle of die former spectrometer is briefly described in

Paper III. The initial measurements widi die Compton spectrometer were also hampered by

a large fraction of scattered radiation unrelated to die Compton scattering rod, although

spectra were obtained, where tantalum and tungsten K-lines could be observed.

A number of changes were made and further measurements performed. The problem of

large amounts of scattered radiation was counteracted by increasing die shielding of die

detectors using lead bricks and lead foils. The same Compton spectrometer was used in

parallel widi die direct-geometry detector. Spectra could be recorded simultaneously widi

the two detectors, which allowed for a direct comparison of die results of die two mediods

for die reduction of die photon flux. The aperture in front of die direct-geometry detector,

made of lead bricks widi a groove, was replaced by a combination of bodi lead and copper

apertures [Paper III]. A copper aperture was positioned at die detector, widi a lead aperture

in front of it. The copper aperture was made slighdy smaller tiian die lead aperture, to avoid

detection of X-ray fluorescence from lead.
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Fig. 6.1 Spectra from the LPP X-ray source with a Ta target, measured with a Ge-detector

in a Compton scattering geometry (circles) and a CCD array (triangles). Both spectra were

deconvoluted as explained in the text.

Spectra were obtained for Sn, Sb, Ta and Bi targets. Both Bremsstrahlung and characteristic

X-ray emission lines were observed (see Fig. 3 a) and Fig. 3 b), in Paper III). The relative

amount of characteristic X-rays was less, when measured with the Compton spectrometer

(see Fig. 4 a) and Fig. 4 b), in Paper III). This was interpreted as being a result of the

Compton scattering process and the subsequent deconvolution of data, which was necessary

to obtain the original spectra. The acquired spectra enabled an estimation to be made of the

conversion efficiencies of laser energy into X-rays, (see Table 4, in Paper III).

Spectral data obtained from a CCD array working in a single-photon counting mode were

reconstructed with the blooming effect taken into account [31]. Spectra from a tantalum

targets, recorded with the CCD array [31] and the Compton spectrometer [Paper III], are

shown in Fig. 6.1. The spectra from the two detectors show qualitative agreement, despite

the relatively simple reconstruction procedure applied to the data from the CCD array.

6.2 Wavelength-dispersive spectroscopy
Gratings are frequently used for wavelength-dependent diffraction of optical radiation. Soft

X-rays (<1 keV) can also be diffracted by gratings at grazing incidence. The use of gratings

is limited at higher photon energies, where crystals can be used instead, with the crystal

planes acting as the planes of diffraction. Crystal diffraction has been an established
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spectroscopic method for a long time, at photon energies of up to 10 keV. The use of

crystals is limited by their reflectivity, which is lower at high photon energies.

X-rays can be diffracted by a crystal that has been cut along the lattice planes. The radiation

is directed in a small angle <P, relative to the crystal surface, i.e. Bragg diffraction geometry.

Radiation will be diffracted when the Bragg condition is fulfilled: 2dsin€>= nik, where d is the

separation between the lattice planes, m is the diffraction order and A is the wavelength of

the radiation. X-rays can also be diffracted by transmission through a crystal, i.e. Laue

diffraction geometry. The three-dimensional lattice space causes constructive interference in

certain directions, depending on the photon energy.

The efficiency of the reflection at a crystal surface or a lattice plane is quantified by the

integrated reflectivity. Bending of such a diffracting crystal can increase the integrated

reflectivity, at the expense of the spectral resolution, which however, was limited by other

factors in our investigation [Paper IV]. Practical considerations regarding the optimal

choice of a crystal for spectroscopy of the radiation in the energy range 56 to 67 keV are

discussed in detail in Paper IV. Optimal parameters for silicon and germanium crystals were

calculated with the emphasis on high luminosity of the spectrometer in this energy regime.

The integrated reflectivity was calculated for different bending radii, photon energies,

diffraction orders and geometries.

Measurements

Crystal spectrometers, developed at the Friedrich-Schiller Universitat in Jena, were used in

combination with image plates and a CCD camera equipped with a scintillating fibre plate

for high-resolution spectral measurements of our LPP X-ray source [Paper IV]. Measure-

ments were performed with tantalum targets, and the characteristic L- (8-12 keV) and

K- (56-67 keV) emission lines from this target element were studied.

A silicon crystal, cut along the (111) crystal plane, was used in Bragg reflection geometry.

The resulting spectrum, composed of two separate recordings, in the energy range of the

L-emission lines is shown in Fig. 8 in Paper IV. Another silicon crystal was used in

transmission (Laue) geometry for diffraction in the (224) crystal plane. Recorded spectra

using both Laue and Bragg geometries in an energy range around the Ta K-emission lines

are shown in Figs. 9 & 10 in Paper IV. Both spectra show emission lines and a

Bremsstrahlung continuum. The intensity of the Bremsstrahlung could be estimated, but the

narrow spectral region covered by the spectrometer does not allow any information to be

extracted about its slope.
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Fig. 6.2 Recorded spectra from a Ta target showing the characteristic K-lines measured

with a wavelength-dispersive spectrometer (diffracting crystal, circles) and an energy-

dispersive spectrometer (Ge-detector, triangles). The data recorded with the crystal

spectrometer was scaled to fit to the data recorded from the Ge-detector both with regard

to intensity and photon energy.

Characteristic emission lines from a tantalum target were resolved by the crystal

spectrometer. A comparison between two completely different spectroscopic techniques,

one of them being energy dispersive and the other being wavelength dispersive, can now be

done. The data from the crystal spectrometer [Paper IV] was fitted to the data from a direct-

geometry measurement with a Ge-detector [Paper III] by adjusting both the intensity and the

photon-energy scale of the former spectrum. The resulting plot (see Fig. 6.2) shows the

correspondence in both the shape and the relative intensities of the K- lines.

6.3 Spectral measurements using attenuation in filters
Silberstein presented a method for X-ray spectral characterisation using absorption in metal

filters already in 1932 [60]. The technique developed mainly due to the interest from radio-

logists who lacked other easy-to-use spectrometers. Mediods similar to Silberstein's were

applied to the photon energy range which is normally used in diagnostic radiology, i.e. from

20 to 140 keV. Radiation therapy with MeV photons has extended the use of these methods

up to this energy range [61]. Spectral data can be obtained from the measured absorption

data, using different algorithms. The results of these algorithms are normally presented as a

histogram showing the amount of X-ray energy per unit energy interval. The energy

intervals in such a histogram can be arbitrarily chosen, although it is more natural to let
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them be determined by the K-edges of the filters, when the number of intervals corresponds

to the number of different elements in the filters.

A spectral histogram can be calculated directly by solving a set of equations using matrix

inversion [60]. It is recommended to use filters of several elements. The use of too few

elements, compared with the number of energy intervals, is likely to result in ill-conditioned

equations [62]. The use of several different elements with their K-edges in the investigated

energy range will lead to a more robust set of equations.

Iterative methods can be based on the modelling of a spectrum [63,64]. The attenuation of

the radiation from the modelled spectrum is calculated. Adjustments are made to the

spectrum until the attenuation is similar to experimentally measured data from an

investigated X-ray source.

A method using matched attenuation filters will lead to simple calculations [65,66]. The

attenuation filters are made of different elements with matched thickness. The filters can be

made with a matching spectral attenuation, apart from a difference in attenuation in the

energy range between the K-edges. Exposure values from such filters with adjacent K-edges

are subtracted pairwise in order to obtain the amount of X-ray energy in the energy interval

between the two K-edges.

Matrix inversion technique

A homogeneous object with the total attenuation cross section n(E) and thickness x, will

have a differential transmission of exp(-/j(E)x). The total spectrally-integrated signal S, from

an X-ray source with the differential X-ray photon flux {d&(E)/dE}, measured through the

object by a detector with the detection efficiency D(E), can be written

In order to obtain a histogram with n intervals, measurements have to be performed with n

different filters being chosen among various elements with suitable K-edge energies. The

relative transmission 7} through the^th filter is

m )

where So is the detector signal for unfiltered radiation and 5, for radiation filtered with the

yth filter. The photon energy range, over which the spectral distribution is to be measured, is

54



divided into n sub-intervals defined by the photon energies Kt. The widths of the

corresponding intervals are denoted AEt. Widiin each of these intervals the photon flux

\dS(i) I dE is assumed to be constant which leads to a simplified version of Eq. 6.2

dS(i)
(6.3)dE

where atj is the integral of the last two factors in Eq. 6.3 in die energy interval AT, to Ki+1 for

the^'th filter. The transmission vector T with its elements 7}, the absorption matrix A with its

elements ay and die photon flux vector fl> with its elements {dO(iydE}, can men be written

with matrix notation as

T=A Q> (6.4)

The matrix A can be calculated using attenuation coefficients and the photon flux can be

obtained as the matrix product of the inverse of A and T. However, an inversion of A will in

several cases lead to unstable solutions to Eq. 6.4. Singular value decomposition of A is one

way to circumvent diis problem [67].

Measurement and simulation

Several absorption filters were manufactured. The mediod of subtracting exposure values

behind such filters was tried for both rolled metal filters and metals in solution. Practical

difficulties led to negative results for a few combinations of filters, although the general

shape of die obtained spectrum seemed realistic (see Fig. 63). The negative values in a few

intervals were believed to be explained by a non-isotropic X-ray emission from die LPP

X-ray source, fluorescence in die filters and the difficulty in obtaining die correct absorption

in die filters.
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Fig. 6 3 A spectrum from an LPP using a Ta target, obtained from an exposure of K-edge

filters in the form of solutions. The amount of X-ray energy in each interval was calculated

by pairwise subtraction of the exposure values associated with the K-edge filters

determining the corresponding interval. Negative intensities appeared as a result of

experimental imperfections.

The matrix-inversion method was also applied to the same set of K-edge filters, with a result

being even more sensitive to the experimental uncertainties than the subtraction method.

The matrix method was explored in a simulation with a set of 11 filters: Cs, La, Ce, Nd, Sm,

Gd, Dy, Er, Yb, Hf and W. The transmission through each filter was calculated for a

modelled spectrum. Noise was introduced in the synthetic transmission data, and a

deconvolution was done using the matrix-inversion technique with singular-value decompo-

sition. The modelled spectrum together with a resulting histogram are shown in Fig. 6.4.

The error bars of + one standard deviation were calculated for fluctuations in the individual

exposure values of ± 1 %. The error bars scale linearly with the uncertainty in the exposure

values. The relative shape of the histogram does not deviate much for small fluctuations in

the exposures (<1%), although a fluctuation of ±2% will distort a histogram beyond

recognition. Negative values appear with high probability in the energy intervals with

narrow width and low intensity. Averaging of a large number of individual histograms

improves the performance of the method. 100 histograms, calculated from transmission data

with 10% fluctuations in the exposure values, were averaged. It was found that the obtained

intensities in eight out of ten energy bins were within the 1 % fluctuation error bars, i.e. the
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Fig. 6.4 Spectral determination using absorption filters. The attenuation of a modelled

spectrum (smooth) was calculated, and a histogram was obtained with the use of the

matrix-inversion technique. The error bars were calculated for fluctuations in the exposure

values of ±1%.

result could have been plotted in Fig. 6.4 with all but two intensities being within the

already plotted error bars.

Fluorescence from the filters contributes to the exposure of the image plates used as

detectors. The fluorescence fraction can be decreased by introducing apertures and by

increasing the distance from the filters to the image plate, but this will, however, prolong the

exposure time. A measurement of the filter transmission already requires several laser

pulses due to the low X-ray energy per pulse. Fluctuations in the X-ray yield make it

unrealistic to expose one filter at a time. Filters arranged in an array must be exposed

simultaneously with the difficulties that will imply. The individual filters in an array will be

more difficult to collimate with apertures than a single filter would have been. The emission

of X-rays from the laser-produced plasma is not isotropic. The received dose will thus vary

across the radiation field required for the simultaneous exposure of an array of filters.

The amount of scattered radiation was estimated from a measurement using a Ge-detector in

a direct-geometry (see Paper III). A measurement utilising radiation from an X-ray tube

with a tungsten target and a tube voltage of 100 kV showed that a gadolinium filter, at a

distance of 2 m from the image plate, caused a fluorescence which corresponded to about

10% of the total dose accumulated by the Ge-detector.
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It was concluded that the method of spectral determination with the use of absorption filters

was mainly hampered by the experimental conditions, not by the evaluation algorithms.

These methods have shown excellent results when being used together with X-ray tubes

[62], where the high average output with a constant flux enable the use of a well-collimated

geometry and measurement through the filters one by one.
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7. IMAGING APPLICATIONS

X-ray imaging is, in essence, a technique for recording the X-ray shadow of an object.

Refractive elements cannot be used for X-ray imaging, while the use of diffractive and

reflective elements is limited to small objects and moderate photon energies.

The interaction of X-ray photons in matter occurs mainly through photo-conversion and

Compton scattering. Photo-conversion is the process in which X-rays are absorbed. This

process produces the contrast in an image, due to a variation in absorption of X-rays in

different parts of an object. Photons Compton-scattered in random directions will not

contribute positively to the image quality, but will rather degrade the image by adding noise

to it.

Imaging was the first practical application of our LPP X-ray source. It was promptly shown,

with the use of image plates, that a sufficient amount of X-rays could be produced for a

radiograph of a 1.5 cm thick tissue sample (see Fig. 4 in Paper I). This image was recorded

during 10 minutes with a magnification factor of 3.4. The effective exposure time could

have been reduced to less than a minute for an image on the scale 1:1. The ultrashort X-ray

pulse duration, ~5 ps, makes the real exposure time extremely short. An effective exposure

time of 1 minute corresponds to a real exposure time of just a few nanoseconds. Our LPP

X-ray source operates at 10 Hz. Development of lasers with a higher repetition rate (kHz)

and a maintained pulse energy, will lead to a corresponding reduction in the effective

exposure times.

7.1 Imaging detectors
Different devices for the recording of X-ray images were considered. Photographic films

have been the standard method for recording X-ray images for almost a century. Image

plates, and digital scanners for the readout of these plates, were developed in the 1980s.

Progress in CCD technology has offered another alternative.

Photographic films were used by W. C. Rontgen upon his discovery of X-rays in 1895 [68],

and they are still widely used for X-ray detection and imaging. The direct sensitivity of a

photographic film is, however, rather poor. Enhanced sensitivity can be obtained by

combining photographic films with fluorescent screens. The advantages of using

photographic films are the high resolution, the large image size, and the low initial cost.
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Image plates are widely used today in medical radiology. Commercial image-plate systems

(Fuji BAS2000, Fuji C9000, Fuji Photo Film Co.) were used for the recording of the X-ray

images which are presented in this thesis. These plates are composed of a plastic substrate,

which is covered with a 150 urn thick crystal layer with the active elements Ba, Br, F, I and

Eu [69]. The principle of how these image plates work is briefly discussed in Paper II, and

the storage of data from such image plates is described in Paper VI. The advantages of these

image plates compared with photographic films include high sensitivity, a large dynamic

range and a linear response to the absorbed dose.

CCD arrays have been used for direct X-ray imaging in the energy range 0.1-10keV

[70,71], mainly within astronomy and high-energy physics. CCD arrays will probably

develop into the most attractive detector for several future applications, although their

limited size and low efficiency at higher photon energies limit their usefulness at present.

The low efficiency of CCD arrays at higher photon energies can be enhanced with the

combined use of fluorescence plates. Image degradation will occur due to scattering of the

fluorescence light in the bulk of the material. The use of an optical fibre plate, doped widi

heavy elements, can overcome this problem since the fluorescence light is guided in such

plates while the spatial information is conserved. We used a combination of a CCD array

and a fluorescent fibre plate as an alternative to image plates, for the recording of spectral

lines [Paper IV]. The scintillating fibre plate was also used in combination with a

photomultiplier tube for measurements of the X-ray yield [Paper V]. The sensitivity and the

spatial resolution of image plates and the combination of the CCD array and the scintillating

fibre plate, are compared in Paper IV.

7.2 X-ray imaging using an LPP X-ray source
An improved image quality can be obtained by increasing the X-ray dose during an

exposure, although in medical imaging it is very important to minimise the radiation dose.

There is thus a need to find a compromise between the X-ray exposure required to obtain a

high-quality X-ray image, and die negative health aspects of die X-ray dose. A technical

improvement in die X-ray image quality, for a given X-ray dose, gives die same result as a

technical improvement in the reduction of die X-ray dose, for a given image quality, seen

from the perspective of radiation safety. It is of great importance to spectrally filter die

radiation that is used for imaging. Low-energy photons will contribute to the totally

absorbed dose in a patient, widiout yielding any image information.
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Conventional medical imaging is always performed with the source and the detector on

opposite sides of an object. A new projection geometry was proposed where the LPP X-ray

source, with a small target as described in Sect. 4.5, is inserted inside the object of

investigation (see Fig. 6 in Paper II). There are a number of cavities in the human body

through which such a source could be inserted. Simultaneous all-teeth imaging may be one

application.

Biological imaging

Biological objects may consist of microscopic samples and macroscopic pieces of tissue

(see Fig. 4 in Paper I) or the whole body of patients. Microscopic samples are preferably

studied at photon energies below 1 keV, where carbon, nitrogen and oxygen have their

K-absorption edges. Applications of such soft X-rays are not included in this work and will

not be further described.

Medical radiography employs X-rays with photon energies in the range 20-140 keV, where

tissue and administered contrast agents give the highest image contrast. A higher contrast in

absorption is obtained at low energies, although for practical use, the energy must be

sufficiently high to penetrate the object being imaged. A wide range of X-rays are used for

different purposes. Characteristic emission from molybdenum (17 keV) is regularly used in

mammography, while broadband X-rays with photon energies above 100 keV are employed

in chest X-ray imaging. Absorption filters are regularly used to suppress X-rays in the low-

energy regime, and partly in the regime just above the K-absorption edge of the filter

element.

Imaging of tissue with a thickness of the order of 10 cm will show a higher contrast if a

filter with an X-ray absorption corresponding to a few millimetres of aluminium is used.

Such filters will, on the other hand, degrade images of thinner objects, since the radiation

giving the highest contrast has a lower photon energy for thinner samples (see Fig. 4 in

Paper II).

The absorbed dose scales inversely with the square of the distance from the X-ray source. In

medical X-ray imaging, the superficial tissue layers will receive the highest X-ray doses

during an exposure. It is technically feasible to image parts in the interior of the body with a

high degree of magnification [1], although the absorbed skin dose might be higher

compared with conventional X-ray projections. However, the collimated field of X-rays can

be made smaller in magnification imaging, which results in a total-body absorbed dose

being about the same in both cases.
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Technical imaging

Biological samples do not show any fine structure contours at high contrast when high-

energy X-rays are used for imaging. This is due to the lack of heavy elements in the body

(apart from artificial transplants or amalgam). Technical objects are, on the contrary,

frequently made of heavier elements, which require the use of high-energy X-rays in order

to achieve the appropriate penetration characteristics. The traditional use of technical X-ray

imaging includes X-ray monitoring of luggage at airports and X-ray imaging of welding

seams in pipes. More sophisticated applications of X-ray imaging are being discussed,

making use of the ultrashort X-ray pulses from LPPs. These include the studies of the

dynamics of phase transitions in matter and back-illumination of target dynamics in inertial-

confinement fusion experiments. Examples of ultrafast image recordings are shown in Fig. 3

in Paper I and Fig. 2 in Paper II.

The high resolution of X-ray images obtained with the LPP X-ray source is exemplified in

Figs 3 a) and b) in Paper II. The bonding wires, with a diameter of 20 um, of the integrated

circuits shown in Fig. 3 b) were resolved.

Magnification imaging

The resolution of a radiographic image depends on the size of the X-ray source and the

resolution of the image detector. The limited resolution of an image detector can be

overcome by magnifying the radiographic image through projection, with some distance

between the object and the image detector. However, a planar projection radiograph of an

object can only be obtained approximately when the distance from a point source to the

object is large, compared with the size of the object.

A small X-ray source is essential for high resolution of a magnified radiographic image. An

extended source, as well as physical movement of the X-ray source, will give rise to

blurring of the image. The size of a laser-produced plasma X-ray source can be minimised

in different ways, as discussed in Sect. 5.3, and the position of the X-ray source can be

stabilised, as shown in Sect. 4.6. We have demonstrated magnification of up to 80 times,

using a solid tantalum foil as the radiation target (see Fig. 3 in Paper I).
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7.3 Differential imaging
Differential imaging is based on division, or subtraction, of images that have been exposed

under varying conditions. The method can be used in the time domain for the visualisation

of motion, or in combination with a contrast agent for the visualisation of blood vessels.

Angiography is an example of the latter case where two exposures are made, one without a

contrast agent and one in the presence of a contrast agent.

We employed this technique in the spectral domain and successfully obtained images with

the use of gadolinium and tantalum radiation targets and a gadolinium contrast agent [Paper

VI]. The recorded images were processed in order to obtain element selective images of

gadolinium. The choice of gadolinium as the contrast agent was due to its wide-spread use

in MRI imaging as a paramagnetic contrast agent, and since it is therefore approved for

medical use. Tantalum and gadolinium target elements were chosen for practical reasons,

although other elements are expected to improve the performance of the method. Assuming

that the Bremsstrahlung from the two target elements do not differ too much, the main

difference is due to the their characteristic emission at 43 (Gd K^) and 57 (Ta Kai) keV.

Suitable contrast agents for this combination of target elements would be any of the

elements with their K-absorption edge in the range 43-58 keV. Two images, one exposed

with each target element, were recorded of a test phantom containing solutions of 20

elements with their K-absorption edges in the range 29-110 keV. The pixel values in the

two images were divided with differences in exposure values being identified with brighter

Sn Cs Ba La Ce Pr Nd Sm Eu Gd

# • • * *

Gd Tb Dy Ho Er Yb Hf W Hg Th

Fig. 7.1 Differential imaging in the spectral domain of a phantom consisting of 20

elements in solution. The pixel values from an exposure with a gadolinium target were

divided with the exposure values from a tantalum target. The varied absorption

characteristics of elements with their K-absorption edges between the characteristic

emission lines of the two target elements are reflected by relatively brighter pixels, which

is the case for Nd, Sm, Eu, Gd, Tb, Dy and Ho.
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pixels in the divided image (see Fig. 7.1). The solutions of Nd, Sm, Eu, Gd, Tb, Dy and Ho

appear brighter and also corresponds to the elements which are expected to show this effect,

because of their K-absorption edges being in the energy range 43-57 keV.

The optimal target elements for practical exposure of a given contrast agent can be selected

taking a number of factors into account. Each element is normally associated with four

characteristic K-lines, with the K^ being the most intense. A few element are extremely rare

and must be omitted. The relative amount of characteristic emission compared with

Bremsstrahlung varies with the atomic number.

An evaluation of combinations of target elements for a gadolinium contrast agent was done.

Bremsstrahlung distributions from plasmas with electron temperatures of 50 keV were

modelled, with additional characteristic emission corresponding to 10% of the total X-ray

emission. The modelled X-ray spectra were pre-filtered with 3 mm of aluminium. The

transmission of the radiation through 100 mm of muscle, with and without a further

attenuation in 0.1 mm of gadolinium, was calculated for the spectrum corresponding to each

target element, without taking scattered radiation into account. The optimal combinations of

target elements were found to be erbium-ytterbium or gadolinium-ytterbium.

7.4 Imaging techniques for the reduction of scattered X-ray photons
The direction of scattered photons cannot be predicted, while the ballistic, unscattered

photons will pass straight through an object. If the object is thin and the image detector is

positioned directly behind the object, scattered X-ray photons from a collimated beam are

likely to reach the detector within a small area centred around the point where the ballistic

photons are detected. This spatial spread will increase as the distance from the object to die

detector increases. At a large enough distance from the object there is no correlation

between die scattering centres and the positions at which the scattered photons hit the

detector.

The image-forming absorption events in radiographs are due to ballistic photons. Compton

scattering does not contribute positively to the quality of an image, but rather degrades the

image. The relative strength of absorption versus scattering depends on the element, where

die interaction takes place, and the photon energy. The ratio of scattered to ballistic photons

in chest or abdomen X-ray imaging can be as high as a factor of 15 [72].

Linear grids and air-gap techniques

Lead grids are commonly used in medical radiography for the suppression of scattered

radiation. The contrast can be increased by up to a factor of 3 with such rasters
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[Ref. 53, p. 99-104]. These grids are made of thin lead foils which, side by side, are infused

in aluminium plates. The thin lead foils are normally arranged in a fan-beam geometry, and

act as linear X-ray collimators.

The use of a deliberately increased distance between the object, where scattering occurs,

and the imaging detector, will also reduce the relative intensity of the scattered radiation.

This is referred to as air-gap techniques [Ref. 53, p. 112-113].

Time-gated viewing

The extremely short time duration of the X-ray emission from a laser-produced plasma

source enables separation in time between ballistic photons and scattered photons, due to

their different path lengths. Fast time-gated cameras [73] with a gating time of the order of

100 ps have successfully been used for the suppression of scattered radiation [8,74,75].

Similar techniques have been used in the optical domain by several groups [76].

Simulations by Baity et al. have shown a reduction in the X-ray dose by a factor of 8, with

maintained image quality, for 20 cm thick tissue [75]. The reduction in dose depends on

both the gating time of the detector and the thickness of the sample, which was studied

theoretically and experimentally in our group [77,78].
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8. BIOLOGICAL EFFECTS OF HIGH-DOSE-RATE
X-RAY EXPOSURES

Considering the characteristics of the X-rays from a laser-produced plasma, a number of

issues must be addressed when evaluating the biological response. The time-averaged dose

rate from the LPP X-ray source is lower than normally the case for an X-ray tube, because

of the extremely short pulse duration and the limited repetition rate of the former. On the

other hand, the peak dose rate of the LPP X-ray source exceeds a peak value of ~109 Gy s"1

at a distance of 10 cm from the source. Further, the relatively low time-averaged dose rate

from this X-ray source makes it necessary to use multiple X-ray pulses from such a source

for the majority of applications, e.g. X-ray imaging.

8.1 Interaction of X-rays and biological tissue

The interaction of X-rays and tissue has been the central issue for radiobiologists for several

decades. The main biological effects of ionising radiation is damage to DNA molecules.

Interaction take place both directly and indirectly. The direct process is the interaction

between radiation and biological molecules, without any intermediate reaction stages. The

indirect process consists of a complex chain of events. The direct interaction dominates for

radiation characterised by a high linear energy transfer (LET), e.g. a-particles and neutrons,

while the indirect interaction dominates for X-rays and gamma rays. The LET is defined as

the average energy deposited per unit length of the track of an ionising particle, measured in

keVum1 [Ref. 79, p. 8-12, 155]. The time scales for the different processes in the

interaction are summarised in Table 8.1.

The starting point of the indirect interaction between radiation and molecules, most

frequently water molecules, is ionisation. The electron released from such an ionisation

event will decrease its energy through a series of reactions through which ionised or excited

water molecules are created. Excited water molecules will transform into an ionised

molecule or dissociate,
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Table 8.1. Time scales for the interaction of radiation with biological tissue [80].

Time scale

<1015s

1015-1012s

1012-10"6s

< 103 s

Minutes

Days

Years

Event

Creation of H2O+, H2O and free electrons

Creation of H3O
+, OH, e"„, and H

Recombination or diffusion of the free radicals

Completed reactions with biological molecules

Effects on cell reproduction

Damage to the gastro-intestitial and the nervous system

Cancer, cataracts, genetic damage

The ionised water molecule reacting with another neutral non-excited water molecule will

form a free radical,

H 2 O + + H 2 O - > H 3 O + + O H (8.2)

The free radicals produced through reactions 8.1 and 8.2 will thereafter be responsible for

the damage caused to the biological molecules.

The DNA molecule is shaped like a double helix, with the genetic information carried in the

cross couplings between the two strings of the helix. Every such cross-coupling consists of

base pairs of four possible bases. Adenine is always paired with thiamine, and guanine is

always paired with cytosine [Ref. 81, p. 95-97]. The damage to DNA molecules results in

bond breaking, either in the outer strings or in the base-pair cross-couplings. A single break

can easily be repaired, since the remaining base determines the missing one. On the other

hand, a double bond break can lead to erroneous repair of the damage. The broken double

helix can be connected with another loose end or with the wrong end of the missing part.

Such incorrect repair will lead to mutations [Ref. 81, p. 223-227]. Radiation with a high

LET will have a relatively larger biological impact because it produces damage with a

higher local density, and the repair mechanism will be too slow to fully avoid multiple

damage to one and the same DNA molecule. In this context, the relative biological effect

(RBE) is an important parameter determining the relative damage caused by different kinds

of radiation. The RBE is defined as the ratio between the dose from a 250 kV X-ray tube

and the dose of the investigated radiation that yields the same biological effects. The RBE
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depends on several factors, e.g. the dose rate and the number of dose fractions [Ref. 79,

p. 156, 160-161].

The most common way of measuring the biological effects of ionising radiation is to

measure the survival rate of mammalian cells exposed to the radiation in question. The

mammalian cells are irradiated in vitro and studied after a few days of cell growth

[Paper VII]. It is normally assumed that this kind of measurement in vitro is representative

of the biological effects in vivo. Irradiation of certain organs, e.g. testicles and kidneys, in

experimental animals have been used as an in vivo method for the investigation of

biological effects in a complete biological system [Ref. 79, p. 36,51], although we have

only carried out studies in vitro.

8.2 Dose-rate effects
The survival fraction of cells exposed to X-rays, measured as described in Paper VII, is

usually presented in the form of a survival curve. Such curves are normally plotted on a log

scale with the relative survival fraction plotted as a function of the absorbed dose. These

curves typically have a knee at low doses and thereafter decrease with a constant slope (see

Fig. 4 in Paper VII). Irradiation at low dose rates results in a flat curve, while for higher

doses the slope of the curve increases. The range of the exposure is normally chosen to be

from zero up to an absorbed dose of 10-30 Gy. The regime where the dose-rate effect is

most notable is in the range 10"4-10"2 Gy s"1, and it is normally assumed that no such effects

occur above the level of 102 Gy s '[Ref. 79, p. 108, 117].

The reason for the behaviour, reflected by the survival curves, is the damage caused to the

cells, which can be either lethal or sublethal. Lethal damage will inevitably lead to cell

death, while sublethal damage may be repaired. However, the repair of sublethal damage

will not take place if damaged cells are further irradiated with doses which will cause lethal

damage. The chances of a cell recovering are therefore improved, if a given irradiation dose

is split into smaller doses, or if the same integrated dose is given over a longer exposure

time. Fractionated doses are normally considered to inflict less damage. The delay between

such fractional doses is hours or days, rather than seconds. The irradiation procedure that

was followed in Paper VII implied irradiation at a repetition rate of 10 Hz.

The amount of biological damage also depends on the level of oxygenation. The indirect

radiation damage caused by free radicals is increased if oxygen is present. The free radicals

and oxygen, together with the biological molecules, form organic peroxides which are non-

restorable, leading to permanent chemical changes. This is known as the oxygen fixation
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hypothesis [Ref. 79, p. 137]. Irradiation at ultrahigh dose rates will consume oxygen faster

than re-oxygenation can take place, and at a high enough dose rate there will be a reverse

dose-rate effect due to oxygen depletion. It was found that the relative cell survival was

higher at an increased dose-rate [Paper VII]. This confirms observations made in the 1960s

at dose rates of the order of 109 Gy s ' [82].

The absorbed dose from the LPP X-ray source was measured with TLDs. Assuming an

X-ray pulse length of 5 ps, the peak absorbed dose rate at a distance of 10 cm from the

X-ray source was estimated to be 109 Gy s'1 [Paper VII]. This is in the same regime as the

critical dose rate reported by Berry et al. [82]. The resulting cell survival did not differ very

much from similar exposures performed at low dose rates (< 1 Gy s"1) with X-ray tubes.

The results represent the averaged cell survival of several individual measurements, made

on different occasions. The problem of fluctuating experimental conditions is similar to that

in single-photon-counting spectroscopy, described in Sect. 6.1, i.e. the measured cell

survival and X-ray spectra represent an average over an ensemble of non-identical events.

The averaged data were recorded with a small fraction of "hot" laser-shots, i.e. with an

increased total yield of X-rays, a large fraction of "medium hot" laser shots and a further

fraction of moderate-energy laser shots. The "hot" laser shots were few but over-represented

in the averaged data. Each measurement series of the cell survival included 5 to 7 cell

samples, and a number of such series were averaged in order to obtain good statistics.

Despite the limited number of samples, one of the measured series could be interpreted as a

result of the oxygen effect, i.e. the damage was less at higher absorbed doses.

The ideal experimental arrangement would be a cell exposure where only the high-yield

laser shots would be allowed to irradiate the cells, i.e. a "dose-gated" exposure. The only

practical way to achieve this is to make single-shot exposures, although the absorbed dose

from one single laser shot is not enough to achieve absorbed doses of up to the value of

10 Gy which is needed for a full survival curve. More powerful lasers may provide the right

experimental conditions for such an investigation.

The results imply that there is no indication of increased biological effects due to X-ray

irradiation at ultrahigh absorbed dose rates [Paper VII]. Earlier measurements showing a

decreased biological effect at ultrahigh absorbed dose rates were interpreted as being the

result of radical-radical recombination or oxygen depletion [82]. This effect is connected

with the indirect interaction between radiation and tissue. As mentioned above, the direct

interaction is considered to be less important for X-rays and gamma rays. This was based on
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the assumption that this kind of radiation can be regarded as low-LET radiation. The LET

is, however, related to how close to each other two simultaneous damage sites are, on the

time scale of the repair mechanisms. At a high enough dose rate the probability of

simultaneous damage sites, closer than a certain distance from each other (the length of a

helical turn in the DNA molecule is about 3.4 nm [Ref. 81, p. 99]), will be sufficient to

cause double bond breaks in the DNA molecule.

The conclusion is that biological effects because of indirect interaction of radiation are not

increased at ultrahigh absorbed dose rates. However, it cannot be excluded that direct

interaction of radiation may inflict increased biological damage at ultrahigh absorbed dose

rates, although there were no such indications in the experimental data.
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9. SUMMARY OF THE PAPERS

Paper I presents our first experimental data obtained with the laser-based X-ray source.

The X-ray-emitting spot was determined to be less than 60 um. X-ray dose measurements

were performed with a combination of ionisation chambers and X-ray absorption filters.

The X-ray emission showed an attenuation in aluminium filters similar to the attenuation of

a 60 keV monochromatic X-ray source. X-ray imaging with a magnification of up to a

factor of 80 was illustrated. Single-pulse X-ray imaging of a small biological object was

demonstrated.

Paper II presents further applications of X-ray imaging. Technical object and mammals

were imaged with high contrast using different filters. Spectral measurements were

performed, in which the Ta K-lines could be observed at 57 and 65 keV. The methodo-

logical problems associated with pile-up in the spectral measurements are discussed. The

possibility of performing dual-energy subtraction imaging with gadolinium contrast agents

is considered.

Paper III The possibility of measuring the spectral distribution of ultrashort X-ray pulses

with single-photon-counting detectors is investigated. Measurements in a Compton-

scattering geometry were compared with those in a narrow-angle geometry. X-ray spectra

for various target elements were recorded. Up to four characteristic K-emission lines in

tantalum were identified. Conversion efficiencies for the energy transfer from laser light to

total X-ray energy and to characteristic K<, emission were calculated.

Paper FV presents high-resolution X-ray spectra from an LPP measured with a crystal

spectrometer, for the first time measured at photon energies in excess of 50 keV.

Characteristic L- and K-emission lines were identified using Bragg and Laue geometries.

Optimal experimental parameters for such a crystal spectrometer are discussed.

Paper V Previous results are summarised and new observations of material being ablated

from the LPP X-ray source are presented. The material deposition was studied as a function

of different experimental parameters.

Paper VI gives a detailed description of die technique of dual-energy differential imaging.

Test phantoms, containing solutions of different heavy-metal ions in various concentrations,

were imaged. Tantalum and gadolinium radiation targets were used. Element-selective
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images were obtained by the division of two such images exposed with radiation from

different target elements. Similar element-selective images of metal foils were recorded.

The feasibility of medical differential imaging using laser-generated X-rays was

demonstrated on mammals which were given solutions of gadolinium and cerium (post

mortem). Element-selective images of the contrast agents were obtained.

Paper VII Results indicated for the first time that X-rays from an LPP at ultrahigh dose-rate

exposures do not cause greater biological effects than X-rays from conventional X-ray

tubes. Comparative measurements were made with low average absorbed dose-rate

exposures from conventional X-ray tubes.

Contributions by the author

The work presented in this thesis has been concentrated on the technical development of a

laser-based hard X-ray source, and on applications of the laser generated X-rays. The author

has, to a large extent, been responsible for both the planning and the execution of this

research.

The author was first author and main responsible for Papers II, III, VI and VII, and has also

contributed to the manuscripts of Papers I, IV and V. The author carried out most of the

experimental work in Papers I, II, III, VI and VII (work related to the exposures), and also

contributed to the experiments of Papers IV and V.
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ABBREVIATIONS

Numbers indicate the section of the first occurrence of the respective abbreviation.

ASE amplified spontaneous emission (2.1)

CCD charge-coupled device (4.6)

CPA chirped-pulse amplification (2.1)

CW continuous wave (2.2)

HVL half-value layer (6)

LET linear energy transfer (8.1)

LPP laser-produced plasma (1)

MCA multi-channel analyser (6.1)

MRI magnetic resonance imaging (5.2)

PHD pulse-height distribution (6.1)

RBE relative biological effect (8.1)

SEM scanning electron microscope (5.1)

T3 table-top terawatt (2)

TLD thermoluminescent dosimeter (5.2)
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