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Abstract

Abstract

Laser-plasma wakefield acceleration (LWFA) is a promising technology that is
attracting the attention of the scientific community. It is a new acceleration
concept where electrons can be accelerated to very high energy (~150 MeV)
in a very short distance (mm scale). Electrons “surf’ plasma waves excited by

the passage of a high power laser (~10'® Wcm) through plasma.

Electrons in the LWFA can undergo transverse oscillation and emit
synchrotron-like X-ray radiation, commonly known as betatron radiation, in a

narrow cone along the laser propagation axis.

The properties of both the electrons and the X-rays produced by the LWFA
make them excellent candidates for a wide range of applications. In this thesis,
both betatron X-ray and bremsstrahlung sources from the ALPHA-X laboratory
are used to carry out both conventional imaging and X-ray phase-contrast

imaging experiments to explore the feasibility of real-world applications.

The characterisation of the betatron X-ray radiation produced by the LWFA in
the ALPHA-X laboratory is presented. In the last Chapter, a brief discussion of

the potential of LWFA technology for clinical applications is presented.
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convoluted images for a 13 um detector pixel size. From [43].

Figure 4.22. Examples of projection (left), tomogram (centre) and 3D
reconstruction (right) of a FLUKA simulated 100 um diameter bone with a 40

pm micro-crack. From [43].
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Figure 4.23. Schematic of the filtered back-projected method. Each view is
filtered before being back-projected to avoid blurring. From [49].

Figure 4.24. Chamber layout with the relevant distances. In yellow the gas jet,
magnet in red and lanex screen in green colour.

Figure 4.25. Top: geometry of the Monte Carlo simulation for lanex screen
calibration. Bottom left: false colour image showing an example shot of the
electron beam on the lanex screen. Bottom right: calibration curve for electron
energy estimation.

Figure 4.26. Quantum efficiency as a function of X-ray energy for ANDOR
Ikon-M series. The BN model is the one used in this thesis.

Figure 4.27. Top: Am-241 raw spectrum measured with the ANDOR camera.
Bottom: energy calibration equation obtained for the X-ray detector.

Figure 4.28. Top left: X-ray spectrum recorded with the ANDOR camera. The
spectrum is corrected for the attenuation of the Al filter and quantum efficiency.
The shaded grey area gives the measurement error. Top right: false colour
image of the shadow left by metal filters on imaging plate after 100 laser shots.
The top left one corresponds to Ag 0.05 mm, top right 0.5 mm Al, bottom right
Ti 0.1 mm and bottom left 0.1 mm. Bottom left: false colour image showing the
X-ray spatial distribution averaged over 100 shots. Bottom right: horizontal
profile fitted to equation 4.14.

Figure 4.29. Schematic of the XPCi experiment using the X-ray beam source
produced on the ALPHA-X beamline. The wires have been inserted in turn in
pop-ins 1, 2 and 3. The source-detector distance has been kept constant and
equal to 2.13m. The object-detector distance when the wires are inserted in
pop-in 1, pop-in 2 and pop-in 3 are 2.35 m, 1.10 m and 0.25 m respectively.
Figure 4.30. Top: image obtained after 2000 shots for wires placed in pop-in
1 (left), pop-in 2 (centre) and pop-in 3 (right). Bottom: Line out of the nylon wire
when imaged by the X-rays in each of the three pop-ins (left 1, mid 2, right 3)
in turn.

Figure 4.31. Top left: image recorded of wires in pop-in 1 after 50 laser shots.

Top right: image recorded of wires in pop-in 1 after 200 shots. Bottom left:
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image recorded of wires in pop-in 1 after 500 laser shots. Bottom right: image
recorded of wires in pop-in 1 after 2000 laser shots.

Figure 4.32. Line out of wires imaged by the betatron X-rays when wires
placed in pop-in 1. From left to right, nylon, hair strand, Ni, Cu and Cu.
Figure 4.33. Experimental setup for the micro-tomography experiment. The
sample is placed in a short air gap of 5 cm between vacuum pipes. The
ANDOR camera is set at the end of the beamline.

Figure 4.34. Four raw projections recorded during the micro-tomography
experimental run in the ANDOR X-ray camera. It can be seen that the contrast
changes between projections.

Figure 4.35. Left: two examples of raw false colour projections without flat field
correction. Right: same projections corrected using the flat field technique.
Figure 4.36. Left: example of un-binned projection. Right: same projection
binned to 64x64.

Figure 4.37. 3D reconstruction performed using the betatron X-rays produced
at the ALPHA-X beam line. Tomopy and Avizo softwares have been used for
the reconstruction. The iterative reconstruction method has been used with a
total number of 150 iterations.

Figure 4.38. Top left: 3D reconstruction of the sample. Top right: example of
coronal slice. Bottom left: example of sagittal slice. Bottom right: example of
frontal slice. This Figure represents the typical way a CT scan would be
presented.

Figure 5.1. Schematic of the experimental setup of the first part of the laser-
driven bremsstrahlung imaging experiment.

Figure 5.2. False colour image showing accumulated 500 shots of electron
spectra recorded using the electron spectrometer during the experiment.
Figure 5.3. Accumulated averaged electron energy spectra over 500 shots.
The energy measured is 119.3 + 18.6 MeV (rms).

Figure 5.4. Geant4 simulated electron beam spot profile for an electron energy
of 130 MeV, 2 mrad rms divergence after going through a set of quadrupoles
with currents of 9.7 A, 8.1 A and 18.0 A (courtesy of Dr Enrico Brunetti).
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Figure 5.5. Geant4 simulated electron beam envelope for an electron energy
of 130 MeV, 2 mrad rms divergence after going through a set of quadrupoles
with currents of 9.7 A, 8.1 A and 18.0 A. The green line represents ox and the
red dotted line oy (courtesy of Dr Enrico Brunetti).

Figure 5.6. Left: false colour logarithmic scale of one of the irradiated imaging
plates during the experiment. Right: false colour electron charge image after
performing the corresponding analysis explained in Chapter 3 of this thesis.
Figure 5.7. Schematic of the experimental setup of the second part of the
Bremsstrahlung imaging experiment. The experimental setup before the
quadrupoles is similar to the one in Figure 5.9.

Figure 5.8. Example of lanex 2 shot. This lanex screen is placed just before
the Cu converter. Two Gaussian fits have been performed for each axis. The
spot size (sigma) for this specific shot was 1.3 mm in the x axis and 1.2 mm in
the y axis.

Figure 5.9. Accumulated image for 200 shots in lanex 2. This gives an average
spot size (sigma) of 3.8 mm in the x axis and 1.2 mm in the y axis.

Figure 5.10. Top view of the geometry of the Monte Carlo simulation. The main
three regions of the simulation can be seen in the Figure: the copper converter
on the left, the magnetic field on the centre and the detector on the right.
Figure 5.11. Left: USRBIN 3D colour plot showing the bremsstrahlung photon
distribution in the simulation geometry. Right: same than left picture but this
time the electrons are scored. It can be seen the electrons being bent away by
the magnetic field. The amount of secondary electrons reaching the detector
is negligible.

Figure 5.12. Simulated X-ray photon distributions in the Z axis (longitudinal
axis), Y (horizontal axis) and X axis (vertical axis). All the simulations have
been performed using 20.000 primary particles and 10 cycles. The coordinate
(O, 0, 0) represents the centre of the copper target.

Figure 5.13. Simulated bremsstrahlung cross-sections at 10 and 80 cm
distance in the laser axis z respectively. From the Gaussian fits the simulated

divergence has been calculated.
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Figure 5.14. Simulated X-ray spectrum of the Bremsstrahlung radiation
produced. Both x and y axes are in logarithmic scale. Spectrum simulated
using the USRTRACK Fluka card which calculates fluence as a function of
energy. Results are normalised to the number of electrons per laser shot hitting
the Cu converter.

Figure 5.15. Top: lateral view of the lead hexagon inside the sand container.
Bottom: top view of the lead hexagon inside the sand container.

Figure 5.16. Raw projections examples recorded on the imaging plates during
the experiment.

Figure 5.17. Lhs: example of a transverse, coronal and sagittal slices similarly
to what is obtain in a CT scan. Rhs: 3D volume reconstruction from the slices
on the |hs.

Figure 5.18. Example of two projections after using the flat field correction
technique.

Figure 5.19. Lhs: raw projection without filtering. Centre: FFT of lhs image.
Rhs: result after filtering and IFFT applied.

Figure 5.20. Lhs: example of a transverse, coronal and sagittal slices similarly
to what is obtain in a CT scan. Rhs: 3D volume reconstruction from the slices
on the lhs. Fourier method has been applied to remove part of the noise.
Figure 6.1. Radiation dose received by a member of the public together with

the risk of induced cancer. From [3].
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Chapter 1: Introduction

1.1 X-rays as a tool for imaging

X-rays are a form of very short wavelength electromagnetic radiation, with
wavelengths ranging from 0.01 to 10 nm. The short wavelength of X-rays
allows them to penetrate materials that are opaque to visible light. Because of
this property X-rays have been used as a powerful imaging tool since
Roéntgen’s time, when he discovered them in 1895 [1]. Moreover, when the
wavelength is close to interatomic distances in crystals, they acts as diffraction
gratings, which makes them suitable for X-ray crystallography. This has
enabled the investigation of the atomic structure of matter (Figure 1.2), as first

demonstrated by Laue and collaborators in 1911 [2].

Figure 1.1. First radiography of Réntgen’s wife hand. From [1].

Following their discovery, there has been a rapid growth in using X-rays in
security, industrial and medical applications around the world. To give a few
examples: in the 1960s X-ray screening machines were used for the first time
together with metal detectors at airports for baggage security inspection. Since
then, these devices have been installed gradually in virtually all airports around

the world, and in many government buildings.
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Figure 1.2. First diffraction pattern by Laue and collaborators in 1911. From [2].

X-rays and gamma rays are commonly used in industrial radiography to
investigate the current status of equipment and structures, and have recently
been proposed for nuclear waste inspection. They have become an
indispensable tool for quality control in modern engineering. They are also
used as a non-destructive method for examining the volume of a specimen to
observe changes in thickness, defects or structure details that are impossible

to see by eye.

The medical community has recognized the potential of X-rays for both
diagnosis and therapy. In the years following Roéntgen’s discovery, several
applications have shown the utility of X-rays for imaging the inside of the
human body, without dissection, to observe internal organs and tissues. Over
the years, several important improvements in X-ray techniques have been
made, mainly through development of higher sensitivity recording films,
modern electronic X-ray detectors and fast computers, and effective software

for analysis.

The modern medical imaging era began in the 1970s with the development of

the Computerised Axial Tomograph device (CAT scanner), e.g.:

e The image became digital and could be easily modified and analysed,
e An unprecedented improvement in the sensitivity to tissue density

differences and
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e The method provided cross-sectional views of the body, eventually

providing 3D reconstruction of internal organs and tissues.

Tablel.1. Some diagnostic imaging advances in the last century.

Year Technology advance Pioneer

1895 Discovery of X-rays W. C. Rontgen
1896 Calcium tungstate screens T. A. Edison
1896 Discovery of radioactivity H. Becquerel
1913 Hot-cathode X-ray tube W. D. Coolidge
1915 Bucky Potter grid G.P. %‘éﬂg’ H. E.
1934 Conventional tomography A. Vgggg%‘rﬁég' Z.
1948 Westinghouse image intensifier J. W. Coltman
1951 Rectilinear scanner B. Cassen
1951 Bistable US G- Ludwig, oV B
1958 Scintillation camera H. Anger
1962 Emission reconstruction tomography D. Kuhl

1962 Gray-scale US G. Kosoff
1972 CT G. N. Hounsfield
1975 Positron emission tomography or PET M. Ter-Pogossian
1976 Single photon emission CT or SPECT J. Keyes

The milestones of X-ray discovery and its development as a tool for imaging

are summarized in Table 1.1.

When an X-ray photon interacts with a sample, it can be absorbed, scattered
in one or more interactions, or pass through the sample without interaction. In
medical imaging applications, the energy of the X-rays used is normally
between 10 and 200 keV. Three interaction processes of X-ray photon
transport in tissues are particularly important: coherent Rayleigh scattering,
photoelectric effect and incoherent Compton scattering. Nowadays,
conventional attenuation-based methods dominate the clinical use of X-rays

for medical tissue imaging.
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The development of new compact synchrotron-like X-ray sources is having a
huge impact in the X-ray imaging field. The high brightness, high transverse
coherence and short duration pulses of these sources have the potential to
develop new X-ray imaging techniques, based not only on the absorption
process, such as phase contrast imaging, which may change the way clinical
imaging is done.

1.2 Laser wakefield acceleration: a novel acceleration concept

for industrial and medical applications
Conventional accelerators are based on radiofrequency (RF) technology,
where charged particles are accelerated by the electric fields generated in
conducting cavities. However, this technology is limited to a maximum field of
around 100 MV/m by electrical breakdown, which makes conventional

accelerators large and expensive devices.

However, plasma is a promising accelerating medium because it is already
broken down and can support accelerating fields three orders of magnitude
greater than in RF cavities, which reduces the size of the accelerator by a
factor of more than 1000. This means that it is, in principle, possible to reduce
kilometre size accelerator facilities to meter size devices. This makes possible

a reduction in the size of synchrotrons from hundreds of meters to centimetres.

s~

FarHall

Figure 1.3. Left hand side: 3 km picture of the Stanford linear accelerator (SLAC) located in California, USA (from:
www.flickr.com/photos/slaclab/28944688233/in/album-72157668567210712, O©SLAC National Accelerator
Laboratory, 11/05/2009. Last accessed 31/07/2018). Right hand side: 4 cm, ALPHA-X 1 GeV plasma accelerator
(from: silis.phys.strath.ac.uk, ©University of Strathclyde, 05/04/2010. Last accessed 31/07/2018).

In 1979, Tajima and Dawson [3] suggested that laser-driven plasma waves
could be used to accelerate particles to high energies. They suggested the

idea of using an intense laser pulse that is shorter than the plasma oscillation
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period, to excite plasma waves. This scheme is known as the laser wakefield

accelerator.

At that time, ultrashort intense laser pulses were not available. However, in
1985 Mourou and Strickland showed that it is possible to produce both high
power and ultrashort pulses from laser systems based on chirped-pulse
amplification (CPA) [4, 5].

Initial short pulse A pair of gratings disperses
the spectrum and stretches

_/\_ / - the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l

and low power, safe
for amplification

High energy pulse after amplification

Power amplifiers

Resulting high-energy,
ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

Figure 1.4. Schematic of CPA [6]. The laser pulse is stretched before being amplified by the power
amplifiers. After amplification, the pulse is compressed to its original pulse length.

In CPA, an ultrashort laser pulse is stretched in time before amplification.
Because the intensity of the stretched pulse is relatively low it can be safely
amplified by the gain medium without damaging it and then finally compressed

to its original pulse length (Figure 1.4).

The first proof-of-principle experiment to demonstrate the laser-plasma
wakefield accelerator was performed in 1994 at Osaka University [7], where
electrons were accelerated by only a few MeV. The first experiments
demonstrating the production of a quasi mono-energetic electron beam in the
range of 100 MeV were reported simultaneously in 2004 [8-10] by three
groups, one in a project (ALPHA-X) led by the University of Strathclyde. In

these experiments, laser pulses based on Ti:sapphire high power CPA laser
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systems with energy between 0.5-1 J and pulse durations between 33-55 fs
were focused onto helium supersonic gas jets to produce fully ionised plasma
with densities of ne = 10'° cm. In these experiments, electron beams with
much narrower energy spread than previous experiments were observed,
which showed for the first time that laser wakefield acceleration was able to

produce quasi mono-energetic electron beams.

Soon after, Rousse et al., [11] showed that a synchrotron-like source is
embedded in the LWFA, which emits bright X-ray radiation in the forward
direction. While electrons are accelerated in the forward direction, their initial
transverse momentum leads to transverse (betatron) oscillations, similar to
that in a wiggler. These betatron oscillations produce broadband radiation at
very short wavelengths [12, 13]. Their small source size (a few microns)
guarantees the high level of spatial coherence needed for X-ray phase contrast

imaging (XPCi), making it a perfect candidate for imaging applications.

The unique properties of both electron (high energy, high charge, low
emittance) and X-ray beam (small source size, high energy, high flux) sources
from a laser wakefield accelerator can be used in a wide range of applications.

Some examples are the following:

e Very high energy electron radiotherapy [14, 15].
¢ Radioisotope production for PET and SPECT scans [16].
e Gamma radiography [17] for non-destructive inspection or material
diagnosis.
e Ultrafast radiolysis studies in biology and chemistry [18].
e Both absorption [19] and phase contrast imaging [20] for medical and
security applications.
e X-ray diffraction for crystal and large molecule structure
characterisation.
LWFA can drive compact sources of radiation, and are a suitable candidate
for driving a free-electron laser (FEL) [21]. In a FEL, positive feedback between
an electron bunch and the radiation it generates as it passes through an

undulator causes exponential growth of the radiation intensity via ‘micro-
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bunching’ of the electrons. In this case the peak brilliance is expected to jump
by many orders of magnitude to 1032-10% photons/s/mrad?/mm?/0.1%BW.
These are the standard units for the brilliance and it takes into account the
spectral purity of the source. For a fixed photon flux, a narrow-band source will

result in a higher brilliance.

Undulator radiation, both in the visible [21] and soft X-ray [22] spectral range,
has been demonstrated by passing electron beams produced by a LWFA
through magnetic undulators.

In the long term, and with further improvements in electron beam quality,
plasma accelerators may provide an alternative to conventional accelerators

in particle colliders.

The development of laser-driven plasma accelerators has been historically
linked to the development of high power laser systems, which will continue in
the future. Electron energies of around 1.0 GeV have been demonstrated
several times and recently electron beams of 4.2 GeV with relative low energy
spread have been produced [23]. The next challenge in the development of
LWFAs will be to break the barrier of 10 GeV for which new laser amplification
schemes may be required.

Raman amplification is a promising scheme for laser amplification, which could
potentially replace current laser amplifiers in the future. In this scheme, two
counter-propagating laser beams interact in plasma via stimulated Raman
backscattering and a fraction of the energy of one laser beam (pump laser) is
transferred to the other beam (probe beam). Several groups around the world
are working on this technique. The University of Strathclyde team has recently
demonstrated the potential of chirped pulse Raman amplification [24].

Another promising technique is optical parametric chirped pulse amplification
(OPCPA). In this technique, optical parametric amplifiers are used instead of
laser amplifiers [25]. Although further development is clearly still required, high

power OPCPA laser systems have been developed and deliver laser pulses
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with peak powers up to 16 TW [26]. A 560 TW laser system has also been

developed delivering one shot every 30 s.

1.3 Thesis objectives and structure

This thesis explores the feasibility of using radiation sources from a LWFA (i.e.
betatron X-rays and bremsstrahlung) for both phase-contrast and absorption
imaging applications, focusing on the feasibility of the LWFA for tomography
and 3D reconstruction for medical and industrial applications. FLUKA Monte
Carlo simulations to investigate the requirements of a betatron source for real

world applications such as imaging of micro-cracks in bone are presented.

The second Chapter discusses the theory behind LWFA, including laser-
plasma interactions and the ponderomotive force. Limitations and LWFA
configurations are described together with an introduction to both the bubble

regime and betatron motion.

The third Chapter describes the experimental set up on the ALPHA-X
(Advanced Laser-Plasma High Energy Accelerators Towards X-rays) particle
accelerator at the University of Strathclyde. The laser system, plasma
accelerator, ALPHA-X beam line and diagnostics used for this work are also

described.

Chapter four presents the characterisation of the ALPHA-X betatron X-ray
source as well as XPCi experiments using the ALPHA-X betatron X-rays. The
X-ray detectors used for these experiments are also described. Microscopy
and tomographic studies using the ALPHA-X betatron source are discussed
and presented. In addition, an introduction to XPCi including basic concepts of
phase-contrast imaging together with the most common XPCi configurations

are presented.

The fifth Chapter gives a brief overview of bremsstrahlung. 3D reconstruction
using a bremsstrahlung source is presented together with Monte Carlo

simulations on the properties of the bremsstrahlung source.

30



Introduction

In the sixth and last Chapter, results are discussed and future perspectives for

LWFA as a compact source for imaging applications are underlined with a

focus on clinical applications.
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Chapter 2: Laser-plasma acceleration basic

concepts

2.1 Introduction

As mentioned in Chapter one, laser-driven particle accelerators were first
proposed in 1979 by Tajima and Dawson [1]. Dawson also contributed to the
development of the plasma beat-wave accelerator, the laser wakefield
accelerator and the photon accelerator [2, 3]. Moreover, he was one of the first
to develop particle-in-cell (PIC) codes that are currently used world-wide in

laser plasma acceleration research [4-6].

The next step in this field occurred with the development of chirped pulse
amplification (CPA) by Gerard Mourou and collaborators [7-10]. This has
enabled the widespread use of high power and ultrashort laser pulses from
compact solid-state laser systems that are capable of delivering intensities of
10 Wem™2.

Prior to 2004, several groups reported [11-13] laser-plasma electron
accelerators with energies up to 100 MeV and 1 nC charge, and acceleration
gradients of 100 GV/m. These electron beams had a Maxwellian energy
distribution with an effective temperature of 10 MeV and a tail reaching up to
100 MeV.

The quality of laser-plasma accelerated electrons advanced a step further in
2004. Three groups simultaneously in France, UK (led by the University of
Strathclyde as part of the ALPHA-X project) and the US [14-16] produced high
charge (100 pC) and high energy (100 MeV) electron bunches with low energy
spread (few percent) and low divergence (few mrads). This improvement in
the quality of the electron beam is mainly due to the improvement of laser

technology and understanding of the physics of wakefield accelerators.

Although the accelerator community was initially sceptical about plasma

acceleration, nowadays it is considered as the main alternative to conventional
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accelerators. Petawatt lasers are becoming more and more widely available
(CLPU, Berkeley, CLF), which will allow to take this field a step further. CERN
is also developing the AWAKE [17] project, which is a proof-of-principle
experiment where, for the first time a 400 GeV, a proton beam is used to drive
a wakefield and accelerate electrons to GeV energies in 10 meters. The ELI
project is also remarkable. It aims to build several petawatt-class lasers,
including several 10 PW lasers for high-field studies, explore potential

applications and develop new technologies.

The experiments reported in this thesis have been carried out with the laser-

plasma wakefield accelerator (LWFA) at the University of Strathclyde.

Understanding the physics underlying this field is important in order to achieve

high quality parameters of the accelerated electron beams.

This Chapter gives an overview of the principles and theory behind laser-
plasma acceleration as well as betatron oscillations because the betatron X-

rays are used in experiments performed for this thesis.

2.2 Laser-plasma interactions

Bound electrons in an atom oscillate at the same frequency as that of a low
intensity infrared laser field. If the work done by the laser field on an electron,
eEry, (Where e is the electron charge and E the electric field of the laser) over
a distance equal to the Bohr radius, 1y, is close to the Coulomb binding energy,
(e?/ry), then the electron response becomes strongly non-linear. When the
intensity of the laser is increased, electrons can be removed from the atom by
either tunnelling or multiphoton ionisation. Plasma electrons will still oscillate
at the laser frequency, but for laser intensities beyond 107 — 108 Wcm™2, for
~1 um wavelength, their quiver velocities v will approach the speed of light c

and the term (v x B) in the Lorentz force equation can no longer be neglected:

> d U - U —
F=M=eE+e<sz>, (2.1)
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where y is the Lorentz factor and B the laser magnetic field.

An important parameter in the physics of laser-plasma interactions is the laser
strength parameter a,, defined as the peak amplitude of the normalised vector

potential of the laser field [18]:

ed
i=—ry, (2.2)
m,c

where 4 is the vector potential and m, the electron mass. The laser strength

parameter is related to the peak laser intensity I, and power by [18]:

2
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which gives [18]:
a2 = 7.3 x 10~9[A(um) 21 (ﬂ) (2.5)
o — 7 lu 0 sz )

where 1 is the wavelength of the laser light and r,, the laser spot radius at focus.

When a, = 1 the electron mass m, begins to change significantly compared
to the electron rest mass. This condition is satisfied for a 1 um laser when the

intensity is greater than 10 Wem™2.

At low laser intensity, the solution to the Lorentz force equation gives the
electron motion described by an oscillation at the laser frequency along a
straight line parallel to the polarisation vector. For higher intensities, the
solution to the Lorentz equation gives an average drift in the direction of laser

propagation k direction and a figure-of-eight shape in the plane defined by the
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polarisation vector and k, as observed in a frame that moves with the same

drift velocity.
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Figure 2.1. Top: Oscillation of a free electron in a linearly polarised plane wave as observed in the
laboratory frame for different laser strength parameters. Bottom: Motion of a free electron in a linearly
polarised plane wave as observed in the co-moving average frame for different laser strength
parameters. Here the classic figure-of-eight motion is observed. The arrows indicate the direction of the
oscillation motion. From [18].

The drift motion is due to the fact that the term v x B « E%k. As the laser
strength parameter increases aZ » 1, the longitudinal drift motion, which is

proportional to a3, starts to dominate the transverse motion, proportional to a.

Because this motion is periodic, electrons that follow a figure-of-eight motion
pattern radiate photons with a rich harmonic content, with each harmonic
having its own angular distribution pattern. This is called nonlinear Thomson

scattering or relativistic Thomson scattering [19].

37



Laser-plasma acceleration basic concepts

2.3 Plasma optics

2.3.1 Relativistic self-focusing

For high laser intensities the relativistic change in the electron mass modifies

the plasma frequency:

1
2\2
wp _ (47'[7’168 > ’ (26)

ymy

where n, is the electron plasma density and y is the relativistic Lorentz factor

given by:

1

Yy =—
2 (2.7)
%

The refractive index of the plasma is therefore modified, which changes the
dielectric properties of the medium. In this case, the refractive index for

radiation with frequency w will be:

1
W\ 212
—l1_(Ztr (2.8)
n—[l (w)]'
For a laser beam with a transverse intensity profile peaking on axis, such as

the one shown in Figure 2.2, for y(0) > y(r), the refractive index will have a

maximum on axis.

This will produce optical guiding of the laser light by curving inwards the wave-
front as well as causing the laser to converge. Due to the fact that the laser
phase velocity v, depends on the refractive index, vy = c/n, it will therefore
depend on the laser intensity. Local variations in the phase velocity will modify
the shape of the laser pulse and, as a consequence, cause spatial and

temporal profile variations of the laser pulse intensity.
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Figure 2.2. Mechanism of relativistic self-focusing. (a) A laser pulse with a transverse Gaussian profile
centred on axis produces a larger electron quiver motion on axis than off axis. (b) The phase velocity of
light is inversely proportional to the laser intensity via the change in the refractive index. (c) Variation of
the phase velocity with radial position focuses the light, acting as a positive lens. From [20].

Relativistic self-focusing occurs for laser powers higher than the critical power
defined by [21]:

g=17cﬂ>[mm. (2.9)
Wy

When the focusing effect is equal to the defocusing due to diffraction, the laser

pulse can be self-guided and propagates at high intensity over a long distance.

2.3.2 Pulse compression

Longitudinal variations in the refractive index can also occur. A laser pulse
propagating in a low density and high refractive index plasma will have a larger
group velocity than a laser beam propagating in a high density plasma. This is
because the group velocity depends also on the refractive index n: v, = nc.
This can lead to compression of a laser pulse while propagating in a plasma
medium [22]. For instance in the bubble regime (defined in section 2.8 of this
thesis), if the back of a laser pulse is in the low density region at the centre of
the bubble and the front of the laser pulse is in the high density region in the
front of the bubble, the high refractive index in the centre of the bubble will
make the laser pulse have a larger group velocity than in the front of the pulse.
This will make the back of the pulse catch up with the front of the pulse, thus

compressing it and increasing the peak intensity.
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2.4 The ponderomotive force

The ponderomotive force [23] is responsible for generating the plasma waves
in laser plasma acceleration. It can be derived using the electron fluid

momentum equation in the cold fluid limit:
dp . (BxB
.ﬁz_eF+L__4, (2.10)
dt c

with p and v the momentum and velocity of the electrons where:

d 9
2_% L. 211
il P CA) (2.11)

Assuming a linearly polarised laser the electric and magnetic fields can be

expressed as:

. Y|
=—— 2.11
E <6ct>' ( )
and the magnetic field as:
B=VxA. (2.12)

The normalised vector potential in the linear limit is:

e
= 1, 2.13
la| > < ( )

and from dp, /ot = —eE the main term of the solution of equation 2.10 is the

quiver momentum:

Dq = Mecd. (2.14)
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Introducing p = p, + 6p we obtain:

s [(Pq\ | . L 2o (&
e Km—e> Vl Dq — Pq X (cV X @) = —m,c*V > (2.15)

Finally, the expression for the ponderomotive force in the non-relativistic

regime is:

— a? e?
E, = —meczv<?> = "o VA2 (2.16)
The ponderomotive force can also be understood as the radiation pressure,

i.e. the gradient of the electromagnetic energy density.

In the relativistic case (a > 1) the important characteristics of the non-
relativistic case apply [24, 25], i.e. the averaged electron motion is independent
of the polarisation of the laser and the electrons are expelled from high-

intensity regions.

Several authors [25, 26] have calculated the ponderomotive force in the
relativistic regime. Particularly, Quesnel and Mora [25] proved that for a linearly
polarised laser the ponderomotive force in the relativistic regime can be
calculated by substituting m, for ym, in equation 2.16. This is valid under the

following assumptions:

e The pulse length cAt is much longer than the laser wavelength such
that:

A
o=—xK1, (2.17)
cAt

e The transverse scale of the intensity gradient is much larger than the
wavelength such that:

1, .
AT (2.18)
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where w, the beam waist and k the laser wave number.

e The initial electron velocity, normalised to c, is small compared with ¢

and «.

Assuming this, it is possible to write the ponderomotive force for the relativistic

case as follows:

VAZ, (2.19)

2.5 Plasma waves

The ponderomotive force (equation 2.19) of a high intensity laser propagating
through an under-dense plasma (i.e., w, » w,) expels all the electrons from
the laser pulse region leaving the heavy ions behind. This charge separation
sets up a restoring Coulomb force from the stationary ions, which attracts back
the electrons causing them to oscillate. As a result, highly nonlinear relativistic
plasma waves capable of accelerating electrons are created. This is illustrated

in Figure 2.3.

inside plasma: charge separation, strong accelerating & focussing forces

ponderomotive force ultra-short,

bunch of accelerated electrons excites plasma wave ultra-intense
laser pulse

Figure 2.3. Schematic of the ponderomotive force exciting plasma waves [27]. Electrons (in blue) are
expelled by the ponderomotive force (red arrows) setting up large amplitude plasma waves.

The energy in the plasma wave will be re-absorbed by the trailing part of the
laser pulse if the laser pulse length, cAt, is long compared with the electron
plasma wavelength. On the other hand, the energy in the plasma wave will not

be re-absorbed if the laser pulse length is equal to or shorter than the plasma
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wavelength. In this case, the ponderomotive force excites a wakefield with a
phase velocity equal to the laser group velocity. Thus, any pulse with a sharp

rise or a sharp fall on a scale of c¢/w,, will excite a wake.

2.5.1 Linear plasma waves

In the non-relativistic regime (a, < 1) the generation of plasma waves can be
studied using the cold fluid equations. These equations are the Poisson
equation, the continuity equation and the fluid momentum equation. Plasma
waves generated in a uniform plasma have been described by Gorbunov,

Sprangle and Esarey, respectively [28-30].

The normalised density perturbation associated with an electrostatic wake in

the linear limit can be written:

on_(n-no) (2.20)
o ng '

The solution for the density perturbation and the electric field of the wake

respectively are [18]:

2
u (S0 e sinfu (e — 0]

(2.21)
L 2 ’
E —C fot at’ Sin[wp(t - t')]Vzaz(r, tl) (222)
Ey 2 :

Both equations describe plasma waves generated at the frequency w,. They
are valid as long as E « E,, where E, = m,cw,/e. This equation sets the

maximum amplitude for a linear plasma wave and is called the cold linear wave
breaking field [31].

It is important to point out that the solution to equations 2.21 and 2.22 shows
that the plasma waves will be more efficiently generated when the pulse length

is of the order of the plasma wavelength 4, = 2mc/w,.
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Another important point is that transverse wakefields E, and By, are also
generated. The transverse fields correspond to focusing and defocusing
regions being the radial forces cancelled out on axis. If a? « 1 then E,~E,~a?
and Bg~a*. Electrons travelling close to the speed of light in the plasma waves
will experience both longitudinal acceleration and transverse focusing forces

within 1, /4 of the plasma period.
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Figure 2.4. Density variations én/n, and axial electric field E, in a LWFA in the linear (top) and nonlinear
regime (bottom). From [32].
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2.5.2 Nonlinear plasma waves

In the linear regime the plasma wave is a simple sinusoidal oscillation at
frequency w,. When E > E, the plasma waves become nonlinear. Sprangle,
Esarey and Ting [33] gave analytical solutions in 1D in the quasi-static
approximation for the density perturbation and longitudinal fields in the
nonlinear regime. In this approximation, it is assumed that the laser does not
evolve in the time it takes to move a plasma wavelength, which is known as

the quasi-static approximation.

The most important characteristic of nonlinear plasma waves is that the electric
field exhibits a “saw-tooth” profile. This profile is associated with wave
steepening and the density oscillations become highly peaked (Figure 2.4).
The period of the plasma wave increases as the amplitude increases. In the

limit y,, > 1 the plasma wavelength is given by the following equation [33-35]:

2L\ E
Anp = (f’) —g:" (2.23)

where E,,,, is the plasma wave peak electric field.

2.6 Wave breaking

Plasmas can support large plasma waves with phase velocities close to the
speed of light. Dawson [31] introduced the concept of wave breaking to
describe the limiting amplitude of the plasma waves. In a cold plasma and in

the nonrelativistic case the wave-breaking amplitude is given by:

meC(l)p
EWB = e = Eo, (2.24)

When this amplitude is reached, the wave form steepens. Dawson showed
that if plasma is modelled with 1D sheets then wave breaking is equivalent to

the crossing of neighbouring sheets.
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However, thermal effects reduce the maximum wave amplitude for two

reasons:

1. Plasma pressure opposes the trend of the plasma density to increase
to infinity,
2. The thermal velocity of the particles moving in the same direction of the

wave traps them at a lower wave amplitude.

Thermal corrections to equation 2.24 were studied by Coffey [36]. He used a
waterbag model for the electron distribution and obtained the following

equation for the nonrelativistic case in a warm plasma:

mw,v. 1 8 1 11
Ewp = —0"" (1= 5 — 5 % + 287)2, (2.25)

where f = 3T/(mv§h), T is the plasma thermal energy and v,, is the wave

phase velocity.

However, the fact that the electrons reach relativistic velocity must be taken
into account. The wave-breaking amplitude of cold relativistic oscillations was
given by Akhiezer and Polovin [37]:

Ewg = E, /z(yp -1), (2.26)

where y, is the Lorentz factor of the plasma electrons.

Katsouleas and Mori [38] calculated the wave-breaking amplitude in the
relativistic regime for a warm plasma taking into account the thermal effects

previously mentioned. They obtained the following equation:

1 / 14
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2.7 Laser plasma acceleration configurations

There are four main types of laser plasma accelerators: the LWFA, the plasma
beat-wave accelerator (PMBA), the self-modulated (SM) LWFA and the
resonant laser pulse train. A brief description of each accelerator is given in

this section.

Figure 2.5. Types of laser plasma accelerators: (a) laser wakefield accelerator, (b) plasma beat-wave
accelerator, (c) self-modulated laser wakefield accelerator, (d) resonant laser pulse train. The solid lines
represent the excited plasma wave potentials and the dashed lines represent laser intensity envelopes
moving on the right direction. Figure from [18].

(a) Laser Wakefield Accelerator

In the LWFA [1] a high intensity (21017 W/cm?) short laser pulse (<1 ps) drives
a plasma wave as it propagates through under-dense plasma w, > w,. The
ponderomotive force of the laser expels electrons from the high-intensity
region of the laser pulse, while the ions remain almost stationary setting up
large accelerating fields. The density waves are efficiently driven when the

pulse duration of the laser is approximately equal to the plasma wavelength.

The nonlinear theory of the LWFA in one dimension was developed by
Bulanov, Berezhiani and Sprangle [34, 35, 39]. The nonlinear theory of the

LWFA in two dimensions was analysed by Sprangle [40] and Esarey [30].

(b) Plasma beat wave accelerator

This scheme was proposed by Tajima and Dawson [1] when CPA was not yet

developed by Mourou and collaborators. In the PBWA, plasma waves are
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generated by the ponderomotive force of two long laser pulses. The two laser
pulses are separated in frequency by the plasma frequency such as: w; —
w, = w,. Due to the fact that this frequency difference is equal to w,, the
plasma responds resonantly to the ponderomotive force and large plasma

waves are created.

Particles that are injected into the beat wave region with similar velocity to the
phase velocity of the plasma wave gain more energy from the longitudinal

electric field. The Lorentz factor y, associated with the beat waves is:

2
Y, = <1 . ”Ci“> -2 (2.28)
The beat wave process is related to stimulated Raman forward scattering
(SRFS). SRFS is the process of the scattering of electromagnetic waves by
longitudinal electron plasma waves. If the scattered electromagnetic wave
propagates in the same direction as the incident electromagnetic wave the

process is called forward scattering.

As in LWFA there are two main factors that limit this acceleration scheme:
diffraction and pump depletion. Both phenomena are explained in section 2.6.
Diffraction can be overcome using plasma waveguides. To avoid pump

depletion it is necessary to use more powerful lasers.

(c) Self-modulated laser wakefield accelerator (SMLWFA)

This concept combines elements of SRFS [41] and the LWFA. Raman forward
scattering (RFS) is the process by which a wave of frequency w, decays into
a wave of w, + w, and a plasma wave w, with phase velocity approximately
equal to the speed of light. When RFS is combined with LWFA this

configuration becomes an interesting alternative.
In order to work in the self-modulated regime two conditions must be satisfied:

1. The pulse length of the laser has to be longer than the plasma
wavelength, i.e. L > 4,,.
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2. The laser pulse power has to be higher than the critical power for self-

focusing [21]:

2

P. =17 <ﬂ> GW. (2.29)
Wp

The SMLWFA has the advantage that it is a simpler scheme than the LWFA

configuration since the matching condition L = A, is not required. Moreover, a

higher acceleration gradient is achieved with this scheme. The reasons for this

are the following:

1. SMLWFA works at a higher density and therefore larger plasma waves
will be generated.

2. Since P > P. the laser will focus to a higher intensity and therefore a,
will be larger.

3. The wakefield is excited by a series of beamlets. In the standard LWFA
the wakefield is produced by a single laser pulse.

4. The pulse structure propagates for several Rayleigh lengths (as long as
relativistic self-focussing occurs or the pulse propagates in a

waveguide) and therefore the acceleration distance is longer.

However, SMLWFA has disadvantages as well. The main ones are the

following:

1. The acceleration distance is limited by dephasing since at higher
densities the group velocity of the laser pulse decreases.

2. The low quality of the electron beam produced (broad energy spread).
This is due to constant trapping and the short dephasing lengths.

3. The modulated pulse structure eventually diffracts.

(d) Resonant laser pulse train

In the PBWA configuration, the laser beat wave acts as a series of short laser
pulses. However, as the plasma wave grows the plasma period is increased,
leading to a loss of resonance with respect to the laser beat pulses. The beat

period can be adjusted to maximise the amplitude of the plasma waves.
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The resonant laser-plasma accelerator [42] drives a plasma wave using an
optimum train of short laser pulses. In this configuration, both the width and
spacing of each laser pulse can be separately controlled. If this separation is
properly optimised, the saturation of the plasma wave by resonant detuning

can be eliminated.

In the linear regime, and assuming square laser pulses (a? « 1 and E, 4, /Ey, <
1), the pulse train is optimised when a number m of pulses of width L = 1,,/2
are separated by a distance equal to (21 + 1)4,/2 with [ being an integer.

Under this condition, the plasma wave amplitude will be:

Emax

Eq

= mag. (2.30)

In the nonlinear regime, both pulse width and spacing have to be optimised for
each individual pulse. The optimal conditions and the amplitude of the plasma

waves in this regime were obtained by [42, 43] using numerical simulations.

2.8 The “bubble” or blow-out regime

When the laser intensity is sufficiently high, all the plasma electrons are
expelled from the vicinity of the laser axis propagation [24] and the laser wake
has the shape of a plasma cavity. Moreover, some plasma electrons are self-
trapped in the electron cavity and are accelerated to very high energy [14].
This regime has been studied for laser drivers [44, 45], and for electron beam
drivers [46], which the latter refers to the nonlinear plasma wakefield
accelerator PWFA. Pukhov and Meyer-ter-Vehn observed the bubble regime

in 3D PIC simulations for high intense laser pulses shorter than 4,,.

The most important characteristics of the bubble regime are the following:

1. A cavity free from electrons is produced behind the laser pulse.
2. Mono-energetic bunches of relativistic electrons are generated.
3. The laser pulse propagates over many Rayleigh lengths without

significant diffraction.
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In the bubble, there are three different density regions (clearly observed in
Figure 2.6):

1. The plasma cavity with large ion charge.
2. The electron sheath around the plasma cavity forming the bubble.

3. The accelerated electron bunch behind the laser pulse.

The density of the electron sheath is maximum at the head of the laser pulse
and at the base of the bubble. These peaks are relativistic electrons with
velocity v = v,. Electrons from the bubble base are trapped and accelerated

to y > y, where y, is the relativistic Lorentz factor of the laser pulse.

Assuming that the ponderomotive force of the laser kaa(z,/y~a0/(kpR) [45],

where R is the bubble radius, is equal to the restoring force of the ion channel

E,~k,R it is possible to calculate the bubble radius:

kyR~+/ . (2.31)

where k, =2m/A, is the plasma wavenumber. The bubble radius is

proportional to the laser spot size wy, i.e. k,wo~k,R.

Through PIC simulations Lu et al. [45] found a more refined condition that leads

to only slight oscillations in the spot size:

k,wo = kyR = 2,/a,. (2.32)

This relationship is still valid for a, > 2.

Kostyukov, Pukhov and Kiselev [47] calculated the electromagnetic fields felt
by an electron in the plasma bubble. They assumed ions to be stationary and

the cavity moving with relativistic velocity v, = ¢ along the x axis.

From Maxwell’s equations they found the electric potential inside the bubble to

be (in units normalised to the plasma frequency):
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2 2
p=1-4T
4 4

(2.33)

where R is the bubble radius and r? = &2 + y2 + z2. Here, £ = x — vyt and v,

is the bubble velocity.

2]

420 455

Figure 2.6. 3D PIC simulation showing a bubble picture where the three main density regions can be

observed. Coordinates are in ¢/w,. From [48].

The fields inside the cavity are:
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o 00
Z7 9z

Z
—E,— By =—>. (2.38)

The Lorentz force is maximum for electrons with v, = v, =1 and zero for
electrons with v, = —1, where the velocities have been normalised to the

speed of light in vacuum.
2.8.1 Energy gain in the bubble regime:

The electrons that are trapped in the bubble are accelerated. Acceleration lasts
until the electrons outrun the wave reaching the middle of the bubble

(dephasing length). The phase velocity of the wake can be written as [45]:

L 39 (2.39)
v, =c|l-— : .
¢ Qwd)
Therefore, the distance the electrons travel before dephasing is:
Ly =200, 2.40
d_c—vq,_Sa),%' (2.40)
and the energy gain can be written in the following equation:
AE = qE wlgce = ELWlaccmczr (2.41)

where E;, is the average accelerating field experience by the electrons, L,

is the length of acceleration, and €, = eELW/(mca)p), lace = wpLgec/c .

Assuming that the bubble is approximately a sphere of radius R, the electrons

travel a distance R before dephasing. For a, > 4 the peak accelerating field

[45] is €y = \/a—o and the average field is half of the peak accelerating field:

ELw = \/a_o/z. Therefore, the energy gain is [45]:
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2

2w [ P\ (n)3
AELu = §mC w—p ag = mc mTc5 E . (242)
e?

It is possible to write this equation in more convenient units:

1 2 4
B P[TW]\3/ 108 \3, 0.8 \3 243
AE,,[GeV] = 1.7( 100 ) <np[cm_3]> </10[um]) . (2.43)

This equation points out the dependence of the electron beam energy on the
plasma density and on the laser power. It is important to note that if the plasma
density is decreased for a certain laser power it is difficult to keep the self-
guiding of the laser pulse. In order to do so, preformed plasma channels must

be used.

It is possible to write equation 2.42 as a function of the critical power for

relativistic self-focusing:

2
B P\"3 P[TW] (2.44)
AE;,[GeV] = 3.8 <Fc) o0
Pukhov and Gordienko [49] also studied the energy gained by the electrons in
the bubble regime. The key assumption they made was that a, > 1. The

equation they obtained is:

cAt
AEp khov = 0.65mc? WT (245)

It is important to note that, this equation emphasises the dependence of the

electron energy gain only on the laser power.

If we make the assumption that cAt = w, = \/aoc/w, equation 2.45 can be

written as:
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2
3 1
cAt P n.\3
AE = 0.16mc? —| —— | (=<} . (2.46)
Pukhov 0.16mc Wo m22C5 <np>
e

2.8.2 Beam loading:

The number of particles that can be loaded into a linear wakefield was studied
by Katsouleas et al [50]. In order to obtain the accelerating field, Katsouleas
superimposed the wakefield generated by the driver to the wakefield
generated by the accelerated electrons. He assumed that the wake behind an
ultrashort and unshaped accelerated bunch of electrons vanishes, thus

obtaining:

on
Ny = 5 x 10° <n—p> Jp4, (2.47)

where én is the density perturbation of the wake and A is the cross-sectional

area of the wake in cm?Z.

When estimating the amount of charge that can be loaded into the wake only
an area A,rr~c*/wj should be used [50]. Therefore, using 1/k, = c/w, =

5.3 X 10°/ /n, the maximum number of electrons is:

N <6n> -3 1.5 x 108 <6n> » 48
=Z=|—|n = — . .
T\ T 1, [1018em=3]\np (2.48)

In the linear regime, én/n, < 1. The maximum value will be when én/n,~1,

although in this case the nonlinearities have to be taken into consideration.

The nonlinear regime was studied by Lu et al. [45], Gordienko and Pukhov
[49]. Lu et al. obtained the number of electrons that can be loaded into the
wake using energy balance. They found out by integrating the energy field in
the ion channel that the energy in the longitudinal field is approximately equal

to the energy of the focusing fields ¢,~&; [45]:
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1 1_(k1n5<m%ﬁ> (2.49)

&l = Ef E—E=— —_ . .
2 1207 e?w,

Equating € to the energy that N electrons absorbed when travelling along the

ion channel and assuming that the average electric field felt by the electrons

IS E; max/2 We obtain:

3 1 _«338 1 P
- \a/) 15kqr, |m2c®’ (2.50)

62
where 1, = e?/(mc?) is the classical electron radius, a = k,w,/(2\/a,) and

B = kyR/(2\/ao). Finally, using equation 2.32 and a = 8 = 1 the number of

electrons that can be loaded in a nonlinear wakefield is [45]:

.81
Lu = Ekore (2.51)
In more convenient units we can write:
Aolum] [P|TW
Ny, = 2.5 % 10° olum] - |PITW] (2.52)

0.8 100 °

Similar scaling was obtained by Gordienko and Pukhov [49], although they
determined the coefficient from PIC simulations:

1.8 ’ P
NPukhov = kore mzcs/ez (253)

It is important to note two things:

1. Lu et al. assumed that the bubble was not modified by the presence of
the load whereas in the simulations that Gordienko and Pukhov

performed, the wake was loaded by trapped electrons.
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2. Although Gordienko’s and Pukhov’s coefficient is three times larger
than Lu’s coefficient this does not mean that the results are
contradictory. In principle, it is possible to either accelerate a small
number of electrons to high energy or a large number of electrons to

small energy.

2.9 Limitations to acceleration

There are mainly three processes that limit the electron energy gain in the
LWFA: laser diffraction, electron dephasing and laser pump depletion. A brief

description of these mechanisms is given in this section.

a) Laser diffraction

When in vacuum, the laser spot radius undergoes Rayleigh diffraction and

changes according to the following equation:

1
s =Ty <1 + ;—;)2, (2.54)
where 7, is the spot size at the focal point and Z, = krZ/2 is the Rayleigh
length. In the absence of some form of optical guiding the laser-plasma
interaction is limited to a few Rayleigh lengths unless the laser and plasma
parameters satisfy conditions that lead to self-guiding. For example, as
explained in section 2.3.1, relativistic self-focusing occurs for a laser power
higher than the critical power. Another technique for optical guiding, which is
effective also at lower intensities is the gas-filled capillary, where the plasma
is formed by high voltage discharge in gas [51, 52]. These waveguides are
usually made of sapphire and normally filled with hydrogen. Manufacturing of
capillary waveguides using a femtosecond laser micromachining technique

was first proposed by the University of Strathclyde group [53].

b) Electron dephasing

As electrons are accelerated by plasma waves their velocity will increase and

get close to the speed of light. If the phase velocity of the plasma wave is

57



Laser-plasma acceleration basic concepts

constant and less than speed of light, i.e. v, < c, the electrons will outrun the
plasma wave and move to the decelerating region of the plasma wave. This
effect limits the energy gained by electrons and is known as electron
dephasing. The dephasing length L, is defined as the length over which an
electron has to move before its phase slips by a half of a period with respect

to the plasma wave.

The dephasing length, in both linear and nonlinear regime in the case of a

LWFA driven by a linearly polarised square laser pulse with duration L = A,,/2

IS given by [54]:

A
Ld = 2_12 for a(z, K1, (255)
23 agV2 (2.56)
Sy A 0 foraZ » 1,
22% Ny

where N, is the number of plasma periods behind the laser pulse.

c) Pump depletion

As the laser excites the wake it loses energy. This means its energy etches
away and depletes, resulting in a reduction of the group velocity and a
decrease in the wakefield phase velocity. The pump depletion equations for

the linear and nonlinear regime are given by [54]:

L —2 /1—’3; fora? « 1
= ora ,
P a2 )2 0 (2.57)
23 a2
>~ _p 0 2
Lpq = 2 for ag > 1. (2.58)

Looking at equations 2.55-2.58 it is easy to see that Ly < L4 in the linear

regime, so in this case electron acceleration is limited by dephasing. On the
other hand, in the nonlinear regime, electron acceleration is limited by both

pump depletion and dephasing.
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2.10 Betatron oscillations

When electrons are expelled by the ponderomotive force of a laser pulse an
ion column is formed. If all the electrons are expelled from the channel, then
the restoring force on the electrons due to the ions can be calculated using

Gauss’ law. In cylindrical geometry:

& -
== = Fs =

dt

mwpt,

= (2.59)

where 7, is the vector from the electron to the axis of the channel. Electrons
injected at the back of the bubble off axis or with a finite transverse momentum
will experience this restoring force which causes the electrons to undergo

betatron oscillations. The frequency w,, of the betatron oscillations is:
Wp
Wp = — .
\/2—)/ (2.60)
with y being the Lorentz factor of the accelerated electrons.

The plasma acts as a wiggler making the electrons oscillate in the ion channel,
in the same way as in a conventional wiggler [55], and emit short wavelength
electromagnetic radiation [56]. The strength parameter of the plasma wiggler

IS given by:

K =y0 = ykpr, = 1.33 x 1071%/yn,[cm~3]r, [um], (2.61)

where 1y, is the amplitude of the electron oscillation in the ion channel, n, is the
plasma density and 6 is the maximum angle of the oscillatory motion described

by the electron.

Due to the strongly relativistic motion of the electron, the electromagnetic

radiation is emitted in a narrow angle given by:
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6 =

ad (2.62)
- .

For small amplitude oscillations, i.e. K « 1, the frequency of the emitted

radiation is the fundamental frequency:

If the strength parameter is such that K > 1 then the spectrum of the
electromagnetic radiation emitted is similar to a synchrotron spectrum. The
function determining this synchrotron spectrum is an integral of the Bessel

function given by [57]:
(l) [0e]
S <w_f> = xjx Kg (&)dé. (2.64)

For frequencies below the critical frequency the spectrum increases with

2
frequency w3 and it peaks at ~0.3w; dropping then exponentially to zero.
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Figure 2.7. Trajectory of a single electron oscillating in the ion channel created by the ponderomotive
force of a high intensity laser pulse. From [58].

The critical frequency of the radiation emitted by an electron oscillating in the

ion channel is:
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3
hw, = §y3hcrbk§ = 5x 10 2*y2n,[cm™3]r, [um]keV. (2.65)

The average power radiated by a single electron undergoing betatron
oscillations can be calculated using the relativistic Larmor formula [57]. This

gives the following equation [57]:

2

e c
<Ptotal> = Eyzngoz, (2-66)

where N, is the number of oscillations undergone by the electron.
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Figure 2.8. Broadband synchrotron spectrum emitted as the integral of the modified Bessel function of
the second kind and 5/3 order S(x) vs x. From [56].

The energy lost by an electron per unit distance is given by:

)2 MeV
_ (Protar) t‘:‘”) = 1.5 x 107**(yn, [cm‘3]rb[um])zg- (2.67)

Q

The number of photons per electron emitted every betatron oscillation cycle is

given by:

2T

phot = ?afK, (2.68)
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where ay is the fine structure constant.
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Chapter 3: ALPHA-X Laser system and

beamline experimental setup

3.1 ALPHA-X high power laser system

High laser peak intensities can be produced using both the chirped pulse
amplification (CPA) scheme [1] and Ti:sapphire amplification crystals [2]. This
technology made laser systems of up to 10 PW commercially available and
capable of delivering laser pulses of a few femtosecond duration and several
Joules of energy. High intensity laser-matter interactions can be achieved by
focusing these pulses to tens of um spot size. This is performed routinely in

research laboratories giving peak intensities of 108 — 102° Wem™2,

The physics community is interested in producing laser systems that can give
even higher peak intensities in order to do research into phenomena such as
radiation reaction [3] or to reach higher energy in electron beams from laser
wakefield accelerators (LWFAs). Facilities such as the Extreme Light

Infrastructure (ELI) [4] aim for laser peak intensities up to 1023 Wem™2.

The ALPHA-X laboratory system [5] follows the architecture of a typical high
power laser system based on CPA Ti:sapphire technology (Figure 3.1). The
laser system consists mainly of the following key parts: the oscillator to
produce the femtosecond duration laser pulses; a grating based stretcher to
increase the laser pulse duration and avoid damage to optics during
amplification stage; a regenerative amplifier; three multi-pass amplification
stages to increase the laser pulse energy and a grating based compressor to

compress to the initial short laser pulse duration.
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Figure 3.1. Schematic of the architecture of a typical high power laser. P.C. stands for Pockels cell
showing the position of the Pockels cells in the laser system.

The essential laser requirements for LWFA experiments are the following:

e High peak intensity (10 Wem™2 or above).
e Good laser pulse contrast ratio (LPCR), i.e., 10° or above.

e Afocal spot free from aberrations with a symmetric broad spectrum.

The Ti:sapphire oscillator of the ALPHA-X system operates at ~75 MHz
repetition rate and generates laser pulses with a central wavelength of about
800 nm. The initial pulse duration is typically ~20 fs and has a spectral
bandwidth of 80-100 nm. To avoid optical damage during amplification the
stretcher increases the pulse duration of the laser pulse. The ALPHA-X
stretcher negatively chirps and stretches the pulse to ~250 ps duration.

To compensate for the gain narrowing during the different amplification stages,
a programmable acousto-optic dispersive filter (Dazzler) [6] is placed after the
stretcher to control the spectral phase and amplitude distribution of the laser

pulse.

A set of Pockels cells are used through the laser system to isolate the main
pulse and to increase the LPCR. The LPCR is defined as the ratio R between

the laser pulse peak intensity L,.q, and any pre-pulse or pedestal intensity I,:

I
R = P2k, (3.1)

Iy

This is an important parameter in LWFA. A low contrast ratio laser pulse can
generate a pre-plasma before the arrival of the main laser pulse and change
the interaction mechanism between the laser pulse and target [7, 8]. In other
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words, if the intensity of the pre-pulse is too high the target can be “destroyed”

before the main pulse arrives.

The first Pockels cell is the pulse picker. The pulse picker reduces the laser
repetition rate from the MHz range to Hz range. The second Pockels cell is
located at the entrance of the regenerative amplifier and it is used to seed it.
The third one is also located inside the regenerative cavity. It allows the
amplified pulse to exit. The last Pockels cell is located between the
regenerative cavity and the first multi-pass amplifier and further reduces the
pre-pulse level. The Pockels cells rotate the polarisation of the laser effectively

isolating the amplified laser pulse.

The regenerative amplifier provides a high amplification factor of around 10° -
108. In the ALPHA-X laser system the energy after the regenerative and pre-

amplifier is approximately 15-20 mJ.

The next amplification stage is a (3 pass) multi-pass amplifier pumped by two
Nd:YAG solid state lasers (Saga 1 and Saga 2). Each of them used separately
amplifies the laser pulse to an energy of 100-150 mJ. When both are used
together, the laser pulse energy at this point is around 310-320 mJ and has a
bandwidth of 40-45 nm.

After the amplification stage the laser pulse goes through a spatial filter. The
spatial filter “cleans” the laser pulse by removing high spatial frequency
components (called “hot spots”), which could damage the crystal in the final
amplifier. In a spatial filter, a lens focuses the laser pulse. Because of
diffraction, laser pulse will not focus to a spot but to an Airy pattern due to the
top-hat shape of the laser pulse. A pinhole is placed at the focus position so
only the central bright spot passes. Finally, another lens collimates the laser

pulse before it passes into the final amplifier.

The final amplification stage increases the laser pulse energy to 1.6 J. This
amplifier is pumped by three solid state Nd:YAG pump lasers (Saga 3, Saga 4
and Saga HP1), each typically providing close to 400 mJ in energy.
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Figure 3.2. Top: schematic of the 10 Hz ALPHA-X laser system. Picture courtesy of Dr Gregor Welsh.
Bottom: schematic of the ALPHA-X compressor. The beam is transported to the interaction chamber by
mirror M1. The grating G2 is set in a translation stage in order to allow fine adjustment of pulse duration.
Mirror M2 can be placed in the beam path and is used to send the laser beam to the auto-correlator.
Picture from [9].

The amplification crystals of the laser system are water cooled, except for the
final amplifier, which requires cryogenic cooling to avoid thermal lensing.
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It is important to note that during this PhD thesis the final amplifier of the
ALPHA-X laser system was redesigned and upgraded (in April 2014). A solid
state Nd:YAG pump laser has been included in the final amplifier making a
total of 4 pump lasers (Saga 3, Saga 4, Saga HP1 and Saga HP 2). Each pump
laser amplifies the pulse energy to 400-500 mJ when used separately and up
to 2.0 J combined. A schematic of the upgraded final amplifier can be found in
Figure (3.4). Moreover, the cryogenic cooling system has been changed to a

water cooling system.

___ TOALPHAX
et
sagaHP1 | | |If
Saga 3 |~ Interlock Shutter
I _.-o-'-""'-’IT-r

2J Amplifier

Saga 4
Saga HP2

Figure 3.3. Schematic of the ALPHA-X final amplification stage after the upgrade of the laser system in
April 2014.

After the amplification stages the laser pulse enters the compressor. The
compressor must be kept in vacuum in order to avoid beam quality degradation
and power losses caused by nonlinear effects in air. The ALPHA-X
compressor is based on parallel gratings that compress the laser pulse to 35-

40 fs. The transmission efficiency of the ALPHA-X compressor is around 70%.

After compression the laser pulse enters the interaction chamber situated in a
bunker through a series of mirrors in a vacuum pipe. A spherical mirror with a
75 cm focal length focuses the laser pulse onto the gas jet. A Helium-Neon

laser is used to align the laser beam.
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The energy of the laser pulse on target is around 0.85 J (after laser upgrade
this has been increased to 1 J), with a 10% intensity loss from the final amplifier
to the compressor, a 30% further loss in the compressor and a 10% loss from

the compressor to the gas jet.

3.2 ALPHA-X beam line

All the experiments described in this thesis have been carried out at the
ALPHA-X laser wakefield accelerator beam line at the Terahertz to Optical
Pulse Source facility at the University of Strathclyde. For this purpose, laser
pulses of 800 nm, 0.85 J and 35 fs from a Ti:sapphire laser are focused using
a F/18 spherical mirror to a spot diameter of 40 um (1/e2) at the entrance of a
2.7 mm diameter pulsed supersonic helium gas jet producing a 10 pm wide
relativistic plasma channel. These laser parameters correspond to a peak
intensity of I =2 x 10® Wem™2 on target. A schematic of the beamline is

presented in Figure 3.4.

Both accelerator and diagnostics of the beamline are described in this section.
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Figure 3.4 Schematic of the ALPHA-X beamline. The main components, i.e., plasma accelerator, beam
optics, electron spectrometer, undulator and lanex screens can be seen in the picture.

3.2.1 Supersonic gas jet

Gaseous targets are used in a large number of laser plasma interaction
experiments. A helium supersonic gas jet has been used as the plasma
accelerator for all the experiments carried out in this thesis. The laser pulse is
synchronised to the gas injected by the supersonic gas jet. The nozzle is

connected to a pulsed valve that has an opening time of around 3 ms.
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The nozzle used in the experiments has been manufactured at the mechanical
workshop of the Department of Physics at the University of Strathclyde. It
follows an axisymmetric conical De Laval design. A schematic of nozzle and
valve can be seen in Figure 3.5. The nozzle has been designed by Dr
Constantin Aniculaesei and more detail can be found in his PhD thesis [10].
The throat of this nozzle and the exit have a diameter of approximately 0.50

mm and 3.0 mm, respectively. The gas valve is a Parker valve. Further

information about it can be found in [11].

Figure 3.5. Left: Dimensions of the nozzle 511 used in the experiments performed for this thesis (in mm).
Right: Schematic of the Parker valve set up in the ALPHA-X chamber.

In the experiments performed for this thesis, the distance between nozzle and
laser, i.e. the height, was 2 - 4.5 mm and the backing pressure ranged from 25
to 50 bar. Please note that throughout this thesis the y axis represents height
from nozzle exit, z is the laser propagation axis and x represents the direction
transverse to the laser propagation axis observing the nozzle from a top view.
The laser is polarised in the horizontal (xz) plane. For these backing pressures

and for He gas jets, the plasma density is of the order of 1 — 3 x 10 cm™3.

An important parameter in LWFA experiments is the plasma density. It is not
an easy task to estimate this quantity. One option for a direct measure of the
plasma density is to use interferometric techniques, which are very sensitive

because very small differences in the optical path length can be measured.
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Figure 3.6. Left: picture of the nozzle 511 used in this thesis. Right: example of laser-induced plasma
channel at 4.0 mm from the nozzle exit and backing gas pressure of 50 bar.

A second option to estimate the densities is to use computational fluid
dynamics simulations (CFD) to simulate the gas flow for the nozzle used in the

experiments.

The commercial software ANSYS Fluent 15 is used for CFD simulations.
ANSYS Fluent solves the mass and momentum conservation equations for all
flows on a grid using a finite volume method [12]. These equations can be

written as follows:

ap L
E‘FV'(PV)—Sm (3.2)
d(pv) _ y = 33
P +V-(pp?)=-Vp+V-(D) +pg+F (3.3)
d
SEPE) + V(B +p)) ==V D (b)) | + 5 (3.4)
j

Eq (3.2) is the general form of the mass conservation equation and is valid for
both compressible and incompressible flows. S, is the mass added to the
continuous phase from the dispersed second phase. This term equals zero in

our case.

Eq (3.3) represents the conservation of momentum in an inertial reference
frame. Here p is the static pressure, pg the gravitational body force and F the

external body forces. t is the stress tensor given by:
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2 _
T=p (Vﬁ+Vﬁ)—§V-vl, (3.5)
where u is the viscosity and I the unit tensor.

Eq (3.4) is the energy conservation equation where h; is the enthalpy, J; is the

diffusion flux of species j and S, is a heat source term (zero in our case).

Simulations use the Shear-Stress Transport (SST) k-omega model. Further
information about CFD simulations and FLUENT 15 software can be found in

Dr Constantin Aniculaesei PhD thesis [11].

The following figures show density profiles obtained from CFD simulations in
FLUENT 15 using the nozzle 511 geometry showed in Figure 3.5. Most of the
measurements for this thesis have been performed between 1.5 mm and 4.0

mm from nozzle exit.
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Figure 3.7. Top: density profiles of half of nozzle 511 for different backing pressures at 3 mm height from
nozzle exit (simulations and Figure courtesy of Dr Enrico Brunetti). Bottom: density profiles of half of
nozzle 511 for different backing pressures at 4 mm height from nozzle exit (simulations and Figure
courtesy of Dr Enrico Brunetti). X=0 corresponds to the centre of the nozzle.
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Figure 3.8. Top: density values for nozzle 511 for different backing pressures and heights from nozzle
exit at nozzle centre (simulations and Figure courtesy of Dr Enrico Brunetti). Bottom: Density values for
nozzle 511 for different backing pressures and heights from nozzle exit at 1 mm from nozzle centre along
the x axis (simulations and Figure courtesy of Dr Enrico Brunetti).
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3.2.2 Imaging plates for electron charge measurements

Imaging plates (IPs) are photo-sensitive devices that can detect ionising
radiation such as X-rays. Their use as X-ray imaging detectors is widespread,
particularly in applications such as materials testing and medical diagnostics.
Their main advantages are their complete immunity to electromagnetic

interferences and large dynamic range.

Normally, the sensitive layer of the IPs is made of BaF(Br,1):Eu?*. When X-rays
or other ionising radiation reach this layer, Eu?* atoms lose one electron
becoming Eu®*. These electrons stay in the conduction band in an F-centre
metastable state. The total number of F-centres is proportional to the energy
of the incident radiation. Spontaneous recombination of metastable electrons
with Eu®* atoms can occur in a process known as fading [13], depending only
on the environmental temperature, the type of IP and on the time elapsed since
the irradiation. This effect must be taken into account before reading as the
output must be kept as constant as possible.

After X-ray exposure the IP plates are read out by inducing recombination of
electrons using a narrow laser beam. This recombination produces photons in
a process known as photo-stimulated luminescence (PSL), which can be
easily recorded using photo-multiplier tubes. IPs can be reused by erasing
them with UV light.

In previous experiments [14-16], IPs have been calibrated for use in measuring
high energy electrons that are generated by the interaction of high intensity
laser pulses with solid, plasma or gas targets. IPs are also used to detect high

energy protons and photons [17, 18].

The process of measuring the charge from an electron beam used in this thesis

is the following:

1. After the IP (Fujifilm BAS-SR model) has been irradiated it is read out
using a Fujifilm FLA700 reader, which uses a magnetic tray to hold the
IP and a A = 650 nm solid state readout laser. Arbitrary size plates can

be scanned.

78



ALPHA-X Laser system and experimental setup

2. Images are saved in a logarithmic grayscale (known as a quantum
level) image and converted into physical PSL units using the following

equation [18]:

R \* 4000 (2-)
= [—— - G 2 3.6
PSL ( N 00) X — x 10 (3.6)

where L =5 is the latitude, R = 50 is the resolution, S = 1000 the
sensitivity, G = 65535 the bit depth for 16 bits and Q; the logarithmic

grayscale value.

3. The PSL value is corrected by the fading. As previously mentioned the
fading was studied by Meadowcroft et al. [13]. The fading correction

factors are shown in Figure 3.9:
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Figure 3.9. Fading of the Fuji BAS IP as a function of time. From [13].

4. From the PSL value the total charge can be estimated using the

calibration value of 0.0064PSL/electron valid for the electron energy

range produced in the experiments carried for this work (80-160 MeV)
[16].

One important consideration in the use of the IPs is how the number of scans

performed affect the IP response. In Figure 3.10 it can be observed that every
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time an IP is read the number of counts observed is reduced, a fact that must
be taken into account in order not to underestimate the number of counts.
Concretely, if after scanning the irradiated IP it is necessary to perform further
scans a correction factor which can be extracted from Figure 3.10 must be
applied. Roughly, every time an IP is read, the number of counts is reduced by
a factor of 1.02 + 0.01. This measurement has been performed by the author.
For this, an IP was irradiated with electrons produced at the ALPHA-X beam
line and scanned several times to infer the correction factor with the number

of scans.

0.99 =
0.96 = -
0.93 =
0.90 —

0.87 =

Normalized IP response

0.84 =

| v | v I ¥
2 4 6 8 10
Number of scans

Figure 3.10. Evaluation of the number of scans correction on the Fuji BAS IP-SR model response.
Another important consideration is its energy dependence. Chen et al. [15]
studied this effect in the energy range of 100 keV - 4 MeV. Tanaka et al. [14]
looked at a higher energy range up to 100 MeV and Nakanii et al. [16] studied
this effect up to 1 GeV electron beam energy (Figure 3.11).
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Figure 3.11. Calibrated sensitivity curve for electrons up to 1 GeV energy from [16]. The sensitivity up to
100 MeV has been plotted using the data from reference [14].

The energy of the electron beam generated in the ALPHA-X laboratory is in
the 70-180 MeV range. As it can be seen from Figure 3.11 the correction factor

for this energy range is minimum.
3.2.3 Electron beam profile scintillators: Lanex screens

Lanex screens are used in the ALPHA-X beamline to monitor the transverse
properties of the electron beam in different positions of the beam line. The
location of all the lanex screens of the ALPHA-X beam line can be seen in

Figure 3.4.

A Lanex screen is a scintillating screen that emits light in the green part of the
visible spectrum when ionising radiation interacts with it. The resolution of this
kind of screens has been measured for the fine and medium grain thickness
screens as 40 and 76 um respectively [19]. The Lanex (KODAK) screen is a
thallium doped caesium iodide (Csl:Tl) grown in a columnar "needle-like"

structure.
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Figure 3.12. Left: composition of a typical scintillating Lanex screen. The thickness of the phosphor layer
depends on the Lanex type. Right: Spectrum of the light emitted by the Lanex Fast model by Kodak. It
can be seen that the most intense emission is around a wavelength of 550 nm.

In this work, the lanex screens used are identified as Lanex 1 and Lanex 2.
Lanex 1 is the first beam profile monitor. It is placed at the end of the
acceleration chamber at a distance of 64 cm from the gas jet, as can be seen
in Figure 3.4. The accelerator is optimised by observing the quality of the
electron beams on this screen. One pixel corresponds to 40 and 30 um along

the x and y axis respectively.

Lanex 1 is mounted in a manual sliding pipe through a vacuum feed-through
that allows the screen to be inserted into the beam line axis for electron beam
monitoring, and can be retracted to allow the electron beam to travel down the
beam line. The screen is positioned at 45° to the laser beam axis. Lanex 1 is
observed from behind through a Perspex window with a CCD camera. When
a laser interacts with a lanex screen this emits light, which interferes with
electron beam monitoring. To solve this problem, lanex 1 is shielded by a layer
of aluminium foil, which blocks the laser light preventing saturation of the CCD

camera.

Lanex 2 is mounted in a cross-piece after the electromagnetic quadrupoles
(Figure 3.4). This screen is mounted normal to the beam line and a mirror is
placed behind it at 45°. The screen can be inserted and retracted from the
beam line using a pneumatic feed-through (pop-in in Figure 3.4), which can be

controlled from the control room.
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There are two more Lanex screens in the ALPHA-X beam line: Lanex 3 and
Lanex 4. Lanex 3 is used to monitor the electron beam at the entrance of the
undulator and lanex 4 is used to monitor the beam after the undulator. These

two screens have not been used in the experiments carried out for this thesis.

An extra lanex screen (new lanex) has been installed in the accelerating
chamber to perform experiments related to this thesis. More details on this new

lanex screen are given in Chapter 4.

All the lanex screens used in the ALPHA-X beam line are observed using 12

bit Point Grey Research Flea cameras with Edmund Optic objectives.
3.2.4 Electromagnetic quadrupoles

The typical electron beam energy in the ALPHA-X beam line is of the order of
120 MeV, which is highly relativistic. Magnets can be used to bend, steer and
focus the electron beam. Quadrupole magnets consist of four magnets
designed in a way that the dipole terms cancel out in the planar multipole
expansion, therefore the lowest significant terms in the field equations are

quadrupole.
There are two types of quadrupoles:

e F quadrupoles: which are horizontally focusing but vertically defocusing.
e D quadrupoles: which are vertically focusing but horizontally

defocusing.

It is important to note that it is impossible for a quadrupole to focus in both

horizontal and vertical planes at the same time.

Figure 3.13 shows a schematic of a quadrupole. This example focuses a
positive charged particle travelling to the image plane in the vertical direction
(forces above and below the centre point towards the centre) while defocusing
in the horizontal direction (forces left and right of the centre point away from

the centre).
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Figure 3.13. Magnetic field lines of an ideal quadrupole. The red arrows show the direction of the
magnetic field while the blue arrows show the direction of the Lorentz force on a positive particle. Picture
courtesy of Dr Andre Holzner.

If a type F quadrupole and a D type quadrupole are positioned together the
fields cancel out completely. However, if both are placed within a certain
separation and this separation is properly designed the overall effect is
focusing in both horizontal and vertical planes. This allows quadrupoles to be
used to transport particle beams over long distances (such as in synchrotrons
or for LWFAs as in the ALPHA-X beam line).

There are two sets of magnetic quadrupole triplets in the ALPHA-X beam line:
the permanent magnetic field quadrupoles (PMQs) and the dynamic
electromagnetic quadrupoles (Figure 3.4).

The PMQs are placed in the accelerator chamber several centimetres from the
gas jet (along the z axis). This is a very compact magnetic quadrupole triplet,
with an aperture of 6 mm. The drift distances between the PMQs can be
adjusted between 1.5 and 5 cm to optimise transport at different energies.

They have been installed in the chamber for two reasons:
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e To reduce the divergence of the electron beam just after the
accelerator.

e To improve the pointing stability and also to act as an energy filter
removing the low energy component of the electron bunch produced,
since this component is strongly over focussed. The spatial profiles may
be slightly distorted due to the energy spread and the energy
dependence of the PMQs focusing strength.

The second triplet set of quadrupoles, i.e. the dynamic electromagnetic
quadrupoles, are mounted after the accelerator chamber and in front of the
electron spectrometer, as shown in Figure 3.4. The magnetic fields in these
guads are controlled by the current passing through their coils and can be fully
adjusted to suit the requirements of the electron beam. The dynamic
electromagnetic quadrupoles are used to optimise electron beam transport for

electron spectrometer measurements.
3.2.5 Electron spectrometer

The energy of the electron beam produced at the ALPHA-X beam line is
measured using an electron spectrometer designed by Dr Allan Gillespie and
manufactured by SigmaPhi [20]. The electron spectrometer is placed 2.56 m
after the gas jet. It has a magnetic strength up to 1.7T.

When the electromagnets are switched on, the electrons are bent out of the
beam line at an angle that depends on the energy. Therefore, by measuring
the deflection of the electron beam, the energy spectrum can be monitored.

The radius of the orbit of an electron deflected by a magnetic field is given by:

_ymgc _ 3.34Ey[MeV]

"T7eB -~ B[] 3.7)
therefore:
Ey[MeV] = %, (3.8)
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where m,y is the electron relativistic mass, E, the energy of the electron beam,
B the strength of the magnetic field and r the radius of the orbit described by

the electrons.

The ALPHA-X electron spectrometer follows a Browne—Buechner design [21]
in order to provide a strong focusing in both horizontal and vertical planes. This

guarantees high energy resolution over a wide range of energies.

The electron spectrometer has two operating modes: high resolution mode and
high energy mode. The high resolution mode uses a high field strength to bend
the electrons through approximately 90° with relatively narrow bandwidth, and
high resolution imaging at the focal plane. This mode is restricted to an energy
less than 105 MeV. Since the electrons are bent through a large angle the

energy resolution is very high (around 0.1%).

The high energy mode allows for wide bandwidth at the expense of a lower
resolution. In this mode, it is possible to image beams with energies up to 657
MeV. However, the energy resolution is much lower than in the first mode
(between 1-10%). A Lanex scintillating screen positioned at the focal plane is
used to image electrons exiting the spectrometer and the image is captured
on a 14 bit Grasshopper CCD camera. Electron energy is estimated after
background subtraction. For this purpose, a first image without laser shot is
always recorded before each run. An example of electron beam spectra
recorded on the electron spectrometer can be seen in the following Figure:

66 74 98
MeV

Figure 3.14. False colour images of four electron beam spectra recorded using the ALPHA-X electron
spectrometer. The energy range shown is from 66 to 98 MeV from left to right. From [20].
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Chapter 4. Laser-driven X-ray phase

contrast imaging

4.1 Laser-driven X-ray phase contrast imaging

As pointed out in Chapter 2 of this thesis, electrons in the LWFA can undergo
transverse oscillations and emit synchrotron-like (betatron) radiation into a
narrow cone around the propagation axis. The properties of the betatron
radiation produced by LWFA make it an excellent candidate for X-ray phase

contrast imaging (XPCi). Betatron radiation is bright and spatially coherent [1].

The first measurements of betatron radiation emitted by a LWFA were reported
by Rousse et al. [2] in 2004, when the authors measured a maximum energy
of few keV (1-10 keV). A few years later Kneip et al. [3] reported an X-ray
source with 10 times higher energy than the source reported by Rousse et al.
This was made possible by operating the LWFA in the bubble regime. More
recently, Cipiccia et al. [4] demonstrated experimentally and theoretically that
interaction of electrons with the laser pulse can resonantly amplify the betatron
motion. This leads to an increase in the energy of the emitted photons, which

can extend to several MeV [4].

XPCi requires a source with a high level of spatial coherence. Before the
development of the LWFA technology, this high level of spatial coherence was
only achievable in synchrotron facilities or alternatively using interferometric
techniques, which required expensive optics. The micrometer-sized source of
the betatron radiation [4] guarantees a high level of spatial coherence that is

required for XPCi.

The first experimental demonstration of betatron radiation was soon followed
by the first XPCi measurements using the betatron source from a LWFA. The
first X-ray phase contrast images using this source were performed by Kneip
et al. [5]. A few years later, single-shot laser driven phase contrast images

were demonstrated by Fourmaux et al. [6].

89



Laser-driven X-ray phase contrast imaging

In this Chapter, the characterisation of the main properties of the ALPHA-X
betatron source is presented and the properties of the detectors used are
described. The source is then used to produce X-ray phase contrast image of

a biological specimen using an in-line phase-contrast imaging technique.

In the second part of this Chapter further betatron source measurements are
presented (performed after the upgrade of the ALPHA-X laser). The source is
then used to obtain microscopy images of very thin wires with unprecedented
quality and resolution. Several projections of a micrometer-size object and the
discussion of the use of the betatron radiation as a source for XPCi

tomography is presented in this section.

The analysis of the results and the equipment used for each experiment are
described in the corresponding sections. Finally, conclusions and summary of

results are given in the last section of this Chapter.

4.2 Basic concepts of X-ray phase-contrast imaging
4.2.1 Introduction

X-ray phase contrast imaging (XPCi) represents an elegant solution to
maximize the resolution while minimizing the X-ray dose delivered. XPCi was
developed mainly in the 90s. It is a promising technique that has attracted the

attention of the scientific community.

The main principle of phase contrast imaging was first developed by Frits
Zernike [7, 8] while working with diffraction gratings and visible light. A further
step to take phase contrast from visible light to X-rays did not happen until the
1970s with the huge improvement of the quality of the X-ray beams from
synchrotrons. X-ray sources from synchrotrons are more intense and versatile
than X-rays produced by conventional X-ray tubes. Both the construction
of synchrotron facilities and the progress in the development of X-ray optics
were fundamental for the development of XPCi.

In 1965 Ulrich Bonse and Michael Hart at the Department of Materials Science

and Engineering of Cornell University developed a crystal interferometer [9]
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applying, for the first time, Zernike’s phase contrast method to X-rays. 30 years
later the Japanese scientists Atsushi Momose and Tohoru Takeda used the
XPCi method to image biological soft tissues samples [10, 11] at the National
Laboratory for High Energy Physics in Tsukuba (Japan), connecting XPCi to
biomedical imaging.

Several phase contrast imaging configurations have been developed mainly at
synchrotron facilities. All these configurations will be reviewed in detail in the

next section.

The application of phase contrast imaging techniques in biological imaging has
been held back by the limited number of appropriate X-ray sources. Some
configurations demand X-ray beams with high transverse or longitudinal
coherence. XPCi configurations such as grating interferometry [12] or
propagation-based phase contrast imaging require a set up where the sample
“sees” a small X-ray source, which is obtained when the coherence length,
L.on = AR/s, is larger than the detail to be imaged (where 1 is the wavelength,
s the source size and R is the source to observation distance). On the other
hand, both techniques have the advantage that polychromatic radiation may
be used without significant loss of contrast [13].

In analysing-based imaging [14] and crystal interferometry the transverse
coherence is not crucial but the angle of deflection introduced by the crystal is
energy-dependent. This implies an increased imaging time compared with

techniques using polychromatic X-rays.

Conventional X-ray sources can generate beams with a high transverse or
longitudinal coherence. However, this can only be done at the cost of
increasing the exposure time, which becomes too long for applications such

as clinical imaging.

Highly coherent beams are available at synchrotron facilities, where most of
the progress in the development of XPCi has been carried out. Some examples

of the last third generation of synchrotron facilities are Alba, SOLEIL, Diamond,
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ESRF or Elettral. In these facilities, light pulses with peak brilliances of the
order of 1024-10%° ph/s/mm?/mrad?/0.1%BW and average brilliance of 102!
ph/s/imm?/mrad?/0.1%BW can be produced. The brilliance is defined as the
flux of photons divided by the emittance. The emittance is a measure of the
beam distribution in the transverse phase space. Moreover, fourth generation
synchrotron light sources (such as linac-based free-electron lasers FELS)
increase the average brilliance by four or five orders of magnitude and the

peak brilliance by ten orders or magnitude.

As mentioned before, the main challenge is that access to beam time at these
facilities is very limited due to high demand. Another disadvantage is that, apart
from limited clinical research, these large facilities are not suitable for clinical
practice. These two reasons stimulated scientists to start investigating “table-
top” solutions to find alternatives to both conventional sources and large scale

synchrotron and FEL facilities.

The first solution is the use of light sources such as mini-synchrotrons. In this
technology, a circulating electron beam of 10 MeV interacts with a solid target
emitting bremsstrahlung in the forward direction [15]. Grating interferometry
and propagation based phase contrast imaging has already been
demonstrated using this technology [16].

The second option is based on inverse Compton scattering. In this
configuration, a laser pulse is backscattered to produce hard X-rays as the
electron beam from a small storage ring or linear accelerator (LINAC) interacts
with it. When the electron beam interacts with the laser pulse it oscillates in its
periodic electromagnetic field and emits narrow band synchrotron radiation.
The radiation is emitted in a cone of a few mrads, with a pulse interval of 10
ns and an energy bandwidth of around 1% (depending on the laser pulse
length and its bandwidth). Several facilities of this kind are being
commissioned and their performance is expected to be similar to large

synchrotrons. XPCi configurations such as grating interferometry and

1 Source optimisée de lumiére d’énergie intermédiaire du LURE (SOLEIL), European
Synchrotron Radiation Facility (ESRF).
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propagation based phase contrast imaging methods have been already
demonstrated using inverse Compton scattering sources [17, 18].

The third and most promising table-top solution is the laser wakefield
accelerator which has been described in chapter 2.

Progress has also been made with incoherent sources. Particularly promising
is the coded-aperture method developed by Olivo and collaborators [19], which
uses a conventional X-ray tube. This technique produces phase contrast
images similar to the ones obtained with synchrotron radiation but using

conventional X-ray sources.
4.2.2. XPCi basic concepts

This section reviews the main aspects of XPCi and is mainly based on
reference [20]. In conventional X-ray absorption imaging, the contrast arises
from the difference in the X-ray attenuation coefficients of different materials.
The attenuation contrast, C,;;, is defined as:
I =1
L’

where 11 and I are the intensities of X-rays transmitted in the shadow of the

Cote = 4.1)

detail and the intensity transmitted outside it, respectively. Introducing the

Beer-Lambert’s law into equation 4.1 yields:

Core = 1— el(mi-u2)tz] (4.2)
where 1 and p2 are the attenuation coefficients of the background and the
detail respectively, and t2 is the thickness of the detail. Considering equation
4.2 one can see that if the attenuation coefficients are similar or the thickness

of the detail is small the contrast will also be small.

X-ray phase-contrast imaging is based on different physics. The complex

refractive index n can be defined as follows:

n=1-68+ip, (4.3)

93



Laser-driven X-ray phase contrast imaging

where § is related to the phase shift ¢ that the X-rays experience when going
through a material, i = v—1 and g is the attenuation coefficient of the material
given by:

_Anp

=—
where 4 is the wavelength of the X-rays.

p (4.4)

The phase shift that an X-ray experiences when going through a material is
given by:
tz

P(x,y) = 2771-]‘ 6(x,y,z)dz, (4.5)
ty

Where z corresponds to the direction of propagation of the X-ray wave and the
integration is carried out over the thickness of the material in the direction of

propagation of the X-ray wave, i.e. z.
6 can be written as:

TePel?
2w

where re is the classical electron radius and p, is the electron density of the

5= (4.6)

material.

6 and B have different dependencies with the X-ray energy as can be seen
in Figure 4.1. For most biological tissues, and in the 40-150 keV energy range
used for clinical medical imaging, & is around 1000 times larger than g. This
results in high contrast, enabling the detection of details that are invisible to

conventional absorption techniques, as will be discussed below.
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Figure 4.1. § and B dependency on the X-ray energy for PMMA (often used as a tissue substitute in
phantoms because its properties are similar to water). From [20].

Moreover, this high contrast could potentially reduce the dose delivered to a
patient during medical imaging diagnosis (i.e. CT scan, mammography,
angiography, etc.) allowing an increase of the number of imaging diagnostics

used on patients (since each diagnostic has to be clinically justified).

Depending on the XPCi technique used, the contrast in XPCi can be obtained
from single or double pairs of dark and bright fringes (i.e. an interference
pattern). Therefore, the concept of coherence is very important in XPCi.
Coherence defines the ability of a wave to produce interference patterns and
diffraction observables. An ideal plane wave will be coherent, while the light

emitted from a light bulb will be incoherent.
There are two types of coherence:

e Spatial or transverse coherence: considers the phase between two
transversally spaced pairs of points A¢(Ps: P,) (see Figure 4.2), which
is determined by the source size.

e Temporal or longitudinal coherence: considers the phase between two
longitudinally spaced pairs of points A¢(P,: P,) (see Figure 4.2), which

is determined by the monochromaticity of the electromagnetic wave.
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Figure 4.2. Schematic of an electromagnetic wave underlining the difference between spatial and
temporal coherence.

Now the question is how to detect these changes in ¢ since X-ray detectors
used in conventional absorption imaging rely on detecting intensity changes.
This can be achieved either by detecting interference patterns or by using X-
ray refraction. The first option can be achieved by allowing the X-rays to
propagate through a distance sufficiently long for both perturbed and
unperturbed waves to interfere and thus create a measurable pattern.
Alternatively, both perturbed and unperturbed waves can be recombined in an

interferometer.

The second option is to use X-ray refraction. X-rays refract in the same way
as visible light but at smaller angles. The propagation direction of the X-rays is
orthogonal to the wave front so a change in the wave front is consistent with
changes in the X-ray propagation direction. The refraction angle « is given by

the following equation:

A
a= ﬁvx’y(p, 4.7)

where V, ,, is the gradient, with each derivative giving the refraction angle in

each plane.
4.2.2 Phase contrast imaging techniques

There are several methods of performing XPCi. The main ones are the
analyser-based imaging, free-space propagation imaging, crystal and grating

interferometry, and edge-illumination methods. A brief review of these
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methods will be given in this section, with a summary of the advantages and
disadvantages of each technique.

Analyser based imaging (ABI): in this method a parallel quasi-mono-energetic

X-ray beam irradiates the object. A crystal (analyser) is set between the
sample and detector to analyse the radiation leaving the object. More crystals
(monochromators) are required to achieve a quasi-monoenergetic X-ray beam

before the sample, as shown in Figure 4.3.

monochromator
crystal

distorted
wavefront

incoming
beam

analyzer
crystal

sample
scan

Figure 4.3. Synchrotron beamline ABI. The X-ray beam energy is selected by the monochromator
crystals reaching the detector after being reflected by the analyser. From [20].

The analyser selects the photons which satisfy the Bragg law:

A = 2dsind, (4.8)
where d is the crystal d-spacing and ¢ is the grazing angle of incidence to the
crystal. The detector is illuminated by a narrow X-ray beam that contributes to

image formation.

The parameters that influence the image contrast in this technique are the
composition and quality of the crystals, the energy of the X-ray beam, the
divergence of the X-ray beam and the diffraction order. Once all these
parameters are chosen the image contrast will depend on the angular position
of the analyser crystal with respect to the Bragg angle corresponding to the X-

ray energy.

Grating interferometry: Grating-based imaging (Gl), also known as X-ray

Talbot interferometry, is based on the use of grating interferometers. The
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standard setup consists of a phase grating and an analyser. This method is
based on the optical phenomenon discovered by Talbot [12] where a grating
illuminated by coherent X-rays forms images of the grating repeated at certain
distances known as Talbot distances. The Talbot distances d, are given by the

following equation:
2
d, =2 (4.9)
where p is the period of the grating.

Sample G2 Detector

x

rays

VRN
- loanonooanon
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Figure 4.4. Schematic of the GI setup where the two gratings (G1 and G2) are separated by a Talbot
distance D and the detector is positioned just after G2. From [21].

When an object is placed before the grating the interference pattern is modified
due to the absorption, refraction and scattering in the sample. By placing an
absorption grating (analyser) at a Talbot distance and taking measurements
with and without the object in position it is possible to measure the changes in

the position of the interference pattern.

Pfeiffer et al. [22] demonstrated that this technique can be used with
conventional incoherent X-ray sources if a source grating is placed just after

the X-ray source. This configuration was called Talbot-Lau configuration.

Edge-illumination or coded aperture technique: The coded aperture (CA)
imaging or edge illumination (EIl) technique has been developed by Olivo et al.
[19]. The main principle of this technique is that the phase sensitivity of an X-

ray imaging system can be significantly improved if only the edge of the pixel
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of the X-ray detector used is illuminated. This means that a fraction of the beam
falls outside the pixel edge.

photon creating

shaped positive signal
beams
conventional //
X-ray W
< beam (pre- detector
\ shaping) pixels
- sample’
pre-sample
apertures  photon creating
negative signal detector
apertures

Figure 4.5. Schematic of the El technique. From [20].

This method uses two coded mask apertures: a pre-sample coded-aperture
mask and an after-sample coded aperture mask. The first one is placed just
before the object in order to dissect the incoming X-ray beam into small
beamlets. Each X-ray beamlet hits the detector pixel in a place given by the

coded aperture mask placed after the sample.

The after-sample coded aperture mask is in direct contact with the X-ray
detector. Its purpose is to create insensitive regions along the separation
between adjacent pixel rows. The pre-sample coded mask avoids
unnecessary radiation going through the object therefore improving the

efficiency in dose delivery.

By interacting with the object, X-ray photons that would not hit the detector if
the object was not in place will be deflected to it leading to a higher number of
counts. Following the same idea, photons that would hit the detector pixel if
the object was not in place will now be deflected outside the detector area thus
reducing the number of counts. The recorded signal will consist of negative

and positive peaks similar to the ones obtained with the ABI technique.
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Free space propagation, in-line holography or propagation based imaging

(PBI): Snigirev et al. [23] showed that it is possible to perform phase contrast
imaging without the need of any optics. The only requirement is a coherent X-

ray source.

A difference in the § value between a detail and the surrounding background
results in a phase shift between the wave transmitted through and outside the
detail. Due to this phase shift, both perturbed and unperturbed waves interfere.
When the detector is placed at a sufficiently large distance, an interference

pattern is detected.

This effect can be explained by the near field Fresnel diffraction theory (Figure
4.6).
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Figure 4.6. PBI formulation using Fresnel-Kirchhoff diffraction integrals. From [20].

The Fresnel-Kirchhoff diffraction integral is given by:

icos?V

22 [ag [ awrcew, (4.10

where E(x, y) is the electric field at the image formation plane x, y. The integral

E(x'}’) = -

over ¢ and Y extends over the object plane. 9 is the inclination factor [24],
which in the case of synchrotron radiation (and betatron X-rays) is equal to
zero because the source to object distance (z,,) and the object to detector
distance z,,; are much larger than the sample size. The function f is given by

the following equation:
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_expQmi/Mz5 + E— O’ + G- + [250 +  — )+ W - y)°]}

f 7 (4.11)

x exp[i® (¢, )],
where x and y represent the source location in the source plane and ¢ is the

phase shift produced by the sample (eq. 4.5). This integral is typically solved

numerically.

The resolution of this technique depends mainly on the size of the source and
on the pixel size of the X-ray detector used. The X-ray beam has to be spatially
coherent but monochromaticity is not required. Wilkins et al. [13] showed that
it is possible to obtain XPCi images using this method with polychromatic

sources.

To fulfil the condition that the source has to be spatially coherent, synchrotron
radiation is normally used for this experiments. In the case of laser-driven
XPCi, coherence is guaranteed since the source size of the betatron X-rays is

of the order of a few microns [4].

The following table summarises the main advantages and disadvantages of

each phase-contrast imaging method:
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Table 4.1. Summary of advantages and disadvantages of each XPCi technique.

Method Advantages Disadvantages
ABI Can be used over a wide Requires both intense and
range of energies (20-100 monochromatic X-rays.
keV).
Large field of view.
Gl Works with conventional X- Different  gratings are
ray tubes. required for  different
Large field of view. energy ranges.
Gratings are expensive
and difficult to produce.
El Little requirements of the Not really a disadvantage
X-ray source. but the technique is still at
High energy imaging close an early stage.
to 100 keV performed.
PBI The setup of this method is This technique requires a

simple.
Divergence and beam size

small source size, i.e., high
spatial coherence.

not important.
e Works with polychromatic
beams.

4.3 Semiconductor pixel detectors
A brief introduction on semiconductor pixel detectors is given in this section
because they play an important role in the experiments that will be described

in the next sections.

In a semiconductor pixel detector a bias voltage is applied to the electrodes of
a semiconductor diode. When ionising radiation interacts with the diode, free
electrons and holes are created in a quantity proportional to the incident X-ray
photon energy. These charges move in the electric field of the detector and
are collected by read-out electronics for further processing. The signal
amplification, discrimination and analog-to-digital conversion (or counting) are
performed by the electronics. The pixel detector is made of a matrix of pixels,

where each pixel of the matrix is connected to its own electronic chain.
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Semiconductor pixel detectors can be hybrid or monolithic. Monolithic devices
have only one chip where the readout electronics are on the surface and the

bulk is used as the sensor.

Pixelated 300 um thick Si
detector chip (256 x 256
pixels, 55 pm pitch)

Detector bias AR c Read-out ASIC
voltage (~100V) | k chip Medipix2

Figure 4.7. Shot of the hybrid semiconductor pixel detector Timepix. The sensor chip is usually made of
Si but other materials are available. Picture from [25].

The hybrid pixel devices consist of two chips corresponding to the sensor and
to the read-out electronics for all the pixels. Both chips are usually bump-
bonded. Some examples of hybrid pixel detectors are Timepix [26] or XPAD
[27]. The main advantage of the hybrid detectors is that it is possible to attach
the read-out chip to sensors made of different materials such as CdTe or
GaAs. On the other hand, monolithic devices are limited to silicon.

Timepix has been used to measure the spectrum of the ALPHA-X betatron
source. The Timepix sensor has an active area of 1.4x1.4 cm? with 65536
pixels (256x256) of 55 um size. Each pixel is connected to its corresponding
preamplifier, double discriminator and digital counter integrated on the readout

chip.
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Timepix is based on the successful Medipix2 semiconductor pixel detector
[28], with the main difference being the design of the read-out chip. This

detector can be used in three different modes:

1. Medipix mode where an integrated counter counts incoming patrticles.

2. Timepix mode, where the counter measures the time when the particle
is detected.

3. Time over threshold (TOT) mode, where each pixel allows a direct

energy measurement.

Prior to experiments, the detector is calibrated using a laboratory sealed
americium source (Am-241). Am-241 decay produces both X-rays and 5.5
MeV alpha particles. A 1 mm Al filter is placed between the Am-241 source
and Timepix to minimise the noise in the detector. The X-rays emitted by the
Am-241 source after decay correspond to energies 13.9, 17.8, 26.3 and 59.5
keV. The Al filter attenuates the 13.9 and the 17.8 keV peaks allowing the 26.3
and 59.5 keV lines to be clearly measured. Although attenuated, the 13.9 keV
peak is also distinguishable because it is much more intense than the 17.8 keV

peak.

An additional reference point for the calibration of the detector is given by the
Compton edge, which is the maximum energy that an X-ray can deposit
through Compton scattering. For the energies considered here, the interaction
between X-rays and matter is governed by the photoelectric and Compton
effects. In the photoelectric effect X-rays are absorbed by the material and their
entire energy is deposited in the detector. On the other hand, in the Compton
effect, X-rays scatter from electrons and can escape the material, depositing
only a fraction of their energy in the detector. In this case, the amount of energy
deposited depends on the photon scattering angle, and therefore on the
energy of the photo-electrons. When the photon is fully back-scattered the

amount of energy deposited is maximum. This is called the Compton edge.

For a photon energy of 59.5 keV the Compton edge corresponds to an energy

of 48.3 keV. The Compton edge is calculated using the following equation:

104



Laser-driven X-ray phase contrast imaging

~ 48.3 keV. (4.12)
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The following Figure shows an example of the spectrum recorded with Timepix
using the Am-241 source and the corresponding calibration curve obtained for

Timepix:
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Figure 4.8. Top: Example of spectrum recorded with Timepix using an Am-241 source for detector
calibration. Bottom: Calibration curve obtained from Am-241 emission lines and Compton edge (48.3
keV).

4.4 Characterisation of the ALPHA-X betatron X-ray source

4.4.1. Introduction and experimental setup:

Prior to exploring imaging applications, the betatron X-ray source at the

ALPHA-X laser wakefield accelerator beam line at the University of Strathclyde
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has been characterised. An experiment has been setup at the ALPHA-X beam

line for this purpose.

Laser pulses from a Ti:sapphire laser with energy of 0.9 J, duration of 35 fs,
and a central wavelength of 800 nm, are focused using a F/18 spherical mirror
to a spot diameter of 40 um at the entrance of a 2.7 mm diameter pulsed
supersonic helium gas jet producing a 10 um wide relativistic plasma channel.
The width of the plasma channel is based on PIC simulations [29]. The
resolution of the imaging system used is not high enough to measure 10 pm
(see Figure 3.6 right). These laser parameters correspond to a vacuum peak
intensity of I =2 x 10 Wcm™2 on target. The experiment was performed

before the laser upgrade as mentioned in Chapter 3.

A schematic of the experimental setup for the characterisation of the source

can be seen in the following figure:

Gas jet New Lanex

Lanex 1

[0 Timepix

Cu Shielding

Electron Spectrometer

Undulator

439cm

Figure 4.9. Experimental setup schematic for the characterisation of the betatron source showing the key
components of the experiment.

4.4.2 X-ray spectrum and critical energy:

The spectrum of the emitted X-rays has been measured using the Timepix
detector. A 0.7 T bending magnet is placed on a motorised stage inside the
interaction chamber just after the gas-jet to deflect the accelerated electron

beam away from the laser axis close to where it is produced.

The electron beam could have been deflected using the beam line electron
spectrometer described in Chapter 3 of this thesis. However, due to the
pointing instability, electrons can hit the beamline pipes before entering the
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electron spectrometer and produce bremsstrahlung radiation that would mask
the betatron source.

The magnet inside the chamber bends the electrons towards the side wall of
the interaction chamber. The emerging bremsstrahlung radiation is emitted off
axis. This minimises the on-axis bremsstrahlung component and therefore

reduces the background noise on the X-ray detector.

The deflected electrons are detected before they hit the chamber wall using
two scintillating LANEX phosphor screens (Lanex 1 and New Lanex in Figure
4.9) and their energy spectrum is measured. Stable quasi-monoenergetic

electron beams of ~150 MeV are measured.

The electron beam charge was measured using imaging plates. Each
measurements was performed by averaging 5 laser shots. An electron beam
charge between 5-7 pC/shot is estimated. The typical bunch length of the
electron beams from a LWFA is in the range 1-10 fs [29] and the repetition rate
of the accelerator is set to 0.33 Hz, limited by gas loading on the vacuum

pumps.

The X-ray detector, i.e. Timepix, is placed at the end of the beam line (source-
detector distance is 5.7 m) in order to characterise the spectrum of the X-ray
betatron source. It is laterally shielded by copper bricks to reduce the
background noise as much as possible. The detector itself is enclosed in an Al
case in order to block the k-alpha lines from the copper. The X-ray beam
leaves the interaction chamber and propagates through a 4.39 m long column

of air to the Timepix detector.

The calibration of the detector was checked every day with the Am source in
order to monitor changes in the calibration. No significant changes were

observed from day-to-day.

Before starting a measurement with Timepix, a threshold equalization of the
detector was performed. This is required since the pixels are not all identical

due to the fabrication process. Because of this, every pixel has a different noise
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level and therefore the threshold energy has to be adjusted for each pixel
individually.

This process is called threshold equalization and it can be done automatically
with the PixelMan software [30]. Threshold equalization on Timepix was

performed every day before the beginning of the measurements.

The X-ray spectrum was measured for different plasma densities by changing
the backing pressure of the gas (pressure scan).

Each set of data was recorded with and without a filter in front of the Timepix
semiconductor detector. The filter used was 1 mm thick Al. The filter was
placed in front of the detector for two reasons:

1. To confirm that the radiation recorded was coming from the plasma
accelerator (not noise or k-alpha lines from different metal components
of the beamline).

2. To decrease the number of counts to a maximum of one photon per

pixel as explained below.

The number of electrons generated in the sensor is proportional to the X-ray
photon energy. The X-ray spectrum of the incoming photons can be measured
by computing the intensity histogram of the signal. In this kind of measurement,
the electron charge is not deposited in a single pixel of the chip, but spreads
over several neighbouring pixels. However, to obtain a correct measurement,
it is important that every photon is separated from the others on the chip, i.e.,
this measurement relies on the assumption of a low photon flux regime

achieved by using a filter to reduce the incoming flux of photons.

The data from Timepix is corrected for attenuation in the materials the X-rays
are passing through before they reach the detector (air, beamline, perspex
windows and corresponding metal filter). The attenuation coefficients for all the

materials for each energy can be found in the Nist database [31].
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To remove the noise, a Savitzky and Golay filter was used. This method is
widely used to increase the signal-to-noise ratio without distorting the original

signal. More information on this method can be found in reference [32].

Finally, the critical energy was obtained by fitting the data to a synchrotron-like
spectrum, i.e. the integral of the Bessel function (which will be described later
on in this Chapter) that minimizes the correlation coefficient with the analysed

data.

Plasma densities in the range from 1.72x10%° cm™ to 2.24x10'° cm3,
depending on the gas backing pressure used, were measured using a Mach-
Zehnder interferometer. The interferometer is set up in an independent
vacuum chamber so that the gas jet/nozzle system can be characterised
before the experiment. The setup of the interferometer and the

characterisation of these nozzles were performed by Mr David Grant.

The following plots show the X-ray spectrum measured for different plasma

densities. Each spectrum corresponds to an accumulation of 1000 shots:
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Figure 4.10. X-ray spectrum recorded using Timepix for different plasma densities corresponding to 25,
30 and 35 bar backing pressure. The shaded area that can be seen in the plots corresponds to the error
bars and the red curve corresponds to the integral of the Bessel function fitting.

The critical energy E. is defined as the energy that divides the emitted power
into equal halves. The critical energy obtained for each plasma density is

summarised in the following table:
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Table 4.3. Critical energy measured with Timepix for each plasma density.

np (102 cm-3) ‘ 1.72 +0.17 ‘ 2.04 +0.20 ‘ 2.24 +0.22
Ec (keV) ’ 18.2+2.1 ‘ 17.9+2.1 ‘ 13.9+1.6

A second measurement of the critical energy of the betatron radiation was
performed using sets of different metal filters (Cu, Al, Ti and Ag). The shadows
cast by the metal filters were recorded with imaging plates (Fuji BAS-SR). A
schematic of this part of the experiment is shown in Figure 4.11. The set of
metal filters was placed just after the vacuum chamber and the imaging plate
was placed a few cm after the filters. To prevent K, lines to reach the imaging
plate, a short gap of air was left between the metal filters and the image plate.

This can be seen in Figure 4.11.

Gas jet New Lanex

Lanex 1
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Magnet
EMQs
Metal filters Image plate

Figure 4.11. Schematic of the experimental setup for the measurement of the betatron X-rays critical
energy using metal filters.

As in the Timepix measurements, the electron beam is bent upward by the
bending magnet to avoid irradiating the filters and image plates. By measuring
the attenuation through the different filters it is possible to estimate the critical

photon energy of the emitted radiation.

The X-ray beam intensity distribution is assumed to be uniform across the
filters. By assuming that the X-rays produced have a synchrotron-like spectrum
it was possible to calculate the critical energy matching the measured

attenuation through the set of metal filters.
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This method has advantages and disadvantages: on one hand, it is very simple
and provides a good second measurement to compare with the critical energy

measured using Timepix.

On the other hand, with this measurement it is not possible to obtain detail of
the spectral shape. It is also not possible to measure deviations from a

synchrotron-like spectrum.

All the measurements have been performed in a single shot. The experiment
was performed for the same plasma densities used in the measurements

performed with Timepix.

Figure 4.12. False colour image showing the shadows projected by 4 metal filters on an imaging plate
for a typical shot and distribution of the thickness and material used to measure the critical energy.

The following table summarises the critical energies obtained for each plasma
density using metal filters. The results shown correspond to an average of 10

measurements for each plasma density:

Table 4.3. Critical energy measured metal filters for each plasma density

np (102° cm-) ‘ 1.72+0.17 ‘ 2.04 +0.20 ‘ 2.24+0.22
Ec (keV) ‘ 17.7+25 ‘ 15.7+1.2 ‘ 15.8+1.2

4.4.3 X-ray beam divergence:

The divergence of the emitted betatron X-rays has also been measured. The
setup used in this part of the experiment is very similar to the setup shown in
Figure 4.11.
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In this case, an imaging plate was placed just after the interaction chamber to
record the shape of the X-ray beam. Note that the electrons are bent away
from the laser axis. The distance between the gas jet and the imaging plate is
82 cm. The laser is linearly polarised in the horizontal direction. All
measurements have been taken in a single shot. An example of X-ray
distribution on an imaging plate can be seen in Figure 4.13.

The divergence can be estimated from the beam size on the imaging plate.
Here, a convention similar to what is typically used for lasers will be adopted.
The half-angle divergence is defined as:

w
9= (4.13)

where w is the beam waist and | is the distance source-detector.

The beam waist is estimated by taking a cross-section and fitting it to the

following intensity function:

X

= 1e”20) (4.14)

Since the spot is often elliptical and tilted, two cross-sections have been taken,
along the major and minor axis. This has been done for each individual shot,
rotating the images as required. An example of the analysis is shown in Figure
4.13. The corresponding conversion factor from pixels to cm is known since

the size of the imaging plate is known, i.e. 740 pixels correspond to 4.5 cm.
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Figure 4.13. Top: raw image of the spatial distribution of the betatron X-ray source recorded by a Fuijifilm
BAS-SR imaging plate 82 cm behind the laser-plasma interaction in a single shot. The shadow of the
magnet is also visible. The round shadow is due to the exit rounded pipe of the interaction chamber.
Bottom: Short (blue) and long (red) profiles of the X-ray beam fitted to equation 4.14. The calculated
beam waist corresponds to 3.6 cm in the short axis and 6.5 cm in the long axis. This corresponds to a
half angle divergence of 43.9 mrads for the short axis and 79.3 mrads for the long axis. The electron
density for this particular shot was 1.72 + 0.17 (10%*° cm®).

An interesting feature of these measurements is the shape of the X-ray beam,
which has been found to be elliptical or circular depending on the laser shot.
Statistically, around 75% of the 21 shots recorded show an elliptical shape and

25% a circular shape. The elliptical X-ray beam profiles are always tilted,
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although the tilting angle is not constant but varies between -60 and 30
degrees depending on the laser shot. The flatness/ellipticity also varies from
shot to shot.The flattening or ellipticity of an ellipse gives a measure of the

deviation from a perfect circle. It is given by the following equation:

—b
e=2"2 (4.15)
a

where a is the radius of the long axis and b the radius of the short axis. The
factor b/a is known as the compression factor. The flattening also varies from
shot to shot from a maximum of 0.7 (Figure 4.14, bottom right), corresponding
to the most elliptical shot, down to almost O (circular shots). The 21 shots have
been measured on two consecutive days. No change in the electron beam
parameters or laser system performance have been observed over these two

days.

Figure 4.14. False colour image showing X-ray shots recorded on the imaging plates showing the
differences in the spatial distribution from shot to shot. Top left: almost perfect circular shot. Top right:
shot tilted at 15 degrees and 0.2 flattening. Bottom left: X-ray beam tilted at 20 degrees and 0.5 flattening.
Bottom right: 60 degrees tilting angle and 0.7 flattening value.
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The shape of the X-ray beam depends on the trajectory that the electrons
follow in the bubble. The type of trajectory depends on the initial conditions of
the electrons as they are injected into the bubble and on the characteristics of
the electromagnetic fields inside the bubble. Ideally, the injected electron beam
and the bubble are cylindrically symmetric with respect to the laser propagation
axis and the X-ray beam should have a circular profile. However, in practice,
the symmetry can be broken if the laser spot size is elliptical, if the laser
intensity distribution is not uniform or if the wavefront is tilted. Electrons can
also interact with the laser electric field inside the bubble and oscillate
preferentially along the laser polarization direction [33]. As a possible
explanation, the fact that some shots are tilted might indicate a change in the

polarisation angle of the laser.

A total of 21 shots have been analysed, corresponding to seven shots for each
plasma density studied. The divergence of the X-ray beam does not change
significantly with the density. However, more shots would be required to make
this study more statistically relevant, although the use of imaging plates makes
it very time-consuming. On average, the half-angle divergence (equation 4.13)
measured for the elliptical shots is 38.0 £ 2.6 mrads for the short axis and 62.2
+ 2.7 mrads for the long axis (rms). For the circular shaped shots, the

divergence measured was 63.3 + 2.9 mrads (rms).

From equation 2.43 it is possible to calculate the maximum energy expected
for the electron beam and therefore the Lorentz factor y. For a plasma density
of 1.72x10%° cm and a laser intensity of 1.9x10'® Wcm™2 the expected
maximum energy is 157.5 MeV, which agrees well with the 150 + 12 MeV
electron beam energy measured. This gives a maximum y of 308, since y =

E/(m,c?), with m,c? = 0.511 MeV for electrons.

Since the critical energy has been measured, the amplitude of the betatron

oscillations rz can be calculated using equation 4.16:

_ 3hwprgy?

4.16
p o (4.16)
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where wg is the plasma frequency and E. is the measured critical energy. The

normalised transverse momentum is given by:

a'B, = kprﬁ\/g, (417)

21 .
where k,, = l—” is the plasma wavenumber.
14

Table 4.4. Measured plasma densities, critical energy and long axis half-angle divergence and
corresponding estimated amplitude of the betatron oscillations, normalised transverse momentum and
half-angle divergence.

n, (10 cm?®) | E. (keV) | 15 (um) ag 0., (mrad) | Oexp (Mrad)
1.72 18.2 2.1 20.0 67.1 63.1
2.04 17.9 1.8 17.6 66.3 62.5
2.24 13.9 1.2 11.9 47.8 62.6

Table 4.4 shows the estimated values for 73, ag and the theoretical and long

axis experimental half-angle divergences (calculated using equation 2.62)

from the estimated az for each plasma density and critical energy of the

betatron measured with Timepix during the experiment.

From the results shown in table 4.4 it can be seen that the measured X-ray

divergence agrees reasonably well with the theoretical value.

The shot-to-shot stability of the X-rays has been measured. The results can be
seen in Figure 4.15 for the 21 laser shots. The beam line axis is used as the
reference point. The measured mean pointing angles correspond to 4.3 + 3.7
mrads and 5.0 £ 2.9 mrads for the horizontal and vertical axes, respectively.
The maximum pointing angles are 11.1 mrads for the vertical axis and 15.0

mrads for the horizontal axis.
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Figure 4.15. X-ray beam pointing angles for 21 laser shots. The origin denotes the beam line axis.

4.4.4. X-ray beam polarisation:

The polarisation of the betatron X-rays has also been measured using Timepix.
In previous studies [33] the linear polarisation of the betatron X-rays has been
measured using LiF crystals to build an X-ray polarimeter. The results
presented here have been obtained only using a semiconductor detector,

which has the added advantage of making the setup simpler.

This kind of X-ray polarisation measurements was first proposed by Fraser in
1989 [34]. After this, Tsunemi et al. [35, 36] successfully performed X-ray
polarisation measurements of synchrotron radiation with an energy between
15 and 37 keV. Later on, Bogner et al. [37] measured the polarisation of

synchrotron X-rays with energies ranging between 10 and 75 keV.

When a polarised X-ray photon interacts with the Si sensor of a pixelated
detector it releases a photoelectron from the K-shell of the Si atom. The
direction of the photoelectron released follows a cos?6 probability distribution

parallel to the electric field of the incoming X-ray [38]:
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P(8)d(8) = cos?(8)d(6) (4.18)
The photoelectron moves through the pixelated structure undergoing multiple
scatterings and creating electron-hole pairs. To a first approximation the range
in um of the photoelectron for incoming X-rays of tens of keV and for silicon is
given by [39]:

(4.19)

E(keV))l'75

R(pm) = ( 10

where E is the energy of the incoming X-ray in keV.

The ejected photoelectrons cross the pixels depositing energy in more than
one pixel. Therefore, their paths can be tracked by the array allowing a
measurement of the X-ray polarisation. The distribution of the energy

deposited should agree with equation 4.18.

The charge cloud created by the photoelectron is collected in detector pixels.
This means that it is possible to measure the polarisation of the incoming X-
ray beam if the range of the generated photoelectron is comparable to the pixel
size of the semiconductor detector and the charge cloud generated by the

photoelectron is collected over at least two adjacent pixels.

In our case, the pixel size of the semiconductor detector used, i.e., Timepix is
55 um. Using equation 4.19 it is possible to work out the incident energy of the
X-ray beam required to generate photoelectrons with a range of 55 ym in
silicon, i.e., ~100 keV.

As previously shown, the estimated critical energy of the betatron X-ray beam
is ~17 keV, which is an order of magnitude lower than the required energy to
generate photoelectrons with a range of 55 ym in silicon. However, as can be
seen in Figure 4.10, the synchrotron betatron X-ray spectrum has a tail of high
energy photons extending beyond 90 keV. This means that in principle it is
possible to measure the polarisation of the high energy tail using this

technique.
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The results obtained with Timepix for two different experimental runs can be

seen in the following Figure:
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Figure 4.16. Two experimental run examples where the X-ray spectrum of the high energy component
and corresponding polarisation state are shown. The top one corresponds to the case in which the
betatron X-rays follow the laser polarisation. In the bottom one two additional polarisation states at
around -28 and 28 are observed.
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The experimental setup is similar to the one used for the X-ray spectrum
measurements (Figure 4.9). Both runs shown in Figure 4.16 correspond to an
accumulation of 1000 shots. The plasma density is 1.72x10° cm= for both
runs. The critical energy of the X-ray beam estimated from a synchrotron-like

fitting (similarly to section 4.3.2) was 17.1 and 16.9 keV respectively.

The top plots in Figure 4.16 show an experimental run in which the polarisation
of the X-ray beam is mainly horizontal. In this case, the electrons follow the
polarisation of the laser pulse therefore oscillate horizontally.

In the second case (bottom plots in Figure 4.16) the horizontal polarisation
state is clearly the predominant one. However, it can be observed that the
other two polarisation angles are at around 28 and -28 degrees and do not
correspond to the polarisation state of the laser. This will be discussed in

section 4.4.6.

This experiment demonstrates that it is possible to measure the polarisation
state of the betatron X-rays by simply using a semiconductor detector.
Moreover, it is possible to measure simultaneously both the X-ray spectrum
and polarisation state. This simultaneous measurement is not possible when

an X-ray crystal polarisation state analyser is used.
4.4.5. Phase-contrast imaging experiment using the X-ray source:

In order to demonstrate the potential of the LWFA X-ray betatron source for
XPCi applications, a proof of principle experiment has been carried out using
the previously characterised betatron X-ray beam produced at the ALPHA-X

beamline.

The X-ray source size corresponds to the amplitude of the betatron
oscillations, which is of the order of 1 um. This allows the use of the free space
propagation configuration, although the sample to detector distance has to be
increased to achieve contrast enhancement. As mentioned in the section 2 of
this Chapter, the only requirements for this experimental configuration are a
high spatially coherent source (which is guaranteed by the small source size)
and an X-ray detector. Monochromatic X-rays are not required [13].
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For this experiment a biological sample (dead domestic spider) was placed
just after the interaction chamber. The detector used was an imaging plate.
The sample was placed at a source-object distance (Ri) of 0.82 m. The
sample-detector distance (R2) is 4.39 m. The magnification M can be

calculated using the following relationship:

R, +R
y = Rt
R,

which yields a value of 6.35 for our setup. As in the previous measurements,

(4.20)

a permanent magnet bends the electrons away from the laser axis. A

schematic of the setup can be seen in Figure 4.17.

Gasjet New Lanex

Lanex 1 Sample

Electron Spectrometer

Undulator

439cm

Figure 4.17. Schematic of the XPCi experiment using the X-ray beam source produced on the ALPHA-
X beamline. The source to object distance is 0.82 m and the object-detector distance is 4.39 m giving a
magnification of 6.35.

The resolution of the image is set by the imaging plate scanner to 50 um. For

the given magnification, this allows resolution of details down to ~8 um. The
transverse coherence length is given by:

Al

L=—

o

(4.21)

)

where 1 is the wavelength of the X-ray source, [ the source to detector distance
and o the source size. For a 1 um source size, 15 keV X-rays and 4.2 m source
to detector distance the transverse coherent length is equal to L~400 pm. This
is larger than the source size, and therefore the imaging resolution, making

phase contrast imaging in this configuration possible.
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Figure 4.18. R.h.s: image obtained after 300 shots. L.h.s: relative intensity from the edge of a leg.
Contrast is estimated to be 0.71. The image is obtained after 300 shots at a repetition rate of 0.33 Hz.
From [40].

Absorption contrast from the non-absorbing thin legs and body of the spider
would be very poor. However, the use of the free-space propagation technigue
reveals details of the body of the sample as shown in Figure 4.18. The edge
enhancement is clearly observed in different parts of the sample, such as the
legs (100-300 um size).

The contrast can be deduced using the following relationship:

Xz — X1)

C=—,
(X2 +X1)

(4.22)

where X;, X, are the signals from the edge representing, respectively, the
highest and lowest intensities. For the fringe corresponding to the line out
shown in Figure 4.18 the contrast is approximately 0.71.

The aim was to experimentally show that phase-contrast imaging experiments
can be done using the LWFA at the ALPHA-X facility and that the expected
XPCi features are clearly observed in the image. This shows the potential of
the betatron X-rays for biomedical applications amongst others. Development

of real world applications will be discussed in the next section.
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4.4.6 Experiment conclusions and discussion:

The measured divergence of the betatron X-rays is of the same order of
magnitude of previously reported experiments at similar laser intensities [41],
although the critical energy measured is around 10 keV higher than [41],
probably because of the higher electron beam energy. Our measurements are
compatible with a 150 MeV electron beam energy and 2 ym betatron oscillation

amplitude.

Polarisation measurements show that the high energy tail of betatron X-rays
can have the same polarisation of the laser beam, as shown in the top graph
of Figure 4.16. This suggests that electrons can interact with the laser beam
inside the bubble, possibly leading to a resonant enhancement of the

amplitude of the betatron oscillations [4].

Previous measurements of the betatron X-ray polarisation have been reported
[33] by Schnell et al. using an X-ray polarimeter, where they demonstrated that
by tilting the pulse-front of the laser it is possible to control the trajectory of the

injected electrons and therefore the polarisation of the emitted betatron X-rays.

Our experiment is different in several respects: firstly, the method of measuring
the polarisation of the X-rays is different, as explained in the previous section.
Moreover, we have explored the polarisation of the X-rays in the harmonically
resonant regime since this regime can increase the purity of the polarisation
status of the betatron X-rays as suggested by Schnell [33]. Finally, we
observed that the polarisation peaks at around 28 and -28 degrees in some

experimental runs, a feature not observed before (to the author’s knowledge).

This might be related to a rotation of the polarisation status of the laser. One
way to check this would be to measure the Stokes parameters [42] of the laser

pulse after interaction with the gas jet.

The Stokes parameters are a set of four numbers that determine the
polarisation status of an electromagnetic wave. Normally, they are grouped in
a vector known as the Stokes vector. A rough schematic of a possible optical

diagnostic for measuring the Stokes parameters shown in the following Figure:
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Figure 4.19. Schematic of the optical diagnostic proposed for the measurement of the laser polarisation
status after interaction. Each detector measures one of the Stokes parameters. Polariser 1 (P1) should
transmit horizontally and polarisers 2 and 3 (P2 and P3) at 45°. The A/4 waveplate should have a
horizontal fast axis.

In this configuration, the following So, S1, S2 and Sz specify the polarisation

state:
SO = 211
S, =21, -21I
temr T (4.23)
SZ = 213 - 2[1
S3 = 214_ - 2[1

where I3, I2, I3 and ls are the corresponding intensities recorded by each
detector. A first measurement without polarisers and waveplate must be

obtained to calibrate each detector.

The scalability in energy of the betatron X-ray beams allows for phase-contrast
imaging of denser biological materials. For example, phase-contrast imaging
of a bone requires a critical energy of ~50 keV. This energy can be achieved

with the current LWFA technology.

It has been shown that the interaction of the electrons with the laser pulse [4]

in the bubble region can lead to a resonant enhancement of the betatron
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amplitude and therefore a higher critical energy of the betatron X-ray beams
(50 - 450 keV). This energy can be obtained from 100 TW-scale laser systems
such as the ASTRA-GEMINI laser at the Rutherford Appleton Laboratory and
the Scottish Centre for the Application of Plasma-based Accelerators (SCAPA)
at Strathclyde.

In particular, phase-contrast imaging of micron size cracks in bone using the
LWFA is an interesting biomedical application. Bone micro-cracks are related
to osteoporosis and bone stress. This increases bone fragility. By detecting

and monitoring their growth, it is possible to prevent larger fractures.

Simulations using the Monte Carlo FLUKA code [43] have been performed to
prove the feasibility and estimate the resolution limit of the betatron X-ray
beams from a LWFA for performing bone micro-crack phase-contrast imaging.
For this, a refraction model based on Snell's law has been developed and
included in the FLUKA code by Dr Silvia Cipiccia [44].

As indicated above, for phase-contrast imaging of bone a betatron X-ray
energy of ~50 keV is required. However, as a first step and proof of principle,

a thin section of 200 um of bone has been considered in the simulations.

The parameters of the source used in the simulations have been matched to
the ones measured at the ALPHA-X beam line. The energy spectrum used for
the simulations is the betatron spectrum, i.e., a synchrotron-like spectrum

similar to a conventional synchrotron:

Ec fﬁ Ks(©) ds, (4.24)

Ec
where K3 is the modified Bessel function of the second kind. The critical
energy is setto 15 keV (see Figure 4.20) and the number of particles simulated

for each run is 10°.

To reduce the computational time, the divergence was set to 2 mrad, which
corresponds to the detector active area in the simulation geometry. The
source-to-sample distance is set to 30 cm and the sample-to-detector distance
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to 80 cm. The geometry of the simulation consists of a cylindrical 200 pm thick
bone tissue. The bone tissue material properties, including density and
composition are already implemented in FLUKA. A single cylindrical micro-

crack fissure filled with air is placed in the middle of the bone.

Simulated phase-contrast images for different micro-crack thickness are

shown in Figure 4.21. The thinnest micro-crack observed with FLUKA

corresponds to a radius of 1 pm.

The corresponding convoluted images for a 13 um pixel size (which is a typical

CCD pixel size available) are shown in Figure 4.22.

Relative Intensity (a. u.)

Energy (keV)

Figure 4.20. Synchrotron-like spectrum used for the phase-contrast FLUKA simulations. The critical
energy is 15 keV corresponding to a peak energy of about 4 keV. From [40].
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Figure 4.21. Top: Simulated phase-contrast images for bone micro-cracks of 25, 5 and 1 um radius size
respectively from left to right. Bottom: corresponding convoluted images for a 13 um detector pixel size.
From [40].

If the number of projections is high enough it is possible to perform
tomographic studies and 3D reconstruction of thin bones. This is shown in
Figure 4.22 where a single projection, a tomogram (slice) and the
corresponding 3D reconstruction of a thin bone with a crack can be seen. The

bone diameter is 100 um and the micro-crack (fissure) diameter is 40 um.

Figure 4.22. Examples of projection (left), tomogram (centre) and 3D reconstruction (right) of a FLUKA
simulated 100 um diameter bone with a 40 um micro-crack. From [40].
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To process the projections to obtain the slices, an in-house developed
tomography software package based on filtered back projection algorithm is
used. This software package has been developed by Dr Dima Maneuski. The

3D reconstruction was performed using the imageJ [45] 3D volume viewer
plugin.

The filtered back-projection is a more sophisticated version of the back-
projection or simple back-projection technique. It is the most commonly used
algorithm for computed tomography systems.

The back-projection method involves acquiring a set of views of a certain
object at different angles. After this, each view is back-projected by spreading
it back along the path it was acquired in the first instance. Finally, all the back-
projections are added in order to obtain the final back-projected image. This

can be seen in Figure 4.23.

filtered view 1

filterad

view 2

filtered [
view

a. Using 3 views b. Using many views

Figure 4.23. Schematic of the filtered back-projected method. Each view is filtered before being back-
projected to avoid blurring. From [46].

The problem of this technique is that the back-projected images are normally
blurred. To solve this problem, each view can be filtered before taking the
back-projection, i.e., each view is convolved with a filter. After the convolution,

the views are back-projected. The reconstructed image will be exactly equal to
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the “true” image when an infinite number of views are taken. This method is

called the filtered back-projection method.

Another interesting feature of the betatron X-ray beams, which has not been
mentioned yet and is worth to note, is its femtosecond pulse duration [2]. This
ultrashort duration may find uses in a wide variety of applications where motion

blur is a problem. This is not possible with conventional synchrotron sources.

4.5 Laser-driven XPCi applications
4.5.1 Introduction:

In the previous section we focused on measuring the main parameters of the
betatron X-ray source of the ALPHA-X laboratory. In the following experiments,
the betatron X-rays have been used to explore two imaging applications.
Concretely, the betatron X-rays have been used to explore the potential of

LWFA for microscopic and tomographic applications.

These experiments have been undertaken after the upgrade of the ALPHA-X
laser system mentioned in Chapter 3 (in April 2014). An extra pump laser has
been included in the final amplifier. This yields a total laser energy before pulse
compression of 2 J. The energy on target after the losses in both compressor

and transport optics is of the order of 1 J.

This important change in the final amplifier of the laser system required an
additional characterisation of the betatron X-rays prior to the applications

experiments.

The structure of this section is the following: first the experimental setup and
the betatron X-ray characterisation are shown. The second part focuses on the
microscopy and tomography experiment. The last part discusses the results of

the experiments and gives conclusions.
4.5.2 Experimental setup and betatron X-rays characterisation:

The experimental setup for the characterisation of the X-ray and electron beam

is similar to the one shown in Figure 4.9. However, in this case, the laser
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energy is 1 J, while the pulse duration, spectrum and spot size remain the
same. These laser parameters correspond to a peak intensity of I =

2.3 x 10 Wcm™2 on target.

Similar to the previous experiments, the nozzle 511 model described in
Chapter 3 of this thesis is used. The height between nozzle and laser beam is
set to 4 mm because this provides the most stable electron beam. The backing
pressure is set to 45 bar, corresponding to a plasma density of 1.5x10° cm™3.
This plasma density has been estimated using FLUENT simulations, which

can be found in Chapter 3 of the thesis.

A more powerful vacuum pump for the interaction chamber has been installed
allowing a higher repetition rate of 0.5 Hz, and 1 Hz for short experimental

runs.

610 60 140

810

Figure 4.24. Chamber layout with the relevant distances. In yellow the gas jet, magnet in red and lanex
screen in green.

As in the previous experiment, a 0.7 T bending magnet is placed on a
motorised stage inside the interaction chamber just after the gas-jet to deflect
the accelerated electron beam away from the laser axis as soon as it is
generated, which minimises the amount of bremsstrahlung on axis. This allows
an estimate of the electron beam energy as well as monitoring of the electron

beam. For this experiment, the bending magnet is placed closer to the gas jet
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to reduce clipping of the x-ray beam on the bending magnet, which occurred

in the previous experimental run.

The deflected electrons are detected using a scintillating LANEX phosphor
screen (see Figure 4.24), as in the previous experiment, and the energy
spectrum is measured. The length of this screen is 8 cm and has been
calibrated performing a Monte Carlo FLUKA simulation. Both calibration and

geometry of the simulation can be found in Figure 4.25.
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4.25. Top: geometry of the Monte Carlo simulation for lanex screen calibration. Bottom left: false colour
image showing an example shot of the electron beam on the lanex screen. Bottom right: calibration curve
for electron energy estimation.

The peak electron beam energy for this experimental run is estimated to be 84
+ 11 MeV. The electron beam charge is estimated using imaging plates before
and after carrying out the imaging experiments. An average charge of 3.1 £

1.2 pC per laser shot is estimated. The measurement are carried out just after

132



Laser-driven X-ray phase contrast imaging

the interaction chamber. The electron beam energy and charge were
measured every day and the results were always in the same range mentioned

in this paragraph.

The X-ray spectrum measurements and the imaging experiments have been
performed using an X-ray charged-coupled device manufactured by ANDOR.
The CCD (lkon-M BN) is cooled to -100°C to provide low readout noise,

therefore increasing the quality of the measurements.

An important feature of these detectors is their small pixel size. The Ikon-M
series have a pixel size of 13 ym. The size of the Si sensor is 13.3x13.3 mm?
giving a total number of pixels of 1024x1024. This small pixel size makes this
detector a good option for microscopy.

This detector also provides a good quantum efficiency in the soft X-ray (1-10

keV) range. This can be seen in the following Figure:
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Figure 4.26. quantum efficiency as a function of X-ray energy for ANDOR Ikon-M series. The BN model
is the one used in this thesis.

Since the Andor efficiency is lower than Timepix for this range of energy, filters
are not required in front of the detector.
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Unlike Timepix, this kind of detector is used in vacuum and comes with a knife-

edge sealed flange, which provides an effective vacuum seal.
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Figure 4.27. Top: Am-241 raw spectrum measured with the ANDOR camera. Bottom: energy calibration
equation obtained for the X-ray detector.

The X-ray camera was calibrated before the experiment using a similar method
to the calibration of Timepix. In this case, the camera is attached to a short

vacuum pipe, which is closed by a thin (3 mm) Perspex window. The whole

134



Laser-driven X-ray phase contrast imaging

setup is kept in vacuum using a small dry pump. The sealed source is then
attached to the Perspex window.

The same americium source (Am-241) used for the calibration of Timepix is
used for calibrating the ANDOR camera without placing an Al filter in front of
the detector. The americium source provides three spectral peaks at 13.9, 17.8
and 20.6 keV. The ANDOR camera has a thinner sensor than Timepix.
Because of this, the efficiency at higher energy is reduced and therefore the
26 and 60 keV peaks cannot be used for the calibration.Since the quantum
efficiency of this camera at this energy is low (less than 10% according to the
manufacturer’s specification) the camera is left recording overnight to obtain a
good signal. The measured spectrum and the calibration curve is shown in
Figure 4.27.

The characterisation of the X-ray source after the upgrade of the laser system
has been performed in a similar way to the previous experiment described in
section 4.4. The most stable electron beam was obtained for a height between
nozzle and laser beam of 4 mm. The optimum gas backing pressure is found

to be 45 bar, corresponding to a plasma density of 1.5x10° cm™3.

The spatial distribution has been measured using imaging plates placed just
after the interaction chamber. Five sets of measurements, each corresponding
to the accumulation of 100 laser shots, have been performed. The half-angle
divergence has been estimated at 101.1 + 10.6 mrad using the same method
described in the previous section. An example spatial distribution on an

imaging plate is shown in Figure 4.28.

The divergence is larger than in the previous experiment. Unlike the previous
experiment where the spatial distribution measurements have been performed
in single shot. In this case the spatial distribution measurement corresponds
to an accumulation of 100 laser shots, thus the larger divergence can be
explained by variations in X-ray beam pointing (see Figure 4.15 in the previous

section).
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The image plates have also been used to do a quick estimation of the critical
energy using metal filters, following the same method used in the previous
experiment. The critical energy is 5.6 + 2.2 keV, obtained from the average of
5 sets of measurements, each corresponding to the accumulation of 100 laser
shots per measurement. An example metal filter image can be seen in Figure
4.28.

The X-ray spectrum has been measured using the ANDOR camera described
above. As previously explained, these detectors work in vacuum. For this
reason, the camera is attached directly to the beamline after the electron
spectrometer (see Figure 4.29). The beamline is then evacuated using two

small turbo pumps.
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Figure 4.28. Top left: X-ray spectrum recorded with the ANDOR camera. The spectrum is corrected for
the attenuation of the Al filter and quantum efficiency. The shaded grey area gives the measurement
error. Top right: false colour image of the shadow left by metal filters on imaging plate after 100 laser
shots. The top left one corresponds to Ag 0.05 mm, top right 0.5 mm Al, bottom right Ti 0.1 mm and
bottom left 0.1 mm. Bottom left: false colour image showing the X-ray spatial distribution averaged over
100 shots. Bottom right: horizontal profile fitted to equation 4.14.
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To block the laser and prevent damage to the detector, an aluminium filter is
placed in a retractable pop-in actuator just before the beamline electron

spectrometer.

Figure 4.28 shows an example of the recorded X-ray spectrum, corresponding
to an accumulation of 1000 laser shots. The analysis of the data is undertaken
using the same procedure as for the previous experiment. A fit based on a
synchrotron-like spectrum indicates a critical energy of 4.1 keV, in good
agreement with the result obtained from the metal filters.

4.5.3. Laser-driven phase-contrast microscopy of thin wires

After the re-characterisation of the X-ray source, an experiment has been
setup on the ALPHA-X beamline to explore the potential of the betatron X-ray
source for phase-contrast microscopy. For this purpose, a set of thin wires are
inserted into the beamline and imaged using the ANDOR X-ray camera. The
wires comprise a 300 um nylon wire, 50 ym Ni, 25 ym Cu, 10 pm Cu, according
to manufacturer’s specifications, and a strand of hair. The phase-contrast
imaging technique used is free space propagation because of the poly-

chromaticity of the X-rays and the simplicity of the method.

To study the effect of the object-detector distance on the image contrast, the
wires are inserted at three different positions in the beamline. Unlike the
Timepix experiment, the beamline is evacuated because the critical energy of
the X-rays is lower and the number of photons is lower (which can be observed
from the fact that it has not been possible to acquire single shot metal filter
images as in the Timepix experiment). This avoids attenuation from the air and
allows more photons to reach the ANDOR X-ray camera. The experimental
setup is shown in the following Figure:
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Figure 4.29. Schematic of the XPCi experiment using the X-ray beam source produced on the ALPHA-
X beamline. The wires have been inserted, in turn, in pop-in actuators 1, 2 and 3. The source-detector
distance has been kept constant and equal to 3.4 m. The object-detector distance when the wires are
inserted in pop-in 1, pop-in 2 and pop-in 3 are 2.35 m, 1.10 m and 0.25 m respectively.

The permanent magnet is still used to bend the electrons away and the lanex
screen remains in the same position for electron beam monitoring purposes.
The distance between the source and the ANDOR camera is 3.4 m and is kept
fixed for the whole experiment. The distance between object and detector is
different for each case. The following table summarises the object-detector
distances and corresponding magnifications for each case:

Table 4.5. Summary of object-detector distances and corresponding magnification depending on the
wires position.

Object-detector distance (m) Magnification
Pop-in 1 2.35 3.2
Pop-in 2 1.10 15
Pop-in 3 0.25 1.1

The resolution of the image is set by the pixel size of the ANDOR camera,
which is 13.3 um. For the given magnifications this allows resolution of details
down to ~4 pum when wires are in pop-in 1, ~9 pym in pop-in 2 and ~11 pm in
pop-in 3. The transverse coherence length can be calculated using equation
4.21. For a 4 keV X-ray energy, 1 um source size and 3.40 m source to

detector distance this is ~1 mm.

The number of laser shots used for each position of the wires in the beamline

is 2000. The conditions of the experiment remained constant for the three
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positions, i.e., height between nozzle and laser 4 mm and backing pressure
45 bar (1.5%10° cm™3).
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Figure 4.30. Top: image obtained after 2000 shots for wires placed in pop-in 1 (left), pop-in 2 (centre)
and pop-in 3 (right). Bottom: Line out of the nylon wire when imaged by the X-rays in each of the three
pop-ins (left 1, mid 2, right 3) in turn.

It is possible to observe the influence of the object-detector distance in the top
images of Figure 4.30. When the wires are placed in pop-in 1, further away
from the detector, the contrast is highly enhanced. However, when the object
is placed in pop-in 3 the distance between object and detector is not long
enough for phase-contrast to develop effectively and only absorption contrast
is recorded. When the wires are placed in the pop-in 2 an intermediate situation
occurs with the image showing a higher contrast than in pop-in 3 but lower

than in pop-in 1.
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Figure 4.31. Top left: image recorded of wires in pop-in 1 after 50 laser shots. Top right: image recorded
of wires in pop-in 1 after 200 shots. Bottom left: image recorded of wires in pop-in 1 after 500 laser shots.
Bottom right: image recorded of wires in pop-in 1 after 2000 laser shots.

The contrast can be calculated using equation 4.22. For the nylon wire, it is
0.26 when the wires are placed in pop-in 1. When the wires are placed in pop-
in 2 the contrast goes down to 0.12. For the wires placed in pop-in 3 the
contrast goes down to 0.02. For this source-detector distance in particular, a

change on the object-detector distance of 1 m means 6 times less contrast.
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Figure 4.32. Line out of wires imaged by the betatron X-rays when placed in pop-in 1. From left to right,
300 um nylon, hair strand, 50 ym Ni, 25 ym Cu and 10 ym Cu wire.

The edge enhancement is stronger in the nylon wire and in the hair strand than
in the Ni and Cu wires. This can be observed in the line out showed in Figure
4.32, which corresponds to the wires placed in pop-in 1. This is due to the fact
that both nylon and hair are light materials. In the case of Ni and Cu, the

absorption contribution to the image will be higher.
4.5.4. Laser-driven micro-tomography feasibility study:

After showing the feasibility of the ALPHA-X betatron X-ray source for
microscopic studies, the next step is to explore the possibility of using the X-
ray source for micro-tomography applications. In this section, an absorption

based tomography is presented.

Recently, the use of a gas cell to produce 50 keV critical energy betatron X-
rays for tomographic studies of bone has been demonstrated [47] using the
Astra-Gemini laser at the Rutherford Appleton Laboratory. Full tomography of

insects has also been demonstrated, [48] using gas cells.

Here we explored the feasibility of employing betatron radiation to perform
tomographic studies of smaller samples. In this case, the object of study is a
set of two wires that form the ALPHA-X logo shape. The wires used are 50 um
tungsten and 300 ym nylon wires, according to manufacturer’s specifications.

This object is chosen for simplicity as a proof of principle experiment.
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The experiment is performed in the ALPHA-X beamline under the same
experimental conditions (in terms of electron and X-ray beams) described from
section 4.5 onwards. To reduce the attenuation of X-rays in air, the beamline
is evacuated, except for a short gap were the sample to be imaged is inserted.
The two ends are closed using 25 ym thick mylar windows, instead of thicker
Perspex, to reduce transmission losses. A 25 pm Al foil is inserted just before

the ANDOR camera to prevent laser damage.

The permanent magnet deflects the electron beam onto the previously
described Lanex screen, which is imaged using a 12 bit Point Grey Research
Flea camera. The X-ray beam propagates through the sample, which is placed

on a rotation stage. The level of the rotation stage is checked with a spirit level.

1 mm

Rizlaiog

Permarent
magnet

Figure 4.33. Experimental setup for the microtomography experiment. The sample is placed in a short
air gap of 5 cm between vacuum pipes. The ANDOR camera is set at the end of the beamline.

The distance between sample and detector is set to 1.10 m and the source to
detector distance is 3.40 m, which yields a magnification factor of 1.5. The X-
ray projections are measured mainly at intervals of 5 degrees from 0 to 140°
and from 270° to 360°. A total number of 41 projections are recorded. Each
projection is recorded using 500 laser shots at a repetition rate of 0.5 Hz. This
gives an irradiation time of 16.5 minutes per projection and a total experimental

irradiation time of 11.3 hours.

142



Laser-driven X-ray phase contrast imaging

The following Figure shows raw projections recorded during the experimental

run:

Figure 4.34. Four raw projections recorded by the ANDOR X-ray camera during the micro-tomography
experimental run. It can be seen that the contrast changes between projections.

Prior to performing the reconstruction, the raw projections are corrected using
the flat field correction method. In X-ray CT scanning, fixed-pattern noise
degrades the spatial resolution and leads to artefacts in the reconstructed
images. This noise can be removed using the flat field correction technique,

which is commonly used in computed tomography.

In the flat field correction technique, images without an object present are
taken with and without the X-ray beam on. These images are called flat fields
(FF) and dark fields (DF). Based on these images each projection (P) taken
with the object in position can be normalised to a new image (N) using the
following equation:
P — DF
= — (4.25)
FF — DF
The main problem of the flat field correction technique is that it relies on the
stability of the X-ray source and detector sensitivity. Two examples of

projections with and without correction are shown in the following Figure:

143



Laser-driven X-ray phase contrast imaging

20 mm

Figure 4.35. Left: two examples of raw false colour projections without flat field correction. Right: same
projections corrected using the flat field technique.

From Figure 4.35. it can be seen that in this case the flat field correction
improves the projection images. However, it is clear that the contrast
generated by the sample varies strongly between projections. This is due to
the long irradiation time required for each projection, as well the total duration
of the experiment. The LWFA relies on the stability of the high power laser
system. Small changes in temperature or small vibrations in the laser room
can slightly misalign the laser system. This is very likely to occur in long
experimental runs like the one described here, leading to fluctuations in both
electron and X-ray beams, which affect the contrast of the projections.

Although the number of acquired projections is small and the quality of the

images is not optimum (even after flat field correction), the reconstruction of
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the object has been successful. This has been performed by Dr Silvia Cipiccia.
The software used for the tomographic reconstruction was Tomopy [49]. The
rendered 3D reconstruction was performed using Avizo 3D visualisation
software [50].

Figure 4.36. Left: example of unbinned projection. Right: same projection binned to 64x64.

In order to obtain an optimum tomographic reconstruction of the object the
projections are usually taken at equally spaced angles. Moreover, the number
of projections has to be bigger or at least equal to the number of pixels of the
image [51]. This is not the case in this experiment for obvious time constraints
due to the long exposure time required per projection. Therefore, the

reconstruction is in this case under-sampled.

A solution to this is to bin the images. In this case, all the projections have
been binned to 64x64 pixels. An example of one binned and un-binned

projection can be seen in Figure 4.36.

Since the number of projections is low, an iterative reconstruction algorithm
has been used. For this reconstruction, the iterative algorithm used in Tomopy
is the osplm_hybrid. The python source code of this algorithm can be found in
the Tomopy documentation [49].

Iterative algorithms search for the correct solution by performing multiple
iteration steps. In general, this yields a better reconstruction than using back-
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projection methods, although at the cost of longer computational times. For
this reconstruction, a total number of 150 iterations have been used.

Figure 4.37. 3D reconstruction performed using the betatron X-rays produced at the ALPHA-X beam
line. Tomopy and Avizo softwares have been used for the reconstruction. The iterative reconstruction
method has been used with a total number of 150 iterations.

Although there are a wide variety of iterative algorithms, they always start with
an assumed image. From this assumed image, the algorithm computes
projections which are then compared to the measured set of projections.
Finally, the initially assumed image is updated based on the difference

between the calculated and the measured projections.

Figure 4.37 shows the 3D reconstruction achieved. A total number of 64 cross-
sectional slices of 203 um thickness have been put together to perform the
reconstruction. The whole of the alpha-shaped wire is not observed due to a
displacement in the rotation axis meaning this in some of the projections the

wire is outside of the field of view.

Figure 4.38 shows an example of frontal, coronal and sagittal views similarly

to the ones that would be obtain from a CT scan.
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Figure 4.38. Top left: 3D reconstruction of the sample. Top right: example of coronal slice. Bottom left:
example of sagittal slice. Bottom right: example of frontal slice. This Figure represents the typical way a
CT scan would be presented.

4.5.5. Summary and conclusions

In the second part of this Chapter we have successfully tested the feasibility of
using the betatron X-rays produced by the ALPHA-X LWFA for microscopy
and micro-tomographic imaging. The results are encouraging and represent a

good starting point for future imaging application developments.

The XPCi results obtained in the first experiment using Timepix and imaging
plates (section 4.4) have been expanded in this second experiment. Here we
have obtained XPCi of wires as thin as 10 um of exceptional quality. This proof
of principle experiment shows the potential of the betatron X-rays for
microscopy imaging.
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An interesting next step would be to increase the magnification of the LWFA
X-ray microscope. This can be achieved by placing the sample closer to the
plasma accelerator. By increasing the magnification, smaller features in the
samples can be distinguished. Although challenging, it would be interesting,
for instance, to explore the possibility of imaging the internal structure of a hair
strand using a LWFA X-ray microscope. This is normally done using electron
microscopes. For this, the sample has to be in vacuum, which is a limitation of
this type of microscopes. Also, samples are normally dehydrated therefore

distorting both sample and image.

Very recently, tomography of biological samples using the betatron X-rays
have been reported [47, 48]. However, here we present the smallest sample
ever imaged by tomography using betatron X-rays from a LWFA, to the best
of this author’s knowledge, demonstrating the applicability of the betatron X-

rays for micro-tomography imaging.

Summarising the micro-tomography experiment, several projections of the
sample have been taken proving that with a sufficient number of projections
micro-tomographic reconstruction is possible. In this experiment, each
projection is recorded using 500 laser shots. The total number of projections
recorded is 41.

The number of projections recorded was not higher due to experimental time
limitations. However, despite the low number of projections, both the micro-
tomography and the 3D reconstruction have been successful accomplished
and all the components of the sample are clearly visible. The obvious way to
improve the quality of the results would be to take more projections. Ideally, at
least 1 projection per degree would be necessary for high quality tomographic

reconstruction.

An improvement in the stability of LWFA electron beams, with a corresponding
improvement in the stability of the betatron X-rays, would also be desirable.
Some studies [52, 53] have shown enhanced stability of electron beams when

gas-filled dielectric capillary tubes or gas cells are used instead of a gas jet.
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Dielectric capillary tubes or gas cells of similar dimensions provide a more
stable and repeatable gas density distribution. Also, the fact that this gas
distribution is shock-free increases the stability of LWFA generated electron

beams.

Another parameter where there is scope for improvement is increasing the
repetition rate of the high power laser system. The betatron X-ray source is
pulsed and therefore the exposure time is very small for each projection. This
means that the main limitation in the scanning time and the number of
projections that can be measured is just limited by the repetition rate of the

laser.

The development of high power laser systems operating at high repetition
rates of the order of 1 kHz is indeed challenging. Issues regarding higher gas
loading on the vacuum system or the potential cumulative laser damage on
the compressor grating do not have a straight forward solution. Moreover,
cumulative laser damage to the dielectric capillary tube or the gas cell would

occur if these plasma accelerators are used.

However, if these challenges are overcome, these high repetition rate systems
may allow construction of laboratory-scale high brightness X-ray sources,

which would be very useful to a wide variety of imaging applications.
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Chapter 5: Imaging with laser-driven

bremsstrahlung radiation

5.1 Introduction to laser-driven bremsstrahlung imaging

Gamma-ray sources produced via bremsstrahlung are commonly used in
medical, industrial and scientific research applications. Bremsstrahlung or
“braking radiation” is produced by the deceleration of a charged particle,
typically an electron, slowing down in matter. Bremsstrahlung radiation is
currently used for single-shot measurements or applications that require high

flux, high energy and very small source size.

Bremsstrahlung radiation is currently produced using conventional particle
accelerators where high-energy electron beams are converted into gamma-
ray beams as they slow down in a dense target, such as tungsten, tantalum or
lead. A good example of this is a medical LINAC, where electrons are
accelerated to an energy of around 10 MeV and focused onto a dense target
to produce a medical X-ray beam for the treatment of cancer.

High energy electron beams from laser-plasma accelerators have been
already used to produce high flux and small size [1-4] bremsstrahlung X-ray
sources. Radiographic images using laser-driven bremsstrahlung sources

have also already been produced [5, 6].

The advantage of this type of acceleration concept is the ability to produce
electron beams with an energy of around 150 MeV in mm distances. This leads
to very high energy X-ray bremsstrahlung beams, which reduces the costs by
using a compact table-top technology. Higher energies and doses are used in
non-destructive inspection of industrial material. Moreover, an energy of 15-30

MeV is required to transmute nuclear waste or produce radionuclides [7].

In this Chapter, we investigate the use of the ALPHA-X bremsstrahlung X-ray
source for imaging applications. Specifically, we explore the possibility of

producing tomographic images, which may find uses in industrial applications.
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The first part of this chapter presents a brief overview of the physics of the
bremsstrahlung process. The second section describes the experimental set-
up used for the characterisation of the electron beam produced in the ALPHA-
X beamline. The third part presents Monte Carlo simulations for characterising
the bremsstrahlung X-ray source. The following section shows tomographic
results obtained and describes the analysis of the images obtained. Finally,

conclusions and a summary are presented in the last section.

5.2 Bremsstrahlung radiation production mechanism

It is well known that charged particles emit electromagnetic radiation when
they are accelerated or decelerated. Particles passing through matter are
scattered and lose energy by collisions. This causes the particles to
deaccelerate and emit electromagnetic radiation. Typically, bremsstrahlung is

produced by electrons colliding with atomic nuclei.

A derivation of the bremsstrahlung properties, i.e. total radiation emitted,
angular distribution and frequency spectrum, can be found in “Classical

electrodynamics” by J. D. Jackson [8].

The radiation emitted in a bremsstrahlung process can be calculated using the
Liénard-Wiechert potentials, obtaining the following angular distribution of the
radiated power:
_ 12
ap(r') _ e [1x{(a—B)x B} 5.
dQ 4mc (1-n- 5)5 ’

where B = v/c is the particle velocity normalised to the speed of light. The total

instantaneous radiated power can be obtained by integrating equation 5.1 over
all solid angles. In the bremsstrahlung case g Il 8, thus:
2e2  rdp\*
p= _(_T’> , (5.2)
3M?¢3 \dt
where M is the particles mass and p the momentum. This is a generalisation

of the Larmor formula [8].
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The rate of change in momentum is equal to the change in energy of the
particle per unit distance. Therefore,

2e2  /dE\?
P=gs(3) (5:3)

where the term dE /dx is the energy lost by the particle per unit of path length.

In the nonrelativistic limit the total energy radiated by a particle of mass M
going through a unit of thickness matter that contains N fixed charges Ze per

unit volume is [8]:

dErqa _ 16 <Zez>z4e4 (5.4)

dx 3 "he ) Mc?’
where Z is the atomic number. It is interesting to compare the energy loss by
emitted radiation and the energy loss due to collisions [8]:

dEyqq 42° Z m(v)z 1
dE.,; 3m137M InB,’

Z (5.5)

where m is the electron mass. The factor m/M appears because the radiative

loss involves acceleration of the incident particle and the energy loss by

collisions involves the acceleration of an electron. B, is given by:
_ ZyZﬁzmcz

7 pw)

where w is the mean excitation energy [8].

B (5.6)

Looking at equation 5.5 it is clear that for non-relativistic particles, i.e. v < c,
the radiative energy losses are almost negligible compared with energy

collision losses.

The screening effect of the electronic atoms has to be taken into account in
the relativistic case. At higher energy, where complete screening occurs, the

energy loss by radiation is [8]:
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dErqq _ 16N Z%e? z4e4l 233M Y2 5.7)
dx |3 he Jmzcz " 7 3m yHe '

Equation 5.7 shows that eventually the radiative losses become proportional
to the particles energy. In this case, the ratio between radiation losses and
collision losses is [8]:

ln(ZSBM)
dErqq _42° Z m " \7Y3p

~ m . (5.8)
dEcoy ~ 3m 137M  In(B,)

As the energy increases the radiative losses become more important than the
collision losses and for ultra-relativistic particles this is the dominant energy
loss mechanism. It is important to note that at relativistic particle energies the

photons are emitted in a narrow opening angle of 1/y.

It is useful to define a radiation length X, which is the distance travelled by a

particle before its energy falls to 1/e of its initial value [8]:

27-1
X, = 4NZ(Z + 1)e? ln<233M> <Zzez> ] | 59)

hC Zl/3m MCZ

This quantity is often expressed in g/cm?. For electrons, some representative
values are shown in the following table [9]:

Table 5.1. Radiation length values for representative materials used in research environment.

Al Cu W Pb
Xo (g/cm?) 24.0 12.9 5.8 5.8

In order to use bremsstrahlung in real world applications it is important to know
the spectrum of the radiation emitted. Many studies have been performed on
this topic. For electrons, Koch and Motz [10] published a summary of the
bremsstrahlung cross-section formulas and related data. Particularly
interesting are the dependences of the bremsstrahlung spectrum on the

electron energy and the photon angle.

Dr Silvia Cipiccia explored in her PhD thesis [11] the dependence of the

bremsstrahlung spectrum on the source size, divergence and conversion
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efficiency (defined as the ratio between bremsstrahlung photons produced and
the total incoming electron flux) using the Monte Carlo code Geant4 [12].
Those parameters allow the tuning of the properties of the radiation emitted
during the bremsstrahlung process. The properties required for the radiation
emitted will depend on each application: some applications may require short
exposures times and others may require a high gamma-ray flux for instance.
LWFA technology allows the tunability of the incoming electron beam and
therefore the tunability of the photons emitted via the bremsstrahlung process.
A summary of the numerical results found by Dr Silvia Cipiccia are shown in
the table 5.2 from [11].

Table 5.2. Summary of the effects of increasing the parameters listed in the first column on the
Bremsstrahlung radiation properties given in the heading. Symbols “>” means increasing, “<” decreasing
and “—“no change.

Conversion ) Gamma )
o Source size ) Pulse duration
efficiency (%) divergence
electron
= = < =
energy
electron
. - > - -
divergence
Z material > - > No trend
Target
_ > - > >
thickness
Source-target S

distance

Ben-Ismail et al. [13] did a similar study using the same Monte Carlo code
(GEANT4) and comparable electron beam parameters, applicable to LWFAs.

The results of both studies show good agreement.

5.3 Experimental setup

An experiment to demonstrate the suitability of laser-driven bremsstrahlung
radiation for imaging applications has been performed on the ALPHA-X beam
line at the University of Strathclyde. The main objective of this experiment is to

perform a tomographic scan using laser-driven bremsstrahlung radiation. To
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the best knowledge of the author, this is the first LWFA driven bremsstrahlung
tomographic scan.

The object imaged is a hexagonal prism made of lead placed in a small sand
container. Radioactive waste is commonly stored inside cement or concrete
barrels filled with sand. This configuration aims to reproduce the storage
environment of radioactive waste to explore the possible application of the

gamma-ray source for radioactive waste monitoring and assay purposes.

The experiment has been performed after the upgrade of the TOPS laser
system (see Chapter 3 for details). The first objective of this experiment is to
optimise and measure the energy spectrum and the charge of the electron
beam produced. For this, an ultra-intense laser pulse of 1 J energy on target,
800 nm wavelength, 35-40 fs pulse duration and 40 ym spot size is focused at
the entrance of a 3 mm long supersonic gas jet. More details on the laser
system and the gas jet-nozzle system used in the experiment can be found in
Chapter 3 of the PhD thesis.

e-spec =

camera
Supersonic
He gas jet

! Lanex 1 | ; I
pop-in E ectromagnfetlc quadrupole
K triplet \ l
i f --E--l--“lgl |==]!

Permanent
magnet
quadrupoles

N
Pepper-pot
emittance mask

Figure 5.1. Schematic of the experimental setup of the first part of the laser-driven bremsstrahlung
imaging experiment.

After focusing the laser system onto the target, the electron beam is optimised
by imaging Lanex 1. To do this, the gas jet-nozzle is moved with micrometre
precision until a stable electron beam is observed. The optimum height is found
to be 4.5 mm for a backing pressure of 35 bar, which corresponds to a plasma
density of 1.3x10° cm~2 according to FLUENT simulations (see Chapter 3 for
more information). A set of permanent quadrupoles (PMQs) are placed in the
interaction chamber to optimise the transport of the electron beam. They
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reduce the divergence of the electron beam, improve the pointing stability and
filter out the low energy component of the electron bunch produced.

Once the gas jet position for the most stable electron beam is found, Lanex 1
is removed and the electron beam propagates through the ALPHA-X beamline.
The electron energy spectrum is then measured (see Figures 5.2 and 5.3)

using the electron spectrometer described in Chapter 3 of this thesis.

I 100000

~ 80000
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Figure 5.2. False colour image showing accumulated 500 shots of electron spectra recorded using the
electron spectrometer during the experiment.

The electron beam energy measured during this part of the experiment is 119.3
+ 18.6 MeV (rms) averaged over 500 laser shots (see Figure 5.3). The beam
transport is optimised using the electromagnetic quadrupole triplet described
in Chapter 3 of the thesis. Simulations using MAD-X [14] have been performed
by Dr Enrico Brunetti to optimise the electron beam transport. MAD scripting
language is the standard to describe particle accelerators, simulate beam

dynamics and optimise beam optics.
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Figure 5.3. Accumulated averaged electron energy spectra over 500 shots. The energy measured is
119.3 £+ 18.6 MeV (rms).

The beam line, including PMQs and EMQs (see Chapter 3 for details), was
modelled with MAD-X and the currents of the three electrodynamic
quadrupoles were varied between 0 and 20 A, trying to obtain an electron
beam spot size (sigma) of about 0.6 mm after 2.5 m propagation for an energy
of 130 MeV.

A matching problem consists of a set of equations ¢ = f(#), where & is a

vector of constraints, v a vector of variables and f a vector field describing the
beam line components. Here the variables are the quadrupole currents and
the constraints are a spot size smaller than 1 mm going through the EMQs and
a final spot size of about 0.6 mm. The optimum currents are found with an
iterative algorithm that minimises the sum of squares of the constraint
equations using their numerical derivatives. The optimum currents are found
to be 9.7 A, 8.1 A and 18.0 A respectively.
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Figure 5.4. Geant4 simulated electron beam spot profile for an electron energy of 130 MeV, 2 mrad rms

divergence after going through a set of quadrupoles with currents of 9.7 A, 8.1 A and 18.0 A (courtesy
of Dr Enrico Brunetti).
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Figure 5.5. Geant4 simulated electron beam envelope for an electron energy of 130 MeV, 2 mrad rms
divergence after going through a set of quadrupoles with currents of 9.7 A, 8.1 A and 18.0 A. The green
line represents ox and the red dotted line oy (courtesy of Dr Enrico Brunetti).

To evaluate the performance of this beam line configuration for an electron
beam with a large energy spread, additional simulations have been undertaken
using Geant4. The electron beam spot profile and envelope obtained for a 130
MeV electron beam with 5% energy spread, 2 mrad rms divergence and
currents of 9.7 A, 8.1 A and 18.0 A are shown in Figures 5.4 and 5.5
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respectively. It can be seen that the focusing works well only for one axis and
that the spot is elliptical. This is unavoidable because the spot position is very

close to the last quadrupole (just after Lanex 2).

The electron bunch charge per laser shot is measured just after Lanex 2. This
is also where the converter is placed in the next step of the experiment.
Therefore, measuring the electron beam charge at this point gives a good
estimate of the total electron beam charge in the converter, which is typically
smaller than the charge produced by the laser-plasma accelerator since some
electrons are lost during propagation through the beam line. In particular, the
PMQs are optimised for an energy of 130 MeV and deflect away the low-

energy component of the electron beam.

LN

Figure 5.6. Left: false colour logarithmic scale of one of the irradiated imaging plates during the
experiment. Right: false colour electron charge image after performing the corresponding analysis
explained in Chapter 3 of this thesis.

Measurements of the beam charge are made using imaging plates (IP). The
procedure for analysing the imaging plates is described in Chapter 3. In brief,
after an IP is irradiated it is scanned and then converted from a logarithmic
greyscale to physical units using equation 3.6. After this, the PSL number is

corrected by the fading effect and available parameters.

Each IP is irradiated with 10 shots and a total number of 5 measurements are
taken, corresponding to 50 laser shots in total. The measured charge varies
significantly, with average values ranging between 1.5 and 5 pC per laser shot.

This is due to instabilities in the laser gas jet system, which is expected from a
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LWFA. An average of the 5 measurements (50 laser shots) provides a charge
of 2.3 £ 1.1 pC per laser shot (Figure 5.6).

After completing the characterisation of the electron beam, the bremsstrahlung
Imaging experiment is started. The experimental setup is shown in Figure 5.7.
To keep the same electron beam parameters as in the first part of the
experiment, the nozzle height is set again to 4.5 mm and the backing pressure
to 35 bar. No adjustments are made to the laser system between experiments,
apart from routine alignment. As in the first part of the experiment, the electron
beam is first optimised by looking at Lanex 1. Once a stable electron beam is

achieved, this Lanex screen is withdrawn and the beam propagates through

the beamline.

Rotator

A

Lanex 2 Electron espectrometer

095m

Figure 5.7. Schematic of the experimental setup of the second part of the bremsstrahlung imaging
experiment. The experimental setup before the quadrupoles is similar to the one in Figure 5.1.

The electron beam is then converted to bremsstrahlung radiation in a 1 mm
thick copper target placed just before the electron spectrometer. To reduce the
level of parasitic radiation produced by the interaction of the electron beam
with the object to radiograph, the electron spectrometer is switched on for the
whole experimental run. This prevents secondary electrons produced in the

converter from propagating downstream towards the experiment.
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Figure 5.8. Example of lanex 2 shot. This lanex screen is placed just before the Cu converter. Two
Gaussian fits have been performed for each axis. The electron beam spot size (sigma) for this specific
shot was 1.3 mm in the x axis and 1.2 mm in the y axis.

The converter is placed just after lanex 2 (see Figure 5.7), which is used to
monitor the electron beam to ensure, firstly, that it is stable and secondly that
it impinges on the Cu converter during the whole experimental run. Lanex 2
screen is then withdrawn and each projection recorded. It is inserted typically
every 5 projections to check that the electron beam quality is still good. A
sample shot on Lanex 2 is shown in Figure 5.8 and an accumulated image for

200 consecutive shots is shown in Figure 5.9.

Averaging over 200 shots the spot size (sigma) in the x axis is 3.8 mm and in
the y axis 1.2 mm. These parameters, together with the measured energy and
charge, have been used as parameters for Monte Carlo simulations to

estimate the X-ray spectrum of the bremsstrahlung radiation produced.
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Figure 5.9. Accumulated image for 200 shots in lanex 2. The average electron beam spot size (sigma)
is 3.8 mm in the x axis and 1.2 mm in the y axis.

The object to be imaged, a lead hexagonal prism of 5 cm height and 2 cm
thickness, is placed in a 6 cm diameter sand container. This arrangement
attempts to replicate a container filled with sand and radioactive material. The
container is placed on a rotator with 1° accuracy. A spirit level is used to ensure
the rotational stage is set flat and normal to the beam. The distance between
the Cu converter and the rotator is 0.95 m and the distance between the rotator

and the detector is 10 cm.

Each projection is recorded using an image plate (Fujifiim BAS-SR model),
which has a maximum resolution (set by the scanner, i.e. Fuijifilm FLA700

reader) of 50 ym [15]. More details can be found in Chapter 3.

All projections are recorded on the same imaging plate, which is scanned and
then erased each time after irradiation. To ensure that the imaging plate is
placed in the same position in the beam line for each projection, a suitable
holder has been designed for the imaging plate to ensure reproducibility of the

positioning the imaging plate.

A total number of 72 projections have been recorded. Each projection has
been recorded with 200 laser shots.
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5.4 Monte Carlo simulations for the characterisation of the
ALPHA-X bremsstrahlung X-ray beam

Monte Carlo simulations using FLUKA [16, 17] and Flair [18] have been
undertaken to estimate the spectrum and spatial distribution of the
bremsstrahlung X-ray beam produced during the experimental run. To ensure
that the simulation is as accurate as possible, the parameters corresponding
to these measured during the experimental run have been used. The electron
beam energy used is 119.3 £ 18.6 MeV (obtained experimentally from an
average over 500 shots). The spot size of the electron beam (sigma) is 3.8 mm
in the x axis and 1.2 mm in the y axis. The resulting distribution and X-ray
spectrum are normalised to the average number of electrons per laser shot i.e.
2.3 pC or 1.4x107 electrons.
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Figure 5.10. Top view of the geometry of the Monte Carlo simulation. The main three regions of the
simulation can be seen in the Figure: the copper converter on the left, the magnetic field on the centre
and the detector on the right. The green area is air.

The geometry of the simulation is shown in Figure 5.10. It comprises three
regions. One region corresponds to the copper converter. The second one
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corresponds to the region where the magnetic field bends the electrons away
(emulating the electron spectrometer in the second part of the experiment) and
the last region including a detector on the beam line axis, which is where the
X-ray spatial distribution and spectrum are scored. All elements are placed in

air.

Any result in a FLUKA simulation is obtained by adding the contributions to the
“score” of a detector defined by the user, which represents the behaviour of a
measurement instrument. Each detector type is designed to estimate different
guantities and the final score is a statistical estimate of the average value of

the corresponding population.

The statistical standard deviation is obtained by running several independent
calculations (or “cycles” in FLUKA) in the same way as several experimental
runs are performed to obtain the experimental mean value of a certain quantity.
FLUKA therefore relies on the Central Limit Theorem to calculate the mean
value of a scored quantity and for determining the error of the mean. The
theorem states: “the distribution of an average tends to be Normal even when

the distribution from which the average is computed is decidedly non-Normal”.
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Figure 5.11. Left: USRBIN 3D colour plot showing the bremsstrahlung photon distribution in the
simulation geometry. Right: same as the left picture, but this time the electrons are scored. It can be
seen the electrons being bent away by the magnetic field. The number of electrons reaching the detector
is negligible.

This is the main reason why several cycles are required to simulate correctly

a Normal distribution and then sum up and average the results. Five cycles
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have been undertaken to obtain all the simulation results shown in this section,
apart from the energy spectra, for which 10 cycles have been undertaken.

20,000 primary particles (electrons) are simulated each cycle.
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Figure 5.12. Simulated X-ray photon distributions in the Z axis (longitudinal axis), Y (horizontal axis) and
X axis (vertical axis). All the simulations have been performed using 20,000 primary particles and 10
cycles. The coordinate (0, 0, 0) represents the centre of the copper target.

The photon fluence (photons/cm?/shot) was estimated with the USRBIN score,
which uses a uniform spatial mesh that is independent of geometry (binning).
USRBIN results are presented in Figure 5.11, which shows two colour plots,
one for the electrons produced during the interaction of the main electron beam
with the converter and one for the X-ray beam produced. It can be seen that
the amount of electrons reaching the detector is negligible. These secondary
electrons are produced by the interaction of the bremsstrahlung photons with
air. This has been checked by running the same simulation substituting the air
for vacuum in the geometry. By doing this, the number of electrons reaching

the detector is observed to be zero.
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Figure 5.12 shows the simulated photon distribution in the X (vertical axis), Y
(horizontal axis) and Z axis (longitudinal and laser axis).

The bremsstrahlung radiation divergence is estimated by taking a cross-
section of the beam at 80 cm from the converter. Similar to the divergence
estimation performed in Chapter 4, the cross-section is fitted to equation (4.14)
and the beam waist obtained from the fit (see Figure 5.13). Equation 4.2 is
then used to estimate the half-angle divergence. This is done for both x and y
axes. The half-angle divergences obtained are 35.7 mrads for the x axis and

34.5 mrad for the y axis.

. " . Cross-section at 80 cm in laser axis
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Figure 5.13. Simulated bremsstrahlung cross-sections for both x and y axes at 80 cm along the laser
axis z, respectively. The simulated divergence has been calculated from the fits.

The fluence averaged over the volume of the detector geometry region is
calculated using the USRTRACK option. This is a “track-length estimator”,
which estimates the fluence as volume density of particle trajectory lengths.

The simulated X-ray energy spectrum can be seen in Figure 5.14.

As expected, by energy conservation, the energy of the photons emitted
extends up to around 120 MeV, which corresponds to electrons that lose all
their energy in successive interactions within the converter. From the energy
spectrum it is possible to estimate the total number of photons per laser shot
according to the simulation. This is done by integrating the energy spectrum
over the whole energy range. The result of the integration yields a total number
of 7.5x10° photons/shot.
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Figure 5.14. Simulated X-ray spectrum of the bremsstrahlung radiation produced. Both x and y axes are
in logarithmic scale. Spectrum simulated using the USRTRACK Fluka card which calculates fluence as
a function of energy. Results are normalised to the number of electrons per laser shot hitting the Cu
converter.

5.5 Experimental results and analysis

A total number of 72 projections have been recorded. The total number of laser
shots per projection is 200. The laser repetition rate for this experiment is 0.5
Hz. This gives a total irradiation time per projection of around 7 minutes. Two
background measurements are recorded, corresponding to 200 laser shots on
an imaging plate without the object in position. One background measurement
is performed before recording the projections and one after all the projections

have been recorded.

Each imaging plate is scanned immediately after irradiation to avoid excessive
fading. The imaging plates are wrapped in Al foil to avoid exposure to ambient
light (which could erase the projection recorded on the imaging plate). Most of

the analysis is performed using imageJ [19].

Figure 5.16 shows example images of raw recorded projections (without post-
processing). The lead hexagon can be clearly seen. Also, in most of the
projections the aluminium rod that holds the hexagon to the rotator can be
seen, as well as the cap of a screw that helps to hold the hexagon in position.
The projections look very similar due to the simplicity of the object. It can also
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be seen that the image quality of some projections is higher than others. This
is due to instabilities in the electron beam produced, which is due to instabilities

in the laser-gas jet system, which are very common in LWFAS.
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Figure 5.15. Top: lateral view of the lead hexagon inside the sand container. Bottom: top view of the lead
hexagon inside the sand container.
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Figure 5.16. Raw projections examples recorded on the imaging plates during the experiment.

Although the imaging plates are always in the same position and orientation in
the beam line (as previously mentioned, thanks to a slit designed for this
purpose) they are not always read in the same position in the imaging plate
scanner. The reading of each imaging plate is performed without any ambient
light (and therefore in absolute darkness). Because of this, the scanned

images corresponding to each projection appear slightly rotated.

This rotation was corrected using an imaged template matching plugin
described in detail in the following PhD thesis [20]. This plugin looks for a
landmark (which in our case is the hexagon) or the most similar pattern in every
image of the stack. Then it moves each image so that the landmark pattern will

be exactly in the same position throughout the whole image stack.

The template matching method used was the normalised cross-correlation. In
this method for each pixel of the image, the normalised cross-correlation
coefficient (NCCC) between the landmark and the pixels in the image of
interest is calculated. A perfect match would give a NCCC value of +1 while a
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comparison with an entirely unrelated landmark gives a NCCC of 0. If the
NCCC is equal to -1 this would mean a perfect match but with inverted

grayscale values.

Figure 5.17. LHS: example of a transverse, coronal and sagittal slices similarly to what is obtain in a CT
scan. RHS: 3D volume reconstruction from the slices on the Ihs.

Since it is a normalised correlation the NCCC computation corrects for any
background image intensity variations and differences in lighting and contrast.
The normalisation is performed as usual by subtracting the mean at each step

and dividing by the standard deviation.

A first tomography attempt was performed without further analysis (i.e. without
noise removal). The tomography slices have been performed by Dr Dima

Maneuski using an in house developed software based on the filtered back
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projection method [21]. The 3D reconstruction is performed using the imageJ
plugin 3D volume viewer. The results can be seen in Figure 5.17. A total
number of 660 slices in the transverse plane have been obtained. Although
the quality of the images is not very high, the three main objects can be

distinguished: the lead hexagon and the two aluminium holders.

The flat field correction technique is used to obtain a better image quality and
a better reconstruction. Two flat field images without object were taken during
the experiment. One before starting recording projections and another one just

after finishing recording projections.

Two sample projections with flat field correction applied are shown in the

following figure:

Figure 5.18. Example of two projections after using the flat field correction technique.

It can be seen that the quality of the images is very poor after the correction.
This is mainly due to instabilities in the laser-gas jet system which affect the
reproducibility of the electron beam and therefore the X-ray bremsstrahlung
source. As mentioned in Chapter 4, this technique relies strongly on the
stability of the X-ray source.

A better result is obtained using the Fourier method. In this method, filters are
used to eliminate the blurring that appears when back-projecting the data.

As the name implies, this method uses fast Fourier transforms (FFTs). Initially,
the data is transformed from the spatial domain to the frequency domain, which

can be expressed as:
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F(vye,vy) = Ff(x,y), (5.11)
where F(vy,v)) is the Fourier transform of f(x,y) and F denotes the Fourier

transformation.
After this, a filter H(v) is applied in the frequency domain:

F'(v)=HW) F(v), (5.12)

where F'(v) is the filtered projection in the frequency domain.

Finally, to obtain the filtered projections the inverse Fourier transformation
(IFFT) is applied to return to the spatial domain.

The following Figure shows an example of this method applied to one of the
data projections:

Figure 5.19. LHS: raw projection without filtering. Centre: FFT of Ihs image. RHS: result after filtering and
IFFT applied.

The improvement in image quality is evident. A significant amount of noise has

been removed from the projection and the object edges are sharper.

The Fourier method is applied to all the projections acquired during the
experimental run. This analysis was carried out using imageJ. It provides both
FFT functions and the bandpass filter required. A short macro has been written
to make the process automatic. The imageJ macro applies an FFT to each
projection. After this, it applies a band-pass filter and finally an IFFT. The
macro accumulates all the projections in an imageJ stack.

A tomographic reconstruction has been performed after filtering the projections
using the Fourier method. This second tomography reconstruction has been
performed by Dr Dima Maneuski using the same in-house developed software
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based on the filtered back projection method discussed in Chapter 4 section
4.4.6. The 3D reconstruction was performed using the imageJd plugin 3D

volume viewer. The results can be seen in Figure 5.20.

A total of 660 slices in the transverse plane are obtained and the quality of the

slices is enhanced and the objects are clearer.
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Figure 5.20. LHS: example of a transverse, coronal and sagittal slices similarly to what is obtain ina CT
scan. RHS: 3D volume reconstruction from the slices on the left hand side. Fourier method has been
applied to remove part of the noise.

5.6 Conclusions and summary of results

The tuneability of the LWFA bremsstrahlung source has been previously
demonstrated [12] and in this chapter we have demonstrated the use of the
bremsstrahlung source from a LWFA for tomographic applications. This makes
the LWFA bremsstrahlung source very attractive not only for imaging

applications but for probing dense matter or radioisotope production.
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The results presented in this chapter are encouraging and as far as the author
is concerned a LWFA has never been used for bremsstrahlung tomographic
applications. Therefore, these results are a proof-of-principle of the application

of LWFA technology to this kind of bremsstrahlung tomography.

The setup is simple and similar to what would be required for other LWFA
applications such as radioisotope production, or even for imaging using the
betatron X-ray source. This flexibility together with its table-top size makes the
LWFA an attractive multi-application technology.

On the negative side, there is scope for improvement in both the quality of the
projections and the tomography reconstruction. The hexagonal shape of the
prism is not distinguishable in the projections or in the 3D reconstruction which
shows a cylindrical shape. The main reason for this is that the difference in
attenuation is not large enough to reconstruct a hexagonal shape. The use of
imaging plates is also a problem, because the granularity of this detector

creates many artefacts in the reconstruction.
The following factors affected the quality of the tomography reconstruction:

1. The number of projections: the number of projections taken during this

experimental run was 72. The number of projections depends on the
application. Normally, the number of projections taken varies between
120 and 150, depending on the complexity of the object to be scanned.
For some industrial applications for which the dose is not an issue (as
it is in medical imaging) the total number of projections can be
thousands [22].

2. Imaging plates: This detector is not ideal for several reasons. The

granularity of the imaging plates affects the quality of the images
obtained. Moreover, it is a very time consuming detector since imaging
plates have to be scanned, replaced and cleaned after each
measurement is taken.

3. Instabilities of the laser-gas jet system: small variations in the laser-gas

jet system lead to variations in the electron beam stability, which affect
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the bremsstrahlung source. Another issue is the repetition rate of this
technology. In the case of the ALPHA-X system the maximum repetition
rate is currently 1 Hz (accelerator repetition rate) making these
applications time consuming. This can be extended to 10 Hz with the
current laser. However, the development of kilohertz lasers and gas jet
systems will help to overcome these issues.

In this experiment, we have demonstrated that it is possible to obtain
tomography reconstruction of objects inside sand containers, which is a useful
tool for radioactive material inspection as previously mentioned. However,
there are other industrial applications that could benefit from laser-driven

bremsstrahlung tomographic imaging [23].

Manufacturers are starting to use computerised CT scanning for material
inspection and to inspect the interior of microparts. For this purpose, currently
X-ray tubes take thousands of projections by rotating the object to inspect,
which is similar to the experiments described in this Chapter.

If the objective is to inspect low density materials, an X-ray tube is sufficient
for this purpose. However, scanning denser materials requires higher photon
energy. If the object to be scanned is made of materials such as steel, iron or
copper, higher energy X-rays than those produced in an X-ray tube will be an

advantage.

This is where the LWFA can make a difference compared with conventional X-
ray sources. Another advantage is the tuneability of the electron beam energy,
which enables a flexible X-ray beam to be produced and allows optimisation

for each particular application.
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Summary and Conclusion

Chapter 6: Summary of results and outlook

6.1 Summary of results

The aim of this work has been to study the potential use of laser-driven X-ray
sources for imaging-related applications. For this purpose, the betatron X-ray
source of the ALPHA-X laboratory has been characterised in terms of energy

spectrum, photon flux and divergence.

The energy spectrum has been characterised for different plasma densities
showing the fine tuneability of the betatron X-rays with the plasma density. A
second measurement of the critical energy has been undertaken using metal
filters that show a good agreement with the results given by Timepix. The
divergence and the spatial distribution of the betatron X-rays has been
measured using imaging plates. An easy setup method for X-ray polarisation
measurements has also been shown simply by using a semiconductor pixel
detector, i.e. Timepix, and further polarisation-related experiments are

suggested.

Following this characterisation, a set of experiments to explore the potential of
laser-driven X-ray sources for imaging applications have been performed.
Concretely, it is shown the potential of the ALPHA-X betatron X-rays to be an
interesting source for phase-contrast imaging applications such as biological

specimens imaging, microscopy and tomographic studies.

In the discussion section of Chapter 4, a set of Monte Carlo simulations
evaluating the requirements of the X-ray source for the application of bone
crack imaging have been performed and concluded that a betatron X-ray
source of 50 keV critical energy would be possible for imaging micro-cracks in

bones with a resolution of around 1 ym.

Furthermore, the potential of the ALPHA-X laser-driven bremsstrahlung source
for conventional absorption tomographic imaging has been demonstrated. A
laser-driven bremsstrahlung source may find useful industrial applications

such as security and cargo inspection and radioactive waste container
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inspection. Medical applications such as radiosurgery or radioisotope
production have also been suggested [1].

6.2 LWFA for real-world clinical imaging applications: outlook
and discussion

The use of X-rays in science, technology and for society is very widespread.
The list of fields and applications is large and diverse: biology, material
science, security, palaeontology, etc. The development of XPCi in the last
decade has shown the potential of this technique to change the way X-ray

imaging is performed nowadays.

Clinically, a change from conventional absorption imaging to XPCi would have
a huge impact on the life expectancy of patients. Diagnosis of diseases such
as cancer would be made earlier. Also, absorption imaging is not suitable for
some cancers because of the lack of contrast, which would be avoided with
the implementation of XPCi techniques. This would lead to a reduction in the
mortality rate in addition to increasing the life expectancy and patient quality of
life. Impressive results have already been achieved in breast imaging using

synchrotron radiation [2].

However, in a clinical environment, X-rays are not only used for diagnosis, they
are used on a daily basis in other specialities such as in treatment planning.
When a patient is diagnosed with cancer he/she normally undergoes a CT
scan of the site where the cancer has been diagnosed. The images acquired
from this scan is used by the responsible clinician (together with other
diagnostic tools) to outline the volumes that will be targeted with external
radiotherapy. Sometimes the lack of contrast makes this outlining process
difficult. For instance, in the particular case of early prostate cancer, the clinical
target volume (CTV) outlined by the clinician will be the entire prostate and
seminal vesicles. The organs at risk (OARSs) that need to be spared as much
as possible are the bladder and rectum. However, since the differences in
material density between prostate and bladder are small, in some cases it is

difficult to distinguish where the bladder ends and where the prostate starts or
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vice versa. XPCi would help to define the edges between these organs more
clearly making the outline process easier for clinicians in addition to increasing

the treatment volume accuracy while reducing the dose the OARS receive.

Radiation dose vs Risk induced cancer (1 in 20, 200,...)
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Figure 6.1. Radiation dose received by a member of the public together with the risk of induced cancer.
From [3].

Another important fact is the lower dose required to achieve good contrast
when using XPCi in comparison with absorption imaging. As discussed in
chapter 4 (Figure 4.1) it can be seen that for certain materials and energy the
dose required to achieve a similar contrast can be up to 4 orders of magnitude
lower in XPCi than in conventional absorption imaging. This has important
implications in term of radiation protection and radiation risks. Although the risk
is low and the diagnostic benefits clearly overcome the radiation risks involved,
there is increased concern in the amount of diagnostic X-ray tests being
performed, and the proportion of cancer induction of those tests. Figure 6.1
gives a summary with an estimation of the risk of dying from cancer induced

by different radiation exposure common situations.

The numbers increase if children are involved since they are more sensitive to
radiation than adults plus the fact that the CT scan settings tend to remain

similar independently of whether an adult or child is being scanned. There have
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been long term studies assessing these risks [4, 5]. An XPCi based CT scan
would significantly reduce these Figures. Even if the dose reduction was only
of one order magnitude, the number of cancer cases induced by scans would

be significantly reduced.

Many technical and engineering challenges need to be overcome before XPCi
can be used in a clinical environment. As shown in this work, free space
propagation XPCi is an ideal candidate because it avoids expensive optical
elements. However, the current state-of-the-art X-ray sources prevents this
from clinical implementation. Therefore, the research and development of new
and innovative X-ray sources, such as those based on LWFA, are required for
clinical XPCi.

Although the progress in LWFA technology in the last decade has been huge,
in reality, the current state of this technology only allows the use of plasma
accelerators for small imaging applications [6-8]. The development of the
LWFA has always been linked to progress of high power laser technology. A
decade ago only a few research groups in the world had access to tens of TW
laser systems. Today, table-top high power lasers systems of hundreds of TW
are becoming more and more available and this progress is expected to

continue in the next decades.

The key parameter that needs be improved significantly in order to use LWFA
for the above-mentioned potential applications is the repetition rate. At the
moment, the state of the art laser plasma accelerators work at a repetition rate
between 0.03 and 1 Hz even though 10 Hz laser systems are currently
available. This limitation comes from the inability of the current turbo vacuum
pumps to keep the interaction chamber under vacuum at high repetition rates
in addition to the compressor gratings that currently cannot support very high
repetition rates without being damaged.

As an example, this repetition rate is several orders of magnitude smaller than
the repetition rate achieved by third-generation light sources. It is clear that
increasing the repetition rate from 1 Hz to the kHz range is not a trivial task,
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and will require significant engineering and development effort in the photonics
and laser physics fields.

The following question that arises is: assuming all the technical challenges are
overcome and both the repetition rate and the reliability of laser plasma
acceleration scale to the required standards for clinical imaging applications,
are the benefits big enough to completely change the procedures and the way
X-ray imaging is done in current clinical environments? In the authors opinion
the answer is yes because of the wide variety of applications that could be
done.

It does not seem very efficient to install a LWFA only for medical imaging
applications in a clinical environment, especially with the development of other
technologies such as the MR-Linac [9] or even the edge illumination technique
[10] for XPCi.

But the strong point of the LWFA is the incredible amount of applications that
could be done using a high power laser. Laser plasma accelerators could
potentially provide all kinds of treatment modality for radiation therapy together
with all the imaging applications. These include conventional and very high
energy electron beams, conventional flattened and non-flattened flattening
filter free bremsstrahlung photons and even proton and heavy ion beam
therapy [11]. The production of medical radioisotopes using the LWFA is also
currently under development [12] and the scalability in the repetition rate of the
laser plasma accelerators will take this medical application several steps
further.

Financially speaking, a small size radiotherapy department will have around 4
medical Linacs and probably a dedicated CT scanner. A state of the art Varian
Truebeam costs around £2.1 million [13]. The price of a conventional CT
scanner varies but this can be £0.1 million on average. This would make a total
of around £9 million. A state of the art high power laser costs around £2 million
pounds. Since laser beams are transported using optics, a single laser system

could be used to deliver radiotherapy in several bunkers in the same way as
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several target areas share the same laser in state-of-the-art high-power laser
facilities such as the Vulcan or Astra-Gemini lasers at the RAL and SCAPA at
Strathclyde. Moreover, betatron X-rays could be used in the same way as a
CT scanner with improved contrast due to XPCi. Assuming that, in a more
realistic scenario, two independent laser systems would be required (in order
to have a back-up laser system so the clinical service is not interrupted in case
one of the laser system develops a problem) this would make a total of £4
million, £5 million less than 4 medical linacs and a CT scanner together with a
bigger variety of applications and treatment modalities. Moreover, scaling up

the requirement of such laser systems will reduce their production costs.

To conclude, the development of high power laser systems working at very
high repetition rates will soon allow the construction of research laboratories
capable of producing bright compact X-ray sources useful for real imaging
applications which could potentially be translated to a hospital clinical setting.
At the moment, the most promising alternative to large conventional
accelerators is the LWFA. Although the technical and engineering challenges
are still huge, the increasing demand of this table-top compact radiation
sources for every day applications represent a vast scope for future research

in this interesting field.
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